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Een dwaling wordt geen waarheid door veelvuldig asnprijzen en

evenmin wordt de waarheid een dwaling omdat niemand haar ziet.

M.K. Gandhi
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STELLINGEN

1. De zoetheidsintensiteit van sen tweewaardig suikermengsel
ligt tussen de zoetheidsintensiteiten van de componanten,
wanneer elk van de afzonderlilke componenten en het mengse!
worden vergeleken bij eenzelfde molaire concentratie.

2. De stelling dat kunstmatige zoetstoffen vele malen zoster
zijn dan suikers berust op aen onjuiste interpretatie van het
beagrip zvetheid.

3. De conclusie die in voorafgaande studies is getrokken, al zou
er sprake zijn van synergie in mengsels van zoetstoffen,
berust op een onjuiste vaststelling van de smaakinteractie.

(dit proefschrift)

4. Gelike molsire congentratiss van glucose, sorbitol, mamnito!
en xylose, alsmede gelilke molaire concentraties van alle
mogelijke mengsels van deze stoffen smaken aven zost.

(dit proefschrift)

5. Men kan kindsren niet afleran zoet Iekker te vinden door hen
van zoatighaden te onthouden.

B. Pogingen om voedngsgedrag te veranderen vanuit
gezondheidskundige overwegingen hebben een grotere kans op
succes indien de voorlichter sr rekening mee houdt dat
vosdsel in perste instantie smakelijik moet zijn.

7. De grote beschikbaarheid van statistische software pakketten
ig nist bevordelijk voor het statistisch inzicht.

8. Het becefenen van wetenschap en het ambtenarsrreglement
verhouden zich als vur staat tot water.

8. De BEwopess éénwording zou er bij gebaat zijn als iedere
Europesan voor een bepsalde tijd buiten Buropa verblijft,

10. Met het huidige prijsniveau is het openbaar vervoer niet meer
openbaar.

Proefachrift C. de Graaf
Peychophysical Studies of Mixtures of Tastants
Wageningen, 18 januari 1988
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C de Graaf

ABSTRACT

The human perception of mixtures of tastants was studied with
reference to three central issues, i.e., 1) the paradigma of
equiratio teste substance mixtures, as an instrument to manipulate
the physical composition of tastant mixtures. This paradigma also
enables the construction of psychophysical functions for tastant
mixtures. 2) the way how the percelved intensity of a mixture is
compared with the perceived taste intensities of the mixture’s
unmixed components, and 3} the psychomstrical properties of the
reaponse s8cale. Major conclusions of the studies in this thesis
are 1) the sweetneas intensity of a binary sugar mixturs lies
between the swestness intensities of its components. when each is
tasted slone and at the sama total molarity as the mixture, 2)
application of a functional measursment approach in combination
with a two stimulus procedurs vields an interval scale of
parceived taste intensity, and 3) the paradigma of equiratio

taste substance mixtures 18 a powerful inetrument in the study of
perceptual interaction phenomena in tastant mixtures.
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1. SUBJECT MATTER AND PERSPECTIVE OF THE THESIS

This thesis deals with the human perception of agueous
golutions of taste substance mixtures. The psychophysical study
of taste substance mixtures involves a comparison of perceptual
attributes of a mixture with the perceptual attributes of the
mixture’s components when tasted independently outside the
mixture. This thesis is primarily concerned with one of these
perceptual attributes, perceived taste intensity.

The psychophysics of taste substance mixtures is an
scientific igsue, which has been studied since the end of the
nineteenth century. It has been studied from a variety of
perspectives, and with various psychophysical methods. in the
first half of this century, taste mixture phenomena were studied
primarily with the help of indirect psychophysical scaling
methods. In the second half of this century when a more advanced
psychophysical methodology was developed direct psychophysical
scaling methods were also applied for the study of taste
substance mixtures,

The development of direct psychophysical scaling methods has
lead to the first attempts to model taste mixture interactions.
These models are primarily aimed at the prediction of the
perceived taste intensity of a mixture on the basis of the
rerceived taste intensities of the unmixed components. However,
These first attemps were not succesful and Frijters & Oude Ophuis
(1983) showed that these models were either internally
inconsistent or lacked sufficient generality. in the same paper
Frijters & Oude Ophuis developed the “eguiratio taste mixture
model”. These authors showed that this model provided excellent
predictions for sensory responses to the sweetness intensity of
glucose-fructose mixtures,

It appeared that the concept of eaquiratio taste substance
mixtures is a powerful too! in the study of taste interaction
phenomena. Thig concept playa a central role in this thesis.

Ampsessing the taste interaction in mixtures of taste
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substances involves a comparison of the werceived taste intensity
of mixturese with the perceived taste intensitiee of the mixture’'s
components when tasted alone outside the mixturs. This comparison
must occur according to a particular rule, ie.. it muat be
specified how the taste intensity of a mixture is being

compared to the taste intensities of the unmixed components.
There are a number of ways of carrying out this comparison and
the description of the taste interaction depends on which
comparison rule is applied.

Apart from the comparison rule used to assess the taste
interaction in taste substance mixture, there is another issue
that has to be considered. It appears that the psychomstric
properties of the response scale have a drastic influence on the
description of the taste interaction.

This thesis investigates the tasts interaction in taste
substance mixtures whilst taking into account thres central
iBBUES!:

1) the concept of equiratio taste substance mixtures.
2) the rule according to which the taste intensity of mixtures is
compared with the taste intensities of the unmixed components.

3) the psychometric propertiee of the response scale.

2. STRUCTURE OF THE THESIS

Most of the chapters in this thesis consists of material
which has been or will be published as parers in scientific
journals.

Chapter Two of thiz thesis is a review of the pre 1880
literature on the perception of taste substance mixtures. This
chapter results in a description of the state of knowledge on the
human perception of taste substance mixtures., as it existed at
the end of the 1970's.

Chapter Three is a study of a psychophysical investigation

of Beldler's mixture equation carried out with glucose-fructose
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mixtures. In Chapter Four, the results of seven published studies
on the sweetness inteneity of binary sugar mixtures are
reanalyzed, in order to assess the taste interaction in binary
sugar mixtures according to the eguimoiar comparison rule. In
Chapter Five, two recent theoretical developments are applied to
assess the taste interaction between glucose and fructose. These
developments are Anderson’s theory of information integration
(Anderson, 1981) and the concept of equiratio taeste substance
mixtures developed by Frijters & Oude Ophuis (1983}, Chapter Six
gives a general outiine of different comparison rules for
assessing the taste interaction in mixtures of qualitatively
similar tasting substances. These comparison rules are applied to
the results of an experiment on sucrose-fructose mixtures. The
psychophysical methodology applied in the expseriments described
in Chapters Five and Six, is further investigated in Chapter
Seven. This chapter deals with issuga concerning judgments of
"ratios” and "differences” of perceived swastness intensity.
Chapter Eight deals with concentrations of sucrose and NaCl
which are equal In percelved taete intensity. This study can be
conglidered as a pilot study for the atudy in Chapter Nine. The
latter chapter presents and investigates a conceptual framework
for the examination of the interrelationshipe among the
sweotness, saltiress and total taste intensity of sucrose, NaCl
and sucrose/NaC! mixtures. These interrelationships are
investigated in an axtensiva expsariment.

The resuits of some additional anslyses on the results of
the various experiments and interrelationships among them are
given in Chapter Ten.

The thesie ends with a general discussion (Chapter Eieven),
an English and Dutch summary of each of the Chapters One to
Eleven (Chapter Twelve and Thirteen).
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1. INTROOUCTION

Judged by the rumber of recently published studies, it sesms
that there is increasing work being done on taste mixture
phenomena. This revival of interest in a long stanmding scientific
issue has |lead to a recent symposium which focused on the
Percaeption_of Complex Mixtures of Tagtes and Smells (Ache et al.
1987). In recent years, investigators have applied more advanced
methods, and have developed new perspectives on the phenomena
which occur when two taste substances are mixed togather (e.g.,
Curtis, Stevens & Lawlass, 1984; Frank & Archambo, 1986; Frijters
& Oude Ophuis, 1983: Kroeze, 1978, 1979. Lawless, 1979; Kuznicki
& Ashbaugh, 1983; McBride, 19886).

Tha present research on taste mixtures bas its roots in the
earlior literature on taste mixtures, and current papers are
oriented towards relativeiy recent Anglo-American literatura. The
older literature however, written mostly in German, is less
freguently referred to. The purpose of this raview is to discusa
the older literature on taste substance mixtures.

The present review on taste mixtures focuses on studies in
which the human perception of taste substance mixtures was
investigated. |1t deals with mixtures of tastants in agusous
solutions only. This review will not address perceptual phenomenas
occurring when two or more stimuli ars temporarily or spatially
separated. |t has some overlap with two recent reviews of
Bartoshuk {1978) and Bartoshuk & Gent (1285), which gave a more
general account of the history of taste research. Most of the
publications cited below are menticned in The Harveve
Bibliography of Taste (0'Mshony & Thompson, 1975).

This review is divided into two main parts. In the first
part the literature on the taste intsraction between
qualitatively similar tasting sustances is discuassed. The second
part deals with mixtures of gualitatively dissimilar tasting
substances. This division seems appropriate sinte the

psychophysical study of mixtures of gualitatively dissimilar
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tasting substances has been considered to be different from the
psychophysical ressarch on mixtures composed of qualitatively
similar tasting substances. The reason for this difference is
obvious. in mixturee of qualitatively dissimilar tasting

substances, the taste qualities of the individual tastants may
remain identifiable in the mixture percept. This I8 not the case
for mixturea of substancee which have a eimilar taste quality. As
will bacome clear in the course of this review, identifiability

of the original taste aualities has various conseauences for the
issues to be addressed.

The terminology that is used to describe taste interactions
in mixturee I8 confusing. It appears that almost each author uses
his own vocabulairy to describe taste interactions in mixtures.

In order not to disrupt the meaning and intention of each paper,
w8 have maintained the original terminology used by each author.
We also retained the original interpretation of the results of
each paper. This does not necessarily impiy that we agree with
the conclusions formulatad. and it is important to note that
these conclusions are not considered in the light of the present

knowiedge on taste mixtures.

2. MIXTURES OF GQUALITATIVELY SIMILAR TASTING SUBSTANCES

The taste interaction between two qualitatively similar
tasting substances in mixtures seems to be characterized
primarily by the relationship betwsen the taste intensity of
mixtures and the taste intensitiese of the mixture's constituent
componentes when tasted alone. In order to describe some kind of
taste interaction thiz reiationship must be described according
to @ particular rule. Usually the taste interaction is inferred
by comparing the taste intensity of the mixture with the sum of
the Intensities of the mixtures components. Tha taste intensity
of a mixture containing x mal/L of substance A and a
concentration of y mol/L of substance B, is compared to the sum

of the intensities to x mol/lL. of A tested alone, and y mol/L of B
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tasted alone. This comparieon rule has hesn applied by all but
two of the studies to be discussed.

Most of the research on mixtures of aqualitatively similar
tasting substances has been carried out with swest tasting
substances. Some exceptions are one study carried cut by
Moskowitz (1874a), one study of Bartoshuk & Cleveland (1877), and
an gxtensive report made by Hshn & Ulbrich (1248) on the
thresholds of binary mixtures, which consisted of salty, sweet,
sour, bitter, and alkaline tasting substances. The results of the
work of Hahn & Ulbrich (194B) will be discussed in a separate
paragraph.

The first part of this discussion on mixtures of
qualitatively similar tasting substances will review studies, in
which indirect scaling methods were used for the determination of
perceived taste intensity. In most of these studies the
subjactive intensity of a concentration of a particular taste
substance is exprassed in another concentration of a particular
reference substance of esqual perceived taste intensity. The
socond part of this review will discuss studies using some form
of direct scaling to sssess the taste intensity of mixtures and
single substances. In direct scaling methods the taste intensity
is expressed in numerical ratings. These numbers may be ratings
on a category scale (e.g., Schutz & Pilgrim, 1957}, or ratings

obtained by magnitude estimation (e.Q.., Stevens, 1988).

2.1 Mixture research in the iradition of indirect scaling

Taste interaction phenomena in mixtures containing
qualitatively similar tasting substances had not been studied
before the 1920's. The first study concerning this issue was
probably an investigation of Paul (1821). He determined the
swestnese intensity of dulcine, saccharine and dulcine/saccharine
mixtures, and expressed the sweatness intensity of thesa
substances and mixtures in squiswest sucrose concentrations. He

observed that the relative sweetness intensity of the mixtures
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was equal to the sum of the intensities of the mixture's
componants. Although Pauwl (1821) found additivity, he concluded
that in practice saccharing and dulcine potentiated each other.
"Dbwohl ea sich slao bei dissen Mischungen um eing additive

Wirkung das SiBungsgrade des Dulcine und Saccharing handelt, wird
in der Praxis doch gine Wirkung erzielt, dig siner poterzierenden

gleichkommt.”. This conclusion is not without ambiguity, and
seems to be of little help in adequatsely describing the taste
interaction between saccharine and culcine. When diacussing
Paul's results, Von Skramlik (1928) gave an sxplanation for
Paul's observations, which is essentially a chemical one. He
argued that the potentiating effect between saccharine and
dulcing wag the result of a chemical reaction betwesn these
substances which cauesd them to bes more dissociated in the
presence of each other than when dissolvaed alons.

To investigate the generality of Paul's findings,

Heiduschka al. (1925) investigated whether the sweat tasting
amino acide glycine and alaning also showed addition when mixed.
Heiduschka et al. (1925) used one mixture only and expressed the
aweatness intensity of glycine, alanine and that of the mixture
in equisweet sucrossa concentrations. It was observed that the
sweetness intensity of the glycine-alanine mixture was less than
the sum of the sweetness intensities of its components. Glycine
and alanine did not show addition when mixed.

Dahlberg & Penczek (1841) noted that mixtures of glucose and
sucrose were sweeter than might be expscted by adding the
intensities of its components. These authors explained what they
called the supplemental action between ghucose and sucrose and

noted that "The sweetness of sucrose ig quickly perceived,

pramptly reaches a maximum intensity, and then decreases. The

swestness of dextrose stimulates the taste sensory organs more

slowly and reaches a maximum intensity later. Hence, the ons

sugar might be expected to supplement the other. .

Cameron (1945, 1947) determined the relstive sweetness of

binary mixtures of sucrose-fructose, sucrose-glucose, sucrose-
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lactose, glucose-galactose, glucose-lactose,. sucrose-glycine,
sucrose-alanine, glucose-glycing, and glycine-alaning. In sugar
mixtures, Cameron (1947} found that the intensity of mixtures
exceeded the sum of the intensities of its components, when the
swestness intensity was expressed in equiswest sucrose
concentrations. When the sweetness intensity however, was
expressed in glucose equivalents, the mixture intensity was
approximately equal to the sum of the intensities of its
components. Apparently the result of the comparison of the
swaetnaess intensity of a mixture with the sum of the sweetness
intansitiee of the mixture's components depends on the unit of
swestness intensity. The obserwvation that two sugars show
addition in terms of glucose equivalents but show snhancement In
terms of sucrosse eauivalents can be explained by the non-linear
relationship between equisweet concentrations of glucose and
sucrosa, Cameron (1947) noted that the supplemental action
between glucose and sucrose found by Dshlberg & Penczek (1941)
also changed into addition when the sweetness intensity wae
expressed in glucose equivalents instead of sucrose souivalents.

Cameron {1947) found that taste interaction in mixtures
containing either glycine or alanine was different from the tastae
interaction cbserved in mixtures of sugars. Mixtures containing
aither givcine or alanine were less sweet than the sum of the
intensities of its components, irrespective of whether the
sweetness was expressed in eguivalent sucrose concentrations or
in equivalent glucose concentrations. This result was in line
with the obserwvation of Heiduschka st al. (192%).

Vincent et al. (1955) concluded that "The 10:1 mixture of
cyclamate sodium and saccharin sodium is swester than would be

axpected from the sum of the sugsr esquivalents of its

components.”.
In an extensive study, Yamaguchi gt al. (1970) sssessed the

swestness intensities (expressed in equisweet sucrose
concentrations) of all binary mixture combinations of sucrose,
fructose, glucose, mannitol, sorbitol, xylitol, xylosa,

cyclamate, and saccharine, and also of mixtures of each of the
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tastants, sucrose, glucose, cyclamate, saccharine with each of
the sweet tasting amino acids glycine and DL-alanine. In addition
the sweetness intensities of glycine-DL-alanine mixtures were
determined. Yamaguchi et al. (1970) distinguished between six
different types of mixture interactions of which three types were
defined as additive. The other three were called the suppressing,
the counteracting, and the synergistic effect. The results showed
that in all mixtures, the sweeteners showed either additive or

synergistic effects.

2.2. Mixture research in the era of direct scaling

Kamen (195B) determined the sweetness intensity of sucrose,
cyclamate, and some sucrose/cyclamate mixtures. He expressed the
parceived sweetness intensity in the units of a category scale
used earlier by Schutz & Pilgrim (1957). He investigated the
taste Interaction somawhat differently from previous
investigators. He stated that "_If we mix varipus proportions of
8 X and 10 % sucrose solutions, we will find that the pesrceived

intansity of sweetness of the mixtures will lie between the

perceived intensities of the original solutions. Specifically,

the subjective intensities of the mixtures should be

approximately geomstrically proportional to the reiative amounts

of each of the original solutions that comprise the mixturs. In

this case, the effects of mixing the solutions are said to be
additive.”. Kamen (1958) thus reflated the taste interaction
betwesn two substances in a mixture to the apparent taste

interaction within the single substances themselves. Kamen
prepared sucrose and cyclamate solutions of zpproximately equally
sweetness intensity. He also prepared two types of mixtures, one
type of mixtures containing 2/3 of the original sucrose
concentrations and 1/3 of the original cyclamate concentrations,
and another type of mixtures containing 1/3 of the originat
sucrose concentrations and 2/3 of the original cyclamate

concentrations. According to Kamen (1958), the results showed
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that sucrose and cyclamate bshaved additively when mixed at low
and high swestness levels (corresponding to the sweetness of 0.07
and 1.08 M sucrose, respectively). At intermediate sweetness
levels (corresponding to the sweetness of 017 and 0.43 M
sucrose, respectively) the sweetness intensity of the mixtures
exceeded the sweetness intensities of the unmixed compounds.

Psychochysical research in the 1960's was characterized by
the development snd application of Stevens’ method of magnitude
estimation (e8.9., Marks, 1974; Stevens, 1856, 1975; Stevens &
Galanter, 1957). This scaling approach aleo had its impact on the
methodology of psychophysical taste mixture research.

Magnitude estimation was applied to taste mixtures by Stone
& QOliver (1969) who investigated binary mixtures consisting of
some combinations of sucrose, fructose, glucose, saccharine,
cyciamate, glycine, and OL-alanine. These authors observed that
combinations of sucrose-fructose, sucrose-glucose, glucose-
fructose, glucose-cyclamate, glucose-saccharine behaved
synergistically when mixed i.e. the intensity of the mixture
exceeded the intensities of the mixture's conetituent components
when tasted independently. Mixtures of glucose and glycine or DL-
alanine behaved suppressively. In another study Stone, Oliver &
Kloehn (1969) observed that the taste interaction between glucoss
and fructose was independent of temperature or pH.

In view of the results of the studies discussed above it is
not surpriging, that Pfaffmann et al. (1871} summarized the
rasulte of the earlier studies with the conclusion that in
mixtures of two qualitatively similar tasting substances, the
intensity of the mixture is equal to or greater than the sum of
the intensities of its components. This conclusion was said to
hold for all mixtures investigated until that year with a
relativly few exceptions of mixtures containing etther DOL-alanine
or glycine.

Peychophysical taste mixture research In the 1870's was
characterized by the first attempts to explain and model taste
interactions in binary mixtures. Moskowitz (1873, 1974a, 1874b)
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developed two models on taste interaction which Frijters & Oude
Ophuis (1883) later called the 'addition’ model and the
‘substitution’ modsi.

In the addition madel, it was assumed that the percsived
taste intensities of two compounds are added together when the
two compounds are mixed. Since Moskowitz assumed that Stevens’
power law is a proper description of the rslationship between
concentration and intensity of a particular tastant the addition
mode! reade:

Fabli = Ka{Cap)**n + ko(Cpp)®*m, m

where Raoy represent the response to a mixture of concentration
i of substance A (= Cg). and concentration ] of substance B (=
Cry). The parameters ke, N, ke. M. are the constants and
exponents of the psychophysical power functions of substance A
and substance B respectively.

In the second model the intensities rather than the
concentrations were added. Moskowitz (1974b) summarizes the basis
of this model as follows: "The sensory system adds together the
concentrations of the mixture components, trests the sum as a
higher concentration of the reference chemical, and then
transforms that concentration into .subjective magnitude sccording
to_an intensity function appropriate for the reference

chemical.”. If substance A is the reference chemical this model
reads,

Rabis = KelCaj + (kpCej¥**n/ka)e*(1/m)]%%m, (2)

and if substance B is the reference chemical the substitution
model reads:

Raoii = KolCbi + (keCapem/kp)#*%(1/n)]%%n @

Moskowitz (1973, 1974b) tested these models for several



-15-

mixtures of sweeteners, i.e, mixtures of glucose with fructose,
Na-cyclamate, Na-saccharine, and saccharine, and mixtures of
either glucoee or fructose with each of the substances xvioese,
arabinose, sorbitol, glycerol, galactose, lactose, sucrose, and
Both models systematically

underpredicted mixture swestness, suggesting synergistic effects
that extend beyond eimple additivity.”.
A fow years later Moskowitz & Dubose (1977) applied a

"

maltose. Moskowitz (1974b) concluded:

slightly adjusted version of the addition model to mixtures of
fructose, glucose, and sucrose, with aspartams. It was concluded
that except for the mixtures of fructose and aspartame, the
mixtures showed simple additivity of sweetness.

Moskowitz (1974a) spplied the same models to mixtures of
acids. The models fitted better for acids than for sweeteners
although some acid mixtures also showed synergism.

About the same time as Moskowitz developed his taste
mixture models, Berglund et al, (1973) developed a model for the
prediction of the odowr intensity of mixtures of odourants. This
modei can be easily spplied to mixtures of tastants. The mixture
model of Berglund et al. (1873) treats the taste intensity of the
mixtura’s componente as vectors in a subjective space. The angle
between the two vectore I8 supposed to reprasent the degree of
qualitative dissimilarity betwesn substance A and B. The vector
addition model reads:

Rabii = (Rap*2 + Rppe*2 + 2AqRsjcosu)*x0.5,

where Rasp represents the response to the mixture, Re
represents the response to concentration 1 of substance A
{outside the mixture, and represented as a vector in a subjective
space), Ap; represents the response to concentration | of
substance B and « represents the angle between thae vector of A
and the vector of B. In the case of two qualitatively similar
tasting substances the value of « is 0 and the cosine of o

becomes egual to 1, so that the vector addition mode! simplifies

(4]
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to Ravii = Rai + Pbj, This model has one serious limitation in

that it cannot predict that the mixture intensity exceeds the sum
of the intansities of its components. As this phenomenon has heen
frequently observed by several suthors the vector addition model
can have only a limited value in describing taste interactions in
rmixtures which have a similar taste quality.

A more thorough and theoretical treatment of the models of
Moekowitz (1973), Bergiund st al. (1973), has been mads by
Frijters & Oude Ophuis (1883).

A few years after the models of Moskowitz were developsd and

tested, Bartoshuk & Cleveland (1977) introduced a new approach to
the study of taste mixture interactions. These authors argued
that the cbserved taste mixture interaction (suppression,
addition or synergism) could be predicted from the shapes of the
psychophysical functions of the mixture’s constituent components
tasted separately from the mixture. The raascning behind this new
approach started with the motion that the simplest example of
mixing two substances is adding @ substance to itsalf. Tha
soparent taste interaction of a particular substance with itself
according to Bartoshuk & Cleveland (1877) is a conseguence of the
shape of the psychophysical function of that substance. When
succesesive increments in concentration produce smaller increments
in taste intensity, the pseychophysical function is said to be
compressive. In the case of a substance which has a compressive
psychophysical function a mixture of a substance with itself must
have a taste intensity which is less than the sum of the
intensities of the "mixture’'s” components outside the mixture,
i.e. "the mixture” shows "suppression”. Similarly in the case of
an expanding psychophysical function the "mixture” would show
"gynergism”. This line of reasaning has been extented to "real"
mixtures.

Bartoshuk & Cleveland (1877) tested their model in an
experiment. They determined the psychophysical functions of fou
acide, four sweseteners, and four bitter tasting substances. Each

of the psychophysical functions was constructed on the basis of
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responses to four concentrations., of which the lowest
concentration of each of the four substances had an about equal
perceived taste intensity. The other atimuli of the unmixed
substances contained two, three and four times the lowest
concentration. The lowest concentrations of each substance were
used to construct the six possible binary mixtures, the four
poesible tertiairy mixtures, and the one possible quarternary
mixtures, Thia implies that the geometric mean of the totat
concentrations of the six binary mixtures is equal to the

gsometric mean of the one to lowest concentrations of sach of the
four unmixed stimulus types., Similarly the geometric mean of the
total concentrations of the four three component mixtures is

equal to the geometric mean of the one to highest concentrations
of the four unmixed stimull. By determining and asveraging the
responses to sach of the one-, two-, thres-, and four- component
"mixtures” Bartoshuk & Cleveland (1877) were able to construct a
kind of pesychophysical "mixtura” function. This function related

the number of mixture components to the mean of the responses to
the four types, the 1-, 2-, 3-, and 4~ component, mixtures. The
results showed that the shape of the function relating the number
of the components in the mixture to the mean of the responses of
the mixtures was similar to the (compressed) psychophysical
functions of the mixture's constituents. This conclusion held for

the sweeteners, the acids, and the bitter tasting substances. The
experiment with the sweeteners was replicated with another
stimulus delivery procedurse which changed the psychophysical
functions of the single sweeteners from compraession to expansion.
These resulte showed that the same change occurred with the shape
of the function relating the number of mixture components and the
responses to these mixtures.

The theory and results of Bartoshuk & Cleveland (1877)
explained many of the observations made in previous studies and
suggested that the shapes of the psychophysical functions of
gingle substances play an important role in obsarvations
regarding the taste intsractions between two tastants in a
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mixture, Most psychophysical functions obtained in the earlier
studies (e.9., Moskowitz, 1973, 1974b; Stone & Oliver, 1869) were
expanding. The results of Bartoshuk & Cleveland (1977) expiained
why these authors found "synergism™ in mixtures.

2.3. Treshol of mixtures of two qualitatively similar tastin
substances; the studies of Hahn & Ulbrich (1948).

The experiments of Hahn and colleagues are probably the most
extensive experiments carried out in the history of taste
research. According to Hahn and Ulbrich (1948) they determined
approximately 15.000 thresholds for 108 different tastants using
43 subjects.

Hahn and Ulbrich (1948) determined the taste thresholds of
a larga number af combinations of binary mixtures of salty.
sweet, sour, bitter, and alkaly tasting substances. These authors
defined the taste interaction between two tastants as follows:
Suppose that substance A has a threshold concentration of i moi/L
(=Cqp)., and substance B has a threshold concentration of J mol/L
(=Cpy). Following Hahn & Ulbrich (1948), two substances show
addition if the threshold concentration of a particular mixture
contains p times | mol/L of A, and g (= 1 - p) times | mol/L of B
(0 < p € 1). For instance, if the threshold concentration of A is
i mol/L, and the threshoid concentration of B is j mol/L, and the
threshold concentration of 2 particular mixture contains 4/2 1
mol/L A, and 1/2 j mol/L of B {(or 9/1D i mol/L A, and 1/10 |
mol/L B), then A and B are supposed to behave additively. If the
threshold concentration of a particular mixture is less than can
be expected on the basis of addition. two substances potentiate
each other, and if the threshold concentration of a particular
mixture is higher than can be expected on the basis of addition,
twe suhstances suppress esach other. Figure 1 gives a graphical
dispiay of the categories suppression, addition, and potentation.
The =additivity-line, i.e. the line connecting the point Cap on

the x-axis and the point Chi on the y-axis, is identical to an
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concentrafion of subsfance B (M)

-

Suppression

Additivity

concentration substance A {M)

Fig. 1. Definition af the taste interaction between two
qualitatively similar tasting suwsbgtances at threshold levels,
according to Hahn & Ulbrich (1948). The concentration Cg is
the threshold level of substance A, concentration Cpj is the
threshold of substance B, If the threshold of a binary mixture
of A an B is on the line connecting Cg and Cp; addition
ocecurs. If the threshold msixture concentration lies above the
iine suppressiocn occurs, and if the mixture threshold lies
belaw the line A and B potentiate each other,

equation derived from Baidler's mixture modsel (Beidler, 1962,
1971; De Graaf & Frijters, 1886). |t can be described by the
foliowing mathematical expression.

X +Y¥Y = - - (=)
2Loi + dCsi

The sum of X and Y represents the total cancentration of the
mixture. X represents the concentration of substance A and Y
represents the concentration of substance B. In the original
derivation, Cs and Cp; refer to those concentrations of
substance A and substance B that give rise to an egual perceived
taste intensity, and (X + Y) ig the predicted mixtura
concentration of the same perceived taste intensity as the

intensities elicited by Ca and Cpi In the present context these
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figures refer to threshcld concentrations.

Beidier formulated the mixture equation to describe the
peripheral interaction between the molecules of two taste
substances competing for adsorption at the same receptor sites.
The meaning of the term "addition” used by Hsahn & Ulbrich (1948)
suggests that the compounds in a mixture act Indspendently. This
idea does not concur with the concept of competition introduced
by Beidler (1971), because mutual compsetition implies mutual
suppression of activity. At threshoid levels howeaver, thers will
be virtually no competition between the moiecules of two tastants
B0 that it seems that there is compiete indepedence at these levels.

The results of Hahn & Ulbrich (1248) suggest that eguation 5
applies for a total of some 200 combinations of salty, sweset,
bitter and sour tasting substances. These combinationa are given
in Table 1.

Table 1. Combinations of qualitatively similar tasting
substances, which show addition at threshold level when
mixed, according to Hahn & Ulbrich (1848) i.e, they concur
with the prediction of equation 5. and lie on the additivity
line shown in Figure 1,

Salt ; NaCl- NaBr. NaCl- NaF, NaCl- NaNOz, NaCl- NaC0z;CHz, NaCl-
Naz504. NaCl- NazC03, NaCl- NazPOs, all mixtures with NaCl
and the 24 corresponding K, Li, and NH. salts, all 32
mixtures of CaClz with the afore mentioned Na, K, Li, and
NHa salts, NaCl- CaBrz, NaCl- Ca(NOa)z. NaCl- CaS04, NaCl-
BaClz, and NaCl- Ba{C0;CH3)z.

Sweet: all 45 possible binary combinations of the sweeteners
sucrose, glucose, galactose, dulcine, glycerin, glykokoll,
nitrobenzol, phloroglucin, resorcine, and saccharine,

Bitter: all 45 possible binary combinations of the bitter tasting
substances atropine-HCl, quinine-504, caffeine, KJ, MgS0,,
morphine-HCl, picrinic acid, strychnine-HNO:;, ureum, and a
tannic acid of unkown composition. Altogether 62 out the 100
possible combinations of ureum, quinine-HCl, KJ, and MgS0,.
with each of 25 bitter tasting anorganic salts,

Sour: binary combinations of acetic-acid and HCl, with HCl, HBr,
HJ, HNOj;, H2504, formic acid, acetic acid, chloracetic acid,
trichlor acetic acid, B-J-propionic acid, lactic acid.
benzoic acid, salicylic acid, glycocholic acid, amber acid,
tartaric acid, malic acid. and citric acid.
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3. MIXTURES OF QUALITATIVELY DISSIMILAR TASTING SUBSTANCES

This section starts with a discussion on the taste quality
of mixtures with dissimilar tasting subetances. It continues with
a review of the literature on the taste intensity of mixtures
with digsimilar tasting substances.

3.1. The quality of mixtures of gqualitatively dissimilar
tasting substances

This discussion will focus on the taste quality of mixtures
of sweet, sour, bitter, and salty taste substances. The basic
issues concerning the taste quality of mixtures with dissimilar
tasting substances are the relationships between the taste
auatity of a particular mixture and the taste gualities of the
single compounds constituting the mixtura.

One of the basic issues was already resolved in the middie
of the nineteenth century. In 3 doctoral dissertation concerning
the localization of the taste sense, Drielsma (1859) cited the
work of Schirmer (1858) who carried out some experiments on
binary mixtures of sucrose, Nall, acetic acid, and quinine-S0s.
The resuits of Schirmer's studies show that the individual taste
quslities can be identified when particular concentrations of
dissimilar tasting substances ara mixed., Particular sucrose/NaCl
mixtures for example taste both sweet and salty. Other taste
investigators in the late ninetesnth century (Kiesow, 1894, 1896;
QOehrwall, 1894, 1801) and at the beginning of the twentiath
century (Renqgvist, 1919: Von Skramik, 1926) have agreed with the
observations of Schirmer,

Ancther basic issua concerning the taste aquality of mixtures
of gualitatively dissimilar tasting substances is the guestion
whether or not new taste gqualitiss emergs. The discussion on this
supject matter started at the end of the nineteenth century and
has continued up to the present day.

In a fierce debate Oehrwall (1891, 1901) and Kiesow (1894,
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1B96) discuseed the issus of whether the taste sense is analytic
like the auditory sense or synthetic like the visual sense (saee
glso the reviews of Bartoshuk (1978) and Bartoshuk & Gent
(1985). Ore important subject in this discussion was the

auestion of the nature of the taste quality of mixtures of
dissimilar tasting substances.

Dehrwall (1891) took the position that the taste sense is
shalytic and one of his main arguments in favour of this position
was that in mixtures of two qualitatively dissimilar
tasting substances no new taste gualities emerge. Oshrwall
(18841, p. 15-16) noted that "Die einfachen Geschmacksempfindungen
lgssen sich auch nicht wie die Farben zu neuen Empfindungen

mischen, welche man nicht in ihre einfachen Bestandtheiie

zeriegen kann, ... Wie man auch mische, es sntsteht nie sin

neuer Geschmack, und noch weniger kann man etwas erhalten, dss

dem Weigs entsprache — dag so zu gsagen Qualitat entbehrte. .
Kiesow (1896) disagreed with Oshrwall and held the view that
the taste sense is synthetlc like the visual sense. One of his

arguments was that the taste aqualities of taste suhstances in a
mixture may compensate each other i.e. the two taste qualities of
a mixture interact in such a way that their individual identities

are lost. For a few of ali participating subjects, Kiesow (1886)
found that a new taste gquality emerges when low concentrations of
sucrose and Nall are mixed. According to Kiesow (4896, p. 2686)
"Die Empfindung st nicht gleich Null, sie entspricht suech nicht

villig derjsnigen des destillirten Wassers, gondern jst vaon so
aigenartig neuer Qualitat, dass sie unwissentlich schwer

definirbar und eben in der angegebenen Weise am geeignetaten zu
bezeichrnen iet...". He called this taste quality "fade™. Although

he was not able to reproduce compensation of taste qualities in

mixtures with anpother composition, Kiesow haid the view that this
phenomenon could occur in mixtures contaning sweet-salty, sweet-
sour and salty-sour tasting substances. He thought that
compensation could not occur in mixtures containing 8 bitter

component.
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Oshrwall (1901, p. 256) discountad the expearimental
evidence of Kiesow (1896) and noted "Durch eeinen Versuch,
nachzuweisen, dass Contrast und Compensaticnsphanomens zwischen

den vergchisdensen Geschmacksarten trotzdem wirklich vorhanden

gind, hat Kiesow gemeint, einen teichten Sieg zu gswirnen und

mich mit meinen gigenen Waffen zu schlagen...”. In & footnote

Oehrwall (1901, p. 258-259) wrote "Was die Compensationsversuche

anbelangt, so ist zu bamerken, dass es Kiesow trotz aller
Bemibhungen nicht gelungen ist, eine Compensation zwischen den
anderen Geschmacksarten zu zeigen, nur zwischen schwachen
Empfindungen von SUB und Salzig; ...Dass eine zusammengesetzte
Gaschmackgempfindung schwer zu analysiran sein kann, 1st_nichts

Versuche nicht bewissen...”. Oshrwasll rejected the idea that two
taste qualities in 3 mixture could compensate sach other,
Oshrwall (1901) however did not reject the idea, that
aqualitatively dissimitar tasting substances show interaction when
mixaed. Oshrwall (1901) thought that interaction between taste
qualities in a mixtures was due to attention.

Patrick (1899) {(a= cited by Kiesow, 1901) was one of the
few investidator's who agreed with Oehrwall and noted that no new
taste oualities emerge when two dissimilar tasting substancee ara
mixed. Most investigators agreed with Kiesow (e.g. Henning, 1816:
Von Tschermak, 190B).

Rengvist (1918, p. 181-192) reproduced Kiesows finding for
the taste quality "fade” for mixtures of NaCl and K-Acetate, and
mixtures of NaCl and HCI. In his book about the "lower™ senses,
Von Skramlk (1826, p. 453) ncted that compenaétion iz frequantly
cbserved, “Durch Kompeneatign ergeben sich sehr oft Geschmacke,
die als fade bezgichnet wurden..”. Si8str&m & Cairncroses (1853)

constructed a guarternary mixture which according to them had a
"white taste”. It contained 0.01 M sucrose, D.002 M citric acid,
0.014 M NaCl, and 0.0004 M aquinine-504. The first two substances
had a concentration sgual to their thresholds. The latter two
substances had concentrations which were two times their
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threshold concentration leveis.

Henning (1918) who introduced the taste tetragder went aven
further than Kiesow in suggesting analogies with the synthetic
visual senge. Henning (1946, p. 217-218) heid the view that a new
and homogeneous (unitary) taste quality emerges when two
dissimilar tasting substances are mixed. According to him it ig a
“psychological™ error to assume that the original taste gualities
still exiat. "Eine durch eine chemisch einfache Substane

ausgeliste einfache Geschmacksempfindung, die gemaB ihrer
Stellung in der psychischen OQualitatenreihe mshrere Ahnlichkeiten
aufweist, z. B. 2u s0B und zu salzig, ist 3ls sinnliches Erlebnis

einheitlich und einfach; man bemerkt sinnlich ebensowenig einen

Zuckergeschmack und davon getrannt einen Salzgeschmack, als _man
eing_Orangefarbe einmal tiefrot, hernach heligelb siebt. Liegt

hingegen chemisch eine Mischung aus Kochealz und Robhrzucker wvor,

sc erlebe ich ein sinnlich seinfaches und sinheitliches

Verschmelzungseriebnis, in dem eine SuBigkeit einheitlich in eine

Salzigkeit sinschattiert ist... Allein es ist ein psychologischer

Irrtum, wenn _man _im_Einheitserlebnis zwei nebeneinander stehends

Komponenten annimmt.

Herning (1916} knew of several substances eliciting a taste
quality located between the edges of the taste tetradder. KJ and
KBr for sxampla siicit taste ssnsations which lie in batwesn
salty and bitter and Pb-Acetate between sweet and sour. Henning
noted that the sensation elicited by a single substancs is
quatitatively different from the taste sensation elicited by a
mixture of two substances (see the citation in the previous
paragraph). The taste auality of Pb-Acetate solution cannot be
equated by a mixture of sucrose and HCI for example. A few years
iater Von Skramlik (1922) demonstrated the contrary. Von Skramlik
(1922) showed that the taste of several anorganic salts cannot be
distiﬁguishad from the taste of mixtures containing two or more
of the substances sucrose, NaCl, quinine-HCI, and tartaric acid.

Baryscheva (1926) suggested that the taste of 20 common
food products lke apples, pesrs, beer, coffes and tea can be
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equated by particular mixtures of sucrose, oxalic-acid, guinine-
HCi, and NaCl.

Von Skramlik (1926, p. 451) held the view that the degree of
homogenity or heterogenity of the percept of a mixture depends on
the nature and the concentrations of the mixture's constituents.
With respect to NaCl-guinine mixturss von Skramlik noted _“Wohl
gber steht fest, daf bei Zufiigung von immer mehr NaCl zur
Chininldgung sebr bald sine Stufe arreicht wird, von der ab  jede

Mischung bitter und salzig schmeckt, die beiden Bestandteile also

sinnlich nebeneinander bestehen, und willkdrlich mit der

Aufmerksamkeit festgehalten werdsen kdnnen.”. According to Von

Skramiik the taste qualities sour-salt, sweet-salt and swest-sour
lead easily to the fusion of taste gualities although fusion
occurs at particular concentrations only. The taste qualities
bitter and sweet do not fuse well, and the taste qualities
bitter-salt, and bitter-sour do not fuse at all,

In one of the first extansive and systematic studies
specifically aimed at the assessment of the taste quality of
mixtures, Hambloch & Pischel (1928) developed a scheme for the
guality of binary tasts mixtures. These authores prepared several
binary mixtures of gquinine-HCI, NaCl, tartaric acid and sucrose.
They distinguished between five different phenomena, when two
suprathreshold concentrations of two dissimilar tasting
substances e.g. A and B are mixed.

1) The mixture has a homogeneous taste guality identical to the
auality of umixed A. The tsste quslity of B is completsly
suppressed.

2) The mixture has a homogeneous taste gquality which is not
identical to the quality of unmixed A. The taste
quality of B cannot be identified however.

3) The mixture has a heterogeneous taste quality in which both
taste aualities can be easily recognized and the attention can
be switched from the quality of component A to the quality of

component B and vice versa.



-26-

4) The mixture has a homogeneous taste guality in which the
guality of A cannot be identified. The taste aquality of
the mixture howsver is not identical to that of unmixed B.

8) The mixtura has a homogeneous taste quality identical to the
quality of unmixed B, and the taeste quality of A is completely

suppressed.

After this study was published, three decades passed before
more research on the taste quality of mixturss was done.

Gregson (1966) found that the taste guality of wesk sucrose-
NaCl stimuli was not always recognized as being sweet or salty,
but sometimes was recognized as being sowur and bitter.

Moskowitz (1872} applied the method of magnitude estimation
in @ study using mixtures of sweet tasting substances (giucose
and fructose) with either a salty (NaCl), a sour (citric acid.).
or a bitter (quinine-S04) tasting substance. He concluded that

"Mixtures of sweet and salt developed an ‘unblended’ or

‘claghing’ taste, in which the componente alternated in

attempting to dominate the taste percept. Sweet mixed with sither

sour or_bitter blended in _almost a!ll proportions.”. He in

addition noted that the quality of sweetness was changed in a
different way by different taste substances.

Welsh et al. (1979), cited by Schiffman & Brickson (1980),
carried out an experiment in which subjects were presented with a
large number of unmixed compounds and a large number of binary
mixtures. They were instructed to decide whether the resulting
taste quality was ‘unitary'., or whether they tasted a mixture.
The results showed that binary mixtures were not as freguently
judged as contsining more than one taste guality than the unmixed
stimuli. According to Schiffman & Erickson (1980) this
observation shows that new taste qualities emerge when two
dissimilar tasting substances are mixed together. Welsh gt al
(1879) observed, that subjects often cannot identify correctly
the two taste substances in a mixture.

from the literature reviewed above, it is apparent that the
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question of whether new taste qualities emerge in mixtures is still not
resolved. The following citation from Bartashuk & Gent (1885) gives
an indication of why thie guestion remains unanswered "The
stumbling block now, as in the day of Kissow and Oehrwall, ie the
meaning of "oualitatively different”. Suppose we mix guinine and
sucrose. We describe the mixture azs "hitterswegt”. The

description sounds analytic since it Implies recognition of both

the bitter and swset components. However, one can argue that the
mixture reslly has a new taste aquality that is similar to bitter

and to sweet and that we simply lack a name for the new

guality. ...

3.2 Intensity of wmixtures of qualitatively dissimilar
tasting substances

Questions concerning the taste intensity of mixtures with
disgimilar tasting substances can be divided into three
interrelated issues. The first issue i whether or not the
specific taste intensity of a particular taste substance, s.g.
sweetness of sucrose is altered by the presence of another tasts
substance with another taste ouality, e.g. NaCl. The second issue
concerns the relationship between the taste intensity of the
mixture and the taste intensities of the mixture's constituents
when they are tasted outside the mixturs. In the case of sucrosse-
NaC! mixtures this question might be phrased; What is the
relationship between the total taste of the mixture, and the
sweetness of the sucrose component when tasted alone and tha
saltineas of NaCl when tasted aione. This issue is similar to the
guestion which is raised, when two gualitatively similar tasting
substances are mixed. A third issue focuses on the relationship
batwesn the specific taste intensities of the mixture and the
total taste intensity of the mixture. What, for sxample, is the
relaticnship between the total taste intensity of a sucrose-NaCl

mixture, and the sweetnese and saltiness of such a mixture 7
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The first issue has been investigated by a large number of
investigators. The second issue has been investigated less
frequently. and there are no studies concerning the third issue,
although several investigators have made implicit assumptions
about the relationship between the specific taste intensities and
the total intensity of a mixture. The literature on the second
and third issus will be discusssed in cne paragraph.

3.2.1 _Specific tastie intensity of a tastant in the presence
another diasimilar tasting substance

The first evidence coliscted on this issue are citations by
Kiesow (1894, 1896) and Oehrwall (1891) of some general notas
made by eartier nineteenth century invastigators. Kigsow (1894,
18896) and Oehrwall (1881) disagreed about the interpratating the

observations of these authors. Oehrwall discountad most reposrts,

whilst Kiesow tended to take them more seriously. Thie work will
not be discussed here, because most of these sariier general
notes were anecdotical and not based on experimental
observations.

One of the first sxperimental observations on the comparison
of the specific taste intensity of a particuler taste substance
tasted alone with the specific taste intensity of the same
substance in the prasence of another comes from Zuntz (1882). He
observed that a mixture of 0.35 M sucrose and = aubthreshold
concentration of NaCl (0.017 M NaCl) tasted just =& ewest as a
0.44 M sucrose solution. Apparently the sucrose/Nall mixturs had
an higher sweetness intensity than the corresponding unmixed
sucrose concentration.

Kiesow (1888, p. 267) noted that in binary mixtures of
dissimilar tasting substances, the specific taste intensities of
both components are suppressed. Kiesow also observed that this
mutual suppression was not symmetrical. "So _wirkt Salz intensiver
auf SifB, als umgekshrt. Im @siben Sinne wirkt Salz auf einigen

Stufen starker auf Sauer und Bitter ein, alg die letzteren
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Qualitaten auf des Salzige. In gleicher Weise ist dig Wirkung des

Sauren auf SUB und namentlich auf Bitter gine intensivere, als_im
umgekehrten Faile, wahrend in_eingr Combination von SuB und
Bitter die Wirkung der beiden Componenten wenigstens auf unteren

Stufen ziemiich die gleiche ist. Auf mittieren

Concentrationsstufen scheint nach meinen Resuitaten das SiBe, auf

den_hichsten dagegen wieder das Bittere ileicht zu Usberwiegen”.
Kissow (1896} did not attempt to quantify these effecfs.

Heymans (1899), cited by Kremer (1947) and Pangborn (19603,
found that the thresholds of HCI, NaCi and sucrose were raised by

the addition of suprathreshold concentrations of one of the other
components.

Kremer (1817) was probably one of the first taste
investigators who had numerical ratings assigned to tastse
intensities. Kremer (1917) being his own subject, judged the
sweetnass inteneity of individual sucrose stimuli and of mixtures
of sucrose with subthreshold concentrations of guinine-HCI, NaCl,
HCl, Hz504. quinine-HCl + HCI, quinine-HC| + NaCl and HCI + NaCl.

He observed that salty and sour tasting substances enhance the
swest taste, when added to a sucrose solution. A subthreshold
concentration of quinine suppresses the sweet taste, when added
to a sucrose solution. He also reported that suppressing and
enhancing substances could cancel each other's effect.

Although the investigation of Hambloch & PUschel (1928) was
primarily aimed at establishing the taste quality of mixtures the
resulte of this study suggest that the four taste qualities
suppreas each other. For binary mixtures of sucrose, NaCl,
auinine-HC! and tartaric acid, it was shown that one component
cazn completely suppress the intensity of the other component,
They also found that one component can supprese the intensity of
the other component in such a way that the specific quality of
the suppressed component cannot be recognized. With respect to
mixtures in which both components can be recognized, Hambloch &
Pischel (1928, p. 148) noted that "Hervorzuhsben ist, daff sich in
den Mischungen dieses Bereiches die beide Komponenten gegenseiti
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beeinflussen, soc d sie _gegenitber den in gleicher Weisse mit
destilliertem Wasser verdinnten Bestandteilen in der intensitat
geschwacht ... eracheinen.”.

Cragg (1937), cited by Pangborn (1860) and Von Skramlik

(1962) obgearved the souwrnses of HC! was decreassed by sucrose, but
was unaffected by NaCl.

In an extensive study Fabian & Blum (1843) found that
subthreshold concentrationg of NaCl decreased the sourness of
various acide but increased the swestness of a number sugars,
8.0. sucroege, fructose, glucose, lactose and maltose.

Subthreshold concentrations of HCl and acetic acid decreased the
sweetness of glucose but they had no effect on the swesetness of
sucrosa. Sucrose sweetness was decraased the addition of
aubthreshold concentrations of lactic, malic, citric, and

tartaric acid. The swestneas of fructpee was decreased by adding
subthrashaid concentrations of lactic, malic, acetic, and

tartaric acid but it was not affected by the addition

subthrashold concentrations of HC! and citric acid. The addition

of subthreshold concentrations of most acids incressed the
saltiness of NaCl. Subthreshold concentrations of the sugare
decreased the saltiness of NaCl, and the sourness of acids.

In mixtures of dissimilar tasting substances, Cameron (1847)
found that a mixture of § % (= 015 M) sucrose and 2 % urea was
equal in perceived sweetnees intensity to a 31 % (= 0.09 M)
sucrose solution. The sucrose/urea mixture thus had a lower
perceived sweetness intensity than the unmixed sucrose solution.

Sjgstrdm & Cairncross (1953) investigated the influence of
NaCl and acetic acid on the sweetness intensity of sucrose. They
concluded that 0.5 % NaC! (= 0.085 M) increased the sweetnsss of
0.15- 0.20 M sucrose, whereas 1.0 % NaCl (= 0.17 M) decreased the
sweetness of 0.08- 0.28 M sucrose. A concentration rangs of 0.04-
0.06 % acetic acid had no effect on 0.03- 045 M sucrose but
decreased the Bwestness of a sucrose solution containing 0.18 M
sucrose or more. DOn the other hand., it was observed that 0.03-

0.29 M sucrose decreased the sourness of 0.04- 0.0068 % acetic
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acid.

Gerigk (195%), cited by Von Skramiik (1862), reported that
quinins-HCI, tartaric acid and glucose depressed the saltiness of
NaCil. The sourness of tartaric acid was enhanced by . quining-HCI
and glucose, but depressed by NaCl. Tartaric acid and guinine-HCI
depressed the sweetneas intensity of glucose, but Nall enhanced
the sweetness of glucose.

In an a@bstract, Kamenetzky & Pilgr‘im_ (1958) noted that
sucrose did not affect the saltiness of NaCl but depressed the
bitterness of caffeine.

Von Skramliik (1962) published the results of some extensive
investigations on how the detection and recognition thresholds of
Nall, giucose, tartaric acid and quinine-HC! are altered by the
addition of suprathreshold concentrations of another component.
Von Skramlik (1962) reported that the presence of one component
raised both the detection as well aa the recognition threshold
for the other component. There were a few exceptions however.
Suprathreshold concentrations of auinine-HC! lowered the
detection and recognition threshold of tartaric acid and
suprathreshold concentrations of tartaric acid lowered the
thresholds of giucose and NaCi.

From the and of 1950's until the end of the 1860's the
results of a number of extensive studies on the specific taste
intensities of dissimilar tasting substance mixtures wera
published. Several of theee papers started with noting that thers
was little knowledge ahout this subject, and that the resulits of
previous studies also appeared to contradictory. Beehe-Center st
al. (1858) writing about the sweetness snd saltiness of
sucrose/NaCl mixtures, noted "The data are too limited, however,

to allow any but the vaguest inferences concerning the general

functions relating sweetnegs and saltiness pf the compound
solution to concentration of the two solutes..”. Panghorn (1960)

rnoted that "The esrly literature on the subject of taste

interrelationships in aquepus solutipns of pure compounds is
confusing since conflicting conclusions wers_obtained from
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similar experiments...”, and Kamen et al. (1861) observed that

"No_systematic investigation of taste interactions at

suprathreshoid stimulus intensitiese has ever been reported..”.

Unfortunately, the studies related to the guestion of the
spacific taste intensities of dissimilar tasting substance
mixtures have not been able to resolve this issue. On the
contrary,. a rather complicated picture emerged. The results of
these studies will be discussed seperately for each of the

poesible binary combinations of swest, salt, sour and bitter.

Swaget-salt

B8eebs-Center st al. (1959) observed that the saitiness of
sucrose/NsCl mixtures is lowsr than the saltiness of the
corresponding unmixed NaCl solution although thie difference was
only marginal for mixtures with a low sucrose concentration.
Pangborn's (1860, 1982) observations are in line with those of
Beebe-Lenter et al. (1959). Kamen et al. (1961) concluded however
that "Sucrose had no generat enhancing or masking effectsz on

ggitiness..”. indow (1969) concluded that sucrose/NaCl mixtuas
are just as salty as the corresponding unmixed NaCl
concentrations when tasted alone except for one specific NaCl
level (0.2% M).

The sweetness of sucrose/NaCl mixtures is higher than the
corresponding unmixed sucrose solution when both the NaCl and the
sucrose concentration is low (Besbe-Center gt al, 1959: Indow,
1968; Kamen, at al. 1961; Pangborn, 1962). At higher NaCl and
sucrose levels the results are less clear, Indow (1868) found
that most sucrose/Nall mixtures are just as sweet as the unmixed
sucrose solutions. However the results of the other studies
suggest that the sweetness of sucrose/NaCt mixtures is lower than
the swestness of unmixed sucrose. The difference in sweetness
betwesen the sucroses/NaCl mixture and unmixed sucrose seems to
increase when both the NaCl and the sucrose concentration

increases (Beebe-Center et al.. 1959; Kamen et al., 1961;
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Pangborn, 1962).
Sweet-sour

Sweet-sour mixtures were investigated by Gregson & McCowen
(1863}, Indow (1969}, Kamen et al. (1961), Pangborn (1960, 1961),
and Stone, Dliver. & Kloehn (1969).

Gregson & McCowen (1963) investigated weak sucrose-citric
acid mixtures and concluded that some subjects perceive
sucrose/citric mixtures as swester than the corresponding unmixed
sucrose solutions whereas other subjects perceive the mixture as
being less sweet. Kamen et al. (1851) concluded that
suprathreshold sucrose/citric acid mixtures are generally swaeter
than sucrose tasted alona. Pangborn (1960) observed that
(sub)threshold concentrations of citric acid depress the
sweetnees. This supprassing effect of citric acid was also found
at suprathreshold levels (Pangborn, 1961). Stone, Oliver, &

Kloehn (1969) reported that the sweetness of glucose, fructose,
and glucose-fructose mixtures is reduced by about 50 %, when the
pH of the stimuli, manipulated by citric acid, was reduced from

5.8 to 2.7. Indow (1869} found that sucrose/tartaric acid

mixtures are slightly swester than unmixed sucrose at some
concentration levels of both components.

The sourness of swest-sour mixtures appears to be lower than
the sourness of the Ezorrespnnding unmixad acid (Kamen et al..
1861; Pangborn, 1860). This appears to be a genseral rule,
although some investigators found some exceptions. Gregson &
McCowen (1963) obtained different results for different subjects.

Indow (1969} also reported some exceptions to this rule.
Sweet-bitter
The complex and contradictory results of various experiments

is waell iltlustrated by a few citations on the sweetness of

sucrose/caffeine or sucrose/quinine-504 mixtures.
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Pangborn (1960) observed that “Caffeine, at both_ threshoid

(0.001 M) and sub-thrashold levels (0.0008 M) had a great
depressing offect on the sweetness of sucrose..”. With respect
to the swestness of suprathreshold sucrose/caffeine mixtures

however, Kamen et al. (1961) noted that "_..No varisbles affected

swestness other than the sucrose concentrations themselves...”.

Indow (1869) obtained a mixed result with mixtures of sucrose and
quinine-504. Sucrose/quinine-50s4 mixtures were less sweet than
unmixed sucrose at high quinine-504 concentrations.

The effect of sweetness upon the bitterness ssems
clearer. Sucrose/caffeine and sucrose/quinine-S0s mixtures are less
bitter than the corresponding unmixed bitter substances (Indow,
1969; Kamen st al., 1961; Pangborn, 1860).

Salt-sour

According to Pangborn (1960) citric acid reduced the
saitiness of NaCl. Kamen et al. (1961) concluded however that the
saltiness of NaCl was generally enhanced by citric acid. Indow
(1869) observed that NaCl/tartaric acid mixtures were of about
the same saltiness as the unmixed NalCl stimuli except for
mixtures containing a low NaCl concentration and a high tartaric
acid concentration. The latter mixtures had a highsr saltiness
intensity than the unmixed NaCl concentration.

Pangborn (1860} found that subthreshold concentrations of
NaC! reduced the sourness of citric acid. Kamen et al. (1964)
obtained a rather complex rasult on the sourness of NaCl/citric
acid mixtures, High leveis of Nall tended to snhance the sournass
of lower citric acid concentrations but depressed the sourness of
higher citric acid concentrations. Low NaCl concentrations
appeared to depress sournsss. Indow (18969) cbserved that one
particularly concentrated NaC) solution (0.21 M Nall) enhanced
the sournese of lower and of intermediate concentrations tartaric
acid. Other NaCl concentrations did not have an effect.
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Salt-bitter

Pangborn {1960) noted that subthreshold and threshold
caffeine concentrations reduced the saltiness of NaCl, whereas
Kamen et al. (1961) recorded that they found no effect. These
authora noted however that high caffeine levels might enhance
saltiness. Indow (19689) concluded that high levels of tartaric
acid enhanced the saltiness of low concentration of NaCl.

Subthreshold and threshold concentrations of NaCl reduce the
bitterness of caffeine (Pangborn, 1960). Kamen et gl. (1961)
found no effect of NaC! on the bitterness of caffeine. Indow
(1969) observed that all NaCl concentrations reduced the

bitterness of all but the lowest quinine-S0; concentrastion.
Sour-bitter

Pangborn (1960) observed that {sub)threshold concentrations
of caffeine reduced the sourness of citric acid. Kamen st al.
(1861) cbtained an opposite result, i.e. these authors found that
caffeine enhanced the sourness of citric acid. To complete the
picture, Indow (1969) reported that high concentrations of
quinine-S0, reduced the ecurness of low and high concentrations
of tartaric acid. The sourness of intermediate concentration
levels of tartaric acid was unaffected.

when subthreshold or a threshold concentration of citric
acid 18 added to a caffeine solution, the bitterness is reduced
{Pangborn, 1960). However, Kamen et al. (1961) observed that
"Citric acid very markedly enhanced bitterness...”. Indow (1969}
observed moderate erhancement st intermediate levels of tartaric

acid and lower levels gquinine-504.

Summary

The resulta may be best summarized by the naotion that with

almost all possible binary combinations of sweet, salt, sour and
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bitter tasting substances, anything may occur. The specific taste
intensities of a particular mixture may be lower, agual to, or
higher than the specific taste intensitiss of the mixture's
constituents tasted independently. There is no agresment about
the effect of the addition of ona particular tasste component to
another. There are however a few consistent obsgervations. Al
studies seem to agres with the obhservation that sucrose/NaCl
mixtures containing 3 low concentration of both components have a
higher perceived sweetness intensity than the corresponding
unmixed sucrose stimuli. Another consistent observation is that
mixtures of sucrose and a bitter substance taste less bitter than
the unmixed bitter component. |t appears that most effects depend
on the c:oncer/ltration levele of both substances. As Kamen et al.

(1961) noted, "..what happened at near-threshold stimulus

concentrations was not necessarily predictive of suprathreshold

phenomena...”. Another cbserwvation is that the frequency of
suppression is higher than the frequency of enhancement.
As can be inferred from the above summary, there was some
confusion in the state of knowledge on this issue at the
beginning of the 1970°'s. The next decade did not bring clarity.
Moskowitz (1971) reported that the addition of one
pariticular concentration of a tastant to a series of
concentrations of anothsr tastant does not affect the exponent of
the psychophysical powsr function for the other component.
Because Moskowitz (1871) did not use a standard or modulus in
this experiment, the intercepts of the power functions could not
be determined. It could not be established whether or not the
shsclute levels of the specific taste intensities were affected.
In another experiment published one year later, Moskowitz (1972)
observed that NaCl, citric acid and quinine-S0s functioned
primarily tu depress the sweetness of glucose and fructose. There
were somé cases however in which enhancement occurred.
Bartoshuk {1875) prepared six binary, six tertisry and one
uartenary mixtures of moderately intense concentrations of

sucrose, HCl, sucrose, and auinine-HCL. Subjects judoed sach of
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the single sustances and sach of the mixtures asimuitaneousiy on
swestness, saltiness, bitterness, and sournses. The rasults
showed that some of the mixtures had an higher specific taste
intensity than the corresponding unmixed tastant. In most cases
however the specific taste intensity was lower than tha specific
taste intensity of the umnmixed compaonent.

At the end of the 1970's attention shifted from actually
describing the taste interactions, towsrds efforts to locslize
the taste interactions. As it was well known that two taste
substances may affect each cther's specific taste intensity when
mixed the aquestion now becama at which phase in the transduction
process these taste interactions occurred (Kroeze, 1978, 1979;
Lawlesg, 1979). This type of resesarch has continued until the
present day. The present review doss not comcern itssif with

these developments.

3.2.2. Taste intensity of a mixtures in relation to taste
intensities of the mixture's components when tasted independently,

The relationship between the taste intensity of a mixture of
dissimilar tasting substances and the taste intensities of the
unmixed components can be studied In & way similar to studying
such relationship in mixtures of similar tasting substances. In
the discussion on the taste interaction between similar tasting
substances, it was noted that the taste interaction in thess type
of mixtures wae usually deescribed by a comparison of the taste
intensity of the mixture with the sum of the taste intensities of
the mixture's componenta when taétad independently. The same
holds for the relationship between the taste intensity of a
mixture of dissimilar tasting substances and the taste
intensities of it's unmixed components. It i8 usually described
by a comparison of the taste intensity of a mixture with the sum
of the taste intensities of the mixtura's unmixed components.

Although this issue had received attention from Kissow
(1896), only a few investigators have addrsssed it again.
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relationship between the total taste intensity of mixtures with
disgimilar tasting subatances and the specific taste intensities

of these mixtures,

4. SUMMARY

A brief outline is given here of the state of knowledgs of
the psychophysics of taste mixtures as it was at the end of the
1970's. Although the amount of snergy devoted to taste mixturas
i3 impressive the same cannot be said from the state of knowledge
in this area. The iesuss addressed in taste mixture research are
less simple than is appareant at firat sight.

With respect to mixtures of gqualitatively similar tasting
substances, in virtually all etudies it has been reported that
the taste intensity of a particular mixture ie equal to or more
than the sum of the taste intensities of the mixture's
constituent components when tasted alone. However, most of these
results can be explained on the basis of the psychophysical
mixture model introduced by Bartoshuk & Cleveland (1877).

According to this model the taste interaction between two taste
substances can be predicted by the forms of the psychophysical
functione of the mixture's constituent componsnta.

Rasearch on mixtures of qualitatively dissimilar tasting
substances focused on two main issues; the taste quality of those
mixtures, and their taste intensity.

With respect to the assessment of the taste quality of
mixtures of qualitatively digsimilar tasting substances little
progress has been made since the end of the nineteenth century.
At that time it was already known, that the taste aqualities of
individual taste substances can be identified in mixtures. The
debate is still going on, on whether or not new taste qualities
emerge (McBurmey & Gent, 1973; Schiffman & Erickson, 1980).

In mixtures of two aqualitatively dissimilar tasting
substances the specific taste intensitive may ba lower than,
equal to, or grester than the the specific taste intensities of
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Kiesow (1896, p. 265) noted that "Die_Intensitst siner
Mischempfindung entspricht somit nicht einer Summe der
Starkegrade der in_sie eingehenden Empfin salemente..”. He did
not attempt to auantify this statement.

It took about 75 years before thie issue was again
congidered. Pfaffmarn et al. (1871) obtained a similar conclusion
to Kiesow, "When two substances are mixed, the intensity of the
mixture Is less than the inteneity of the components tasted

independantty..”. Pfaffmann et al. (1971) drew this conclusion on
the basis of the results of Beebe-Center et al. (1959) on the
specific taste intensities of sucrose/NaCl mixtures.

Moskowitz (1972) drew a similar conclusion for mixtures of
each of the swesteners glucose and fructuse with gach of the
substances NaCl, citric acid and quinine-504. He concluded that
the total taste intansities of the mixtures was about 50 % of the
sum of the specific taste intensities of the mixtures' unmixed
components.

Bartoshuk (1975) alseo arrived at a similar conclusion for
binary, tertiary and quarternsry mixtures of sucrose, NaCl,
quinine-HC1 and HCI.

When the line of reasoning of the three latter studies is
examined more clossly, it becomes apparent that in each of them
one untested assumption ia made. The total teste intensity of a
mixtures must be egual to the sum of the specific tastes
intensitiss of that mixture. Pfaffmann st al. (1971) assume for
example that the total taste intensity of a sucrose/NaC! mixture
is the sum of the sweetnese and saltiness of that mixture.
Moskowitz (1872) and Bartoshuk (1975) follow this same line of
reasoning. Although this assumption might be valld there 18 no
experimental evidence that the total taste intensity of a
heterogensous taste percept i8 squal to thes sum of its specific
taste intensities. This implies that the conclusions of the
latter studies may or may not be valid depending on the wvalidity
of the underlying assumption.

It will now be ciear that no ressarch has boen done on the
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tha unmixed components. Which effect occurs depends on the
nature, concentrations and composition of the mixture's
componenta2. Therae have been a few consistent cbservations, in
what is otherwise a substantial amount of contradictory results.
Orne consistent cbeervation is that the sweetrness of sucrose/NaCl
mixtures with low concentration of both substances are swester
than the sweetness of the corresponding unmixed sucrose
concentration. Two other consistent observations are that the
sourness of sweet-sour mixtures, and the bitterness of swest-
bitter mixtures is lower than the corresponding unmixed sour and
bitter components.

The relationship between the total taste intensity of a
mixture and the specific taste intensitiea of the wmixed
componente 18 unknown. The same applies toc thae relationship
betwseen the total taste intensity of a mixture and the spscific

taste intensities of the mixture itself.
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Abstract. Beidler’s mixture equation (1971) describes the relationship between the concentration and com-
position of a binary mixture and the magnitude of the neural response. Later this equation was generalized
to a psychophysical level. The purpose of the present study is to show that Beidler’s mixture equation can
be tested appropriately with indirect psychophysical methods, without the necessity of making assumptions
about the magnitude of the maximum responses to the single compounds which constitute the mixture. Exper-
iments were carried out using glucose and fructose as tastants. Concentrations of fructose and three equiratio
mixture types containing glucose and fructose were matched in perceived sweetness intensities to five dif-
ferent glucose concentrations using the method of constant stimuli. The results showed that Beidler’s mixture
equation describes accurately the taste interaction between glucose and fructose at low sweetiess levels. At
high sweetness levels the taste system is more efficient, as could be expected on the basis of Beidler’s mixture
equation, because the experimentally determined mixture concentrations were lower than those predicted
by the mixture equation. The findings suggest that glucose and fructose share common receptors, but that
either one or both have additional secondary binding mechanisms.

Introduction

In his theory of taste stimulation, Beidler (1954) posmlated that the adsorption of stimulus
molecules to receptor sites elicits a neural response of a magnitude proportional to the
number of occupied receptor sites. Because the number of receptor sites is limited,
the response magnitude approaches asymptotically to a maximum response at very high
stimulus concentrations. According to Beidler’s occupation theory, the quantitative
relationship between the neural response and stimulus concentration can be described
by the following equation:

KCR, (1)

R=1Txc

where R = magnitude of the response, in most electrophysiological studies, this is the
integrated whole nerve chorda tympani response; R, = maximum response at very high
stimulus concentrations; € = stimulus concentration; K = association constant reflect-
ing the strength of binding between stimulus molecules and receptor sites.
Beidler’s taste equation adequately describes electrophysiological responses obtained
with various taste substances for several species, for example, for sodium salts in the
rat, the hamster (Beidler, 1953, 1954; Kimura and Beidler, 1961), and the primary
taste receptor in the blowfly (Evans and Mellon, 1962); for sucrose in the rat (Hagstrom
and Pfaffmann, 1959; Tateda and Hidaka, 1966; Hiji and Imoto, 1980}, hamster (Beidler
et al. (1955), gerbil (Jakinovich, 1976; Jakinovich and Goldstein, 1976; Jakinovich
and Oakley, 1976), and the labellar sugar receptor in the fleshfly (Morita and Shiraishi,
1968). According to Jakinovich and associates, Equation 1 adequately describes the
concentration —neural response relationship in the gerbil for various disaccharides .
{Jakinovich, 1976), monosaccharides (Jakinovich and Goldstein, 1976), sugar alcohols
‘(Jakinovich and Oakley, 1976), methy] esters of glycopyranosides (Jakinovich, 1985)
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and saccharine (Jakinovich, 1982). However, electrophysiological responses to glucose
and fructose obtained from the labellar sugar receptor of the fleshfly (Morita and Shirai-
shi, 1968), and from the rat’s chorda tympani (Tateda and Hidaka, 1966; Hiji and Imoto,
1980) did not concur with Beidler’s taste equation. This was also the case for data from
the gerbil’s chorda tympani response to fructose (Jakinovich and Goldstein, 1976).

Although Beidler’s theory accounts for a large amount of experimental data, this theory
does not account for several phenomena related to the time course of the neural response
to taste stimuli. Beidler’s theory predicts the steady state response to taste stimuli, It
does not contain a parameter or parameters related to the initial high-rate transient
response observed in the neural recording of the taste response (Faull and Halpern,
1972; Smith er al., 1975; Kashiwagura et al., 1980). Marowitz and Halpern (1977)
and Bealer (1978) suggested that the initial transient response is essential for intensity
discrimination between taste stimuli. To account for this phenomenon other more detailed
models have been developed (Heck and Erickson, 1973; Smith e al., 1975; Kamo et

‘al., 1980).

There is only one analysis, carried out by Beidier (1961) himself, in which the taste
equation has been applied to human psychophysical data. His findings suggest that the
taste equation concurs with an accumulated JND-scale constructed by Lemberger (1908).

In addition to the equation for single compounds, Beidler (1962, 1971) proposed a
mixture equation to describe the peripheral interaction of two taste substances under
the condition that the stimulus. molecules of both substances compete for adsorption
at the same receptor sites. According to this mixture model, the magnitude of the re-
sponse to a mixture of concentration i of substance A (=C,;), and concentration j of
substance B (= ij) is given by:

R - K Cafsa + KGRy )
abj = ] 4+ KaCaj + Ko Gy
where R, = response to the mixture; R, Ry, = maximum responses to substances
A and B, respectively; K,, K;, = association constants of substances A and B,
respectively.

This mixture equation has been tested in five electrophysiological studies. The results
obtained in two studies, one with sorbitol —sucrose mixtures (Jakinovich and Oakley,
1976), and one with mixtures of sucrose and methyl a-D-glycopyranoside (Jakinovich
and Goldstein, 1976) were in agreement with the mixture equation. The data obtained
in an experiment on sucrose ~saccharine mixtures were not in agreement with the mix-
ture equation (Jakinovich, 1982}, According to Jakinovich, the reason for such failure
is that sucrose and saccharine have different independent receptor sites. In two other
experiments the data obtained also did not concur with the predictions from the mixture
equation (Tateda and Hidaka; 1966; Morita and Shiraishi, 1968). However, in these
latter studies, the responses to the unmixed compounds deviated from the function fit-
ted on the basis of Beidler’s equation for single compournids. The results of studies in-
vestigating mixtures of these deviating substances can therefore not be accepted as valid
tests of the mixture equation,

Not only electrophysiological research has been carried out. Curtis ez al. (1984) evalu-
ated the mixture equation ir a psychophysical experiment vsing the method of magnitude
estimation (Stevens, 1975). They concluded that Beidler’s mixture equation provides
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‘. . . an excellent description of the psychophysical relation for mixture data, if it is
assumed that a non-linear response transformation is introduced in judgement’. Unfor-
tunately, the shape of such a non-linear response output transformation is generally
not known (Veit; 1978; Rule and Curtis, 1980; Birnbaum, 1980). A non-linear response
output function implies that the responses obtained are not linear with perceived taste
intensity; even if the relationship between a tastant’s concentration and its perceived
intensity could in principle be described by Beidler’s taste equation, a psychophysical
power function obtained by magnitude estimation obscures this relationship.

Another problem also encountered when attempting to test Beidler’s mixture equation
in a psychophysical experiment is the experimental determination of the maximum
response to a. particular substance. For example, sweet substances have side tastes
(Cameron, 1947; Schiffman et @l., 1979; Kuznicki and Ashbaugh, 1979), which are
more pronounced at high intensities than at low intensities (McBurney, 1978), and these
side tastes may interfere with the maximum response to sweetness itself. In addition,
the increased viscosity at high concentrations may affect the sweetness response (e.g.
Christensen, 1980; Izufsu et al., 1981).

The present paper reports a different type of psychophysical test of Beidler’s mixture
equation. The methodology was developed with the specific aim in mind of bypassing
the two serious problems referred to above, i.e. the unknown relationship between per-
ceived taste intensity and observable response, and the necessity of the experimental
determination of the maximum response.

The fundamental question may arise whether a structure —activity theory can be gen-
eralized to the level of sensory perception. As Beidler (1961) and Curtis et al. (1984)
have already done, we take this philosophical issue for granted. Although many events
intervene between stimulus binding at the receptor level and elicitation of sensation
at a central level, we assume that there is a linear relationship between these two levels.
In electrophysiological studies a similar linear correspondence between receptor activity
and the whole nerve chorda rympani response is assumed. Generalization of Beidler’s
theory to the psychophysical level is one step further. This extension of the theory seems
to be warranted since several studies (Erickson, 1963; Diamant et al., 1965; Borg et
al., 1967; Ganchrow and Erickson, 1970; Stevens, 1970; Smith, 1974} have demon-
strated that there is a simple functional relationship between neural and behavioural
responses. However, we agree with Beidler (1978), that *. . . the success of the taste
equation is not necessarily evidence that the theory on which is based is correct . . .".

Theory

In this section, it is shown logically that Beidler’s mixture equation leads to simple
and testable predictions of the intensity of mixtures of two subtances. Since these predic-
tions can be tested with indirect instead of direct psychophysical methods, possible arte-
facts resulting from an unknown response transformation are excluded. Moreover, as
follows from the derivations made below, predictions of mixture intensities are inde-
pendent of the maximum responses to the mixture’s constituent components. Therefore,
assumptions about the magnitude of the maximum responses to the single compounds
are unnecessary.

Analogously to Beidler (1954), let the concentration — sensory response relationships
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for the substances A and B be given by:

— KaCaERsa 3)
¥ = 1 + K.C,;
and
R = Ky CoRso (@)
L Kbej
where R;, ij = the response to concentfation i of substance A (= C,;), and concen-

tration j of substance B {= ij), respectively; R, Ry, = maximum responses to sub-
stance A and B, respectively; K,, K}, = association constants of substances A and B,
respectively.

According to Equation 2, the response {0 a mixture containing a particular concen-
tration X of substance A (= X) and a particular concentration ¥ of substance B
(= Y) is given by:

Rapxy = ﬁa)iRSIa(; fb;'R;E ®
a b

Assume that a particular concentration i of substance A (= C,;) evokes a response
of the same magnitude as the response to concentration j of substance B (=G, i.e.
R,; = Ry;. The question may now arise as to what is the total concentration and com-
position of possible mixtures of A and B, which give rise to a response identical to
R,; and Ry, Inferences made from Beidler's mixture equation provide a general, but
simple answer to this question.

Expressed in terms of Equation 3, this question can be stated as follows: what mixtures
composed of a certain concentration X of substance A and a certain concentration ¥
of substance B give rise to a response equal in magnitude to responses to C,; (=R
and to ij (= ij), provided that R, = ij?

The condition that the responses to C,; and to ij, and to each mixture of a series
of mixtures of substances A and B, containing the concentration X {of A) and ¥ (of
B) are equal to a response magnitude R, can be expressed as:

R =R, = Ry = Rapxr. (6)

If the parameter R,; in Equation 3 is substituted by R using Equation 6, then the
parameter K, in Equation 3 can be expressed as follows:

.. R 7
& = CulRy — B)
Analogously, K,, in Equation 4 can be written as:
'R
K == (8)
b GylRy, — R)

If the right-hand side of Equations 7 and 8 are substituted in Equation 5, thereby
eliminating the constants X, and K, the following equation is obtained (see Appendix

1):

C.
X=cC, - C—;Y 9



-53-
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Fig. 1. Predictions derived from Beidler's mixture equation. The concentration C,; of substance A gives
rise to a response equal in magnitude to the response to concentration C,; of substance B. According to
Beidler’s mixture equation, the straight line connecting C_; or Chj represents the seties of mixtares of the
substances A and B, each of which gives rise to a response equal in magnitude to the responseto C; or
C,;- The lines from the origin represent three types of equiratio mixtures. Intersections of the lines represent-
ing the equiratio mixtures with the line connecting C; and C, . define the total concentration and compo-
sition of mixtures equal in intensity to the single compound solutions. For example, the 0.50/0.50 mixture
of 'AB that should produce a response equal to the response to-C; or C, . contains X M of substance A and
¥ M of substance B. The illustration shows that X and ¥ are mutually dependent, and vary with the ratio
of A and B in a particular mixture. The broken lines are three examples of different mixture ratios.

Equation 9 is illustrated graphically in Figure 1, showing that this equation describes
the straight line connecting C,; and Cy;. All possible mixtures predicted to give rise
to a response magnitude identical to R,; and Ry; (= R) are represented by the points
on this line.

As shown earlier by Frijters and Oude Ophuis (1983), 2 mixture of X and ¥ can also
be conceived as a solution of total concentration (X + Y) containing the fraction
p = X(X+Y) of substance A and the fraction g = Y/(X+Y) of substance B

ptaqg=1.

These authors developed the concept of ‘equiratio mixture type’, i.e. a series of mixtures
in each of which the ratio of the constituent components is constant; a specific type
of equiratio mixture is defined by the values of p and q. Making use of this concept
and rearranging the terms in Equation 9 yields:

x4y Gl (10)

pCy; + qCy;
Equation 10 is a simple formula resulting from Beidler’s mixre equation that predicts
the total concentration of AB mixtures containing X (of A) and ¥ (of B), which produce
the same response magnitude as that to C; and to Cy; (i.e. Ry; = Ry; = Rypxy = R).
In Figure 1, three equiratio mixture types with different values o¢ 2 and g are represented
by the lines drawn from the origin. The points at which these lines intersect with the
line representing Equation 9 gives the predicted concentrations X and Y.
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Equations 9 and 10 do not contain the parameters R, R, Ky, K, and Kj,. This is
meritorious from an experimental point of view, since elimination of these parameters
makes it possible to test Beidler’s mixture equation at an arbitrary level of sensory
intensity, independent of the maximum responses to the single compounds. These predic-
tions can be tested easily using indirect psychophysical scaling methods.

It should be borne in mind that there are certain limitations to the applicability of
Beidler’s mixture equation, and consequently restrictions on the validity of the equations
derived above. As Beidler’s mixture model aims to describe the peripheral interaction
between two taste substances, it does not account for interactions at a higher level in
the transduction process. When two qualitatively different taste substances are mixed,
the intensity of the single taste qualities is affected (e.g. Beebe-Center ez al., 1959;
Pangborn, 1961, 1962; Bartoshuk, 1975). The interaction between two qualitatively
different taste qualities is not necessarily located only at the receptor level of the taste
system. Smith (1974) and McBurney and Bartoshuk {1973) found no evidence for the
interaction of sucrose and NaCl at the receptor site. Kroeze (1978, 1979) has shown
that the interaction of sweet and salty taste occurs not at the periphery, but at a higher
level in the transduction process. A similar conclusion was drawn by Lawless (1979)
for bitter - sweet mixtures. Therefore, the potential validity of the above derivations
is limited to mixtures of taste substances of similar taste qualities.

Aim of the experiment

The purpose of the present study was to test the validity of Equation 9 and 10 in a
psychophysical experiment. This requires the experimental determination of concen-
trations of the two substances (used for mixture composition), and concentrations of
mixtures of these substances, all of which are perceived of as being equally intense.
When the concentrations of the two unmixed compounds which give rise to an ident-
ical perceived intensity have been experimentally determined, then Equation 10 can
be used to predict the concentration and composition of mixtures, which by Beidler’s
mixture model should give rise to identical perceived taste intensities. Evalvation of
Beidler’s mixture equation then consists of comparing the experimentally determined
mixture concentrations (each of which has a perceived intensity equal to those of the
particular concentrations of the umixed components) with the predicted mixture con-
centrations (each of which according to Beidler’s mixture equation should have a per-
ceived intensity equal to those of the single compound solutions).

Methods and materials

In this study, fructose and three equiratio mixture types of glucose and fructose (denoted
by ‘comparison stimuli’) were matched in perceived sweetness intensity to glucose
{dencted by ‘reference stimulus’). Use was made of the method of constant stimuli
(Guilford, 1954). Since the validity of Equations 10 and 11 may depend on the level
of taste intensity, these equations were tested at five different levels. In order to obtain
as precise results as possible, and to avoid range biases (Poulton, 1979) a preliminary
experiment was carried out to determine the concentration levels and ranges to be used.
In order to check for possible biases in the method, 10 control experiments were incor-
porated in the study; glucose was matched to itself at the five standard levels, and fruc-
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Fig. 2. Concentrations ef the comparison stimuli (—) and the standard stimulus (®) in the experiments at
the sweetness level corresponding to 0.125 M glucose.

tose was also matched to itself at the five levels equal in perceived sweetness intensity
to the glucose standards. Thus, the entire study encompassed 30 identically designed
experiments. Each of the four types of comparison stimuli were matched in perceived
sweetness intensity to each of the five levels of the glucose reference (4 X 5 exper-
iments). In addition there were the 10 control experiments.

Subjects

The subjects were 10 paid volunteers (six men and four women) whose ages ranged
from 18 to 26 years, and who were either graduate or undergraduate students of the
Agricultural University. Some subjects had had previous experience with psychophysical
tasks, but all were naive with respect to the substances used and the purpose of the study.

Stimuli

The stimuli were solutions of glucose (Merck: 15639), fructose (Merck: 5321) and
three equiratio mixture types (Frijters and Oude Ophuis, 1983) in demineralized water.
The three equiratio mixture types were: mixtures containing three times as much glucose
as fructose (GluFru 0.75/0.25); mixtures with an equal concentration of both substances
(GluFru (.50/0.50); and mixtures containing three times as much fructose as glucose
(GluFru 0.25/0.75). Solutions were prepared at least 24 h before tasting.

The five concentrations used as reference stimuli were 0.125, 0.250, 0.50, 1.00 and
2.00 M glucose per litre of solution. Figure 2 illustrates the basic experimental design;
it shows the concentrations of the comparison stimuli in the experiments at the sweet-
ness level corresponding to 0.125 M glucose. The designs for the experiments at the
other sweetness levels (0.25, 0.50, 1.00 and 2.00 M glucose as standard) were identical.
Each standard glucose solution was compared with a series of seven geometrically spaced
comparison stimuli. The middle stimulus of each series of comparison stimuli was deter-
mined from the data of the pilot experiment, and was selected so that it could be ex-
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Table L. Middle concentrations of the series of seven comparison stimuli matched to glucose

Glucose Type of comparison stimulus (M)

:;’;““""“0" GluFru 0.75/0.25 GluFru 0.50/0.50 GluFru 0,25/0.75 Fructose
0.1250 0.0860 0.0660 0.0550 0.0500
0.2500 01700 0.1400 (.1200 0.1000
0.5000 0.3600 0.3200 0.2800 0.2400
1.0000 0.7300 0.6700 0.5700 0.5500
2.0000 1.6700 1.4400 1.3600 1.3100

pected to result in 50% of ‘sweeter than the standard’ responses. The concentrations
of the middle stimulus of each of the 20 ranges are given in Table I. The width of
geometric spacing within each series of comparison stimuli was also determined in the
pilot study. On the basis of these preliminary data, the weakest and strongest stimulus
of each series could be expected to result in 10 and 90%, respectively, of ‘sweeter
than the standard’ responses. The width of spacing was kept constant for the four series
of comparison stimuli at each level of the standard, but was varied between each of
the five levels. The difference in concentration between two adjacent stimuli within
each series of comparison stimuli at the sweetness level corresponding to 0.125 M
glucose was 15%. Thus, as shown in Figure 2, the concentrations of pure fructose solu-
tions compared with 0,125 M glucose were 0.0329, 0.0378, 0.0435, 0.0500, 0.0575,
0.0660 and 0.0760 M fructose. Similarly, the difference in concentration between two
adjacent stimuli at the sweetness level of 0.25 M glucose was 12%; at 0.50 M glucose,
10%; at 1.00 M glucose, 8%; and at 2.00 M glucose, 15%.

The concentrations of the middle stimulus of each series of comparison stimuli in
the 10 control experiments were identical to the concentrations of the reference stimuli
themselves. The width of spacings for the sweetness levels varied in the same way as
in the other experiments.

Procedure

The method of constant stimuli was used (Guilford, 1954). The subjects were instructed
to identify the sweeter stimulus of each pair, and when in doubt to guess. The subjects
rinsed their mouths thoroughly with demineralized water after tasting each pair of stimuli.
The instructions emphasized that only the sweetness intensity was to be judged, and
that the pleasantness or unpleasantness and side tastes were to be disregarded.

The stimuli were presented at room temperature, in pairs of polystyrene medicine
cups, each containing about 10 ml solution. For each level of the standard and each
type of comparison stimulus, there were 14 possible pairs, i.e. seven times the standard
tasted firstly and the comparison stimulus tasted secondly, and seven times in the reverse
order of tasting. The 14 pairs were presented in a randem order, and in a different
order for each subject. The interval between pairs was 70 s.

The subjects tasted each series of 14 pairs three times. They participated in 30 1-h
sessions, and tasted three series of 14 pairs at each session. The three series within
each session were always of a different level and/or type of comparison stimulus.
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Table II. Calculation procedure after Bock and Jones (1968) to determine the concentration of GluFru 0.50/0.50
mixture type {and 95% confidence interval} equal in perceived sweetness intensity 1o .50 M glucose

Concentration  Natural log.  Proportion of z-score z-score predicted  Miiller-Urban
of comparison of the responses ‘sweeter  corresponding by unweighted weight based
stimulus concentration than the standard’  to proportion regression expected
(M) (x) (= 0.50 M glucose) in col. 3 (_yp)“I z-score (col. 5)
(N = 60) ) m
0.2404 —1.4255 0.017 -2.12 -1.93 0.1474
0.2645 -1.3299 0.150 ~-1.04 -1.23 0.3600
0.2909 —1.2348 0.333 -0.42 -0.53 0.5745
0.3200 —1.1394 0.533 0.08 0.18 0.6291
0.3520 —-1.0441 0.783 0.78 0.88 0.4780
0.3872 —-0.9488 0.967 184 1.58 0.2435
0.4259 —-0.8536 0.983 2.12 2.29 0.0773

Solution of unweighted regression analysis: Yp = 8.583 + 7.379x.

General solution for weighted regression analysis:

y =& + bx, where b = §,,/S,2 = (EWxy—xZWy)/(CWx?—xLWx), and & = y ~ bx.

The solution obtained is: y = 8.457 + 7.256x, so x = —1.1655, when y is set equal to zero. Taking the
antilogarithm of — 1. 1635 yields 0.3118, which is the PSE in M. The standard error around In(PSE) is estimated
by: [(I/BH(L/NZW) + (3EHAL/INS )%, in this case it is equal to 0.01125. The 95% confidence interval
of In{PSE) is then —1.1876 <In(PSE) < —1.1434. Taking antilogarithms yields the 95% confidence inter-
val for the PSE in M, i.e. 0.3050 <PSE <0.3187.

Data analysis and results

The data analysis had to result in concentrations of the comparison stimuli at each of
the five levels having perceived intensities equal to those of the glucose standards. In
addition, the mixture concentrations predicted by Beidler’s mixture equation had to
be determined, in order to compare them with the experimentally determined mixture
concentrations.

On the basis of 60 responses to each comparison stimulus, the proportions of ‘sweeter
than the standard’ responses were determined, and converted into normal deviates (z-
score, Table II Col. 4). Those stimuli with a proportion of responses equal to zero
or one were excluded from the analyses. -

The concentrations of the points of subjectwe equallty (i.e. experimentally determined
PSEs) were obtained by applying Urban’s solution for the method of constant stimuli
as described by Bock and Jones (1968). This weighted linear regression analysis, which
enabled the determination of confidence intervals around the PSEs, was carried out
with the natural logarithm of the concentrations of the comparison stimuli as the inde-
pendent variable and the z-score obtained as the dependent variable. The same compu-
tational procedure was followed for each of the 30 experiments, and it is illustrated
in Table II with the data obtained for the GluFru 0.50/0.50 mixture compared with
0.50 M glucose. The Miiller —Urban weights were based on the expected normal devi-
ates calculated from a preliminary unweighted regression analysis on the same data.
As the regression procedure was used with the logarithms of the concentrations, the
concentration of the PSE was calculated by taking the antilogarithm of the value of
the independent variable corresponding to an expected z-score of zero. This calculation
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Table 1V. Resuits of control experiments; PSEs of glucose when matched to itself at five levels, and the
PSEs of fructose matched to itself at the corresponding sweetness levels (the sweetness intensity of (.0485 M
fructose is equal to the sweetness intensity of 0.125 M glucose, eic.)

Concentration and type PSE 95% confidence Error:

of standard solution ™) interval of PSE (PSE - Conc. stan(i.)
™M) (M) Conc. stand.

(%)

Glucose 0.1250 {.1240 0.1196-0.1285 ~{1.80

Glucose 0.2500 0.2480 0.2411-0.2551 —{1.30

Glucose 0.5000 0.4924 0.4820-0.5030 -1.52

Glucose 1.0000 1.0016 0.9847-1.0188 +0.16

Glucose 2.0000 1.9918 1.9385-2.0466 -0.41

Fructose 0.0485 0.0486 0.0468 —0.0504 +0.20

Fructose 0.1027 0.1025 0.0996-0.1055 -0.19

Fructose 0.2374 00,2401 0.2341-0.2462 +1.14

Fructose (1.5790 (1.5841 0.5727-0.5957 +0.88

Fructose 1.3828 1.3782 1.3364—1.4213 —{.33

Mean absolute error: 0.64%

procedure also implies that the confidence interval is geometrically spaced around the
PSE.

The experimentalty determined PSEs and their confidence intervals are given in Table
III, columns 3 and 6, respectively.

The results of the 10 control experiments given in Table IV show that the error in
the PSEs in the control study varied between —1.5 and +1.1% with a mean absolute
error of 0.6%. These results confirm the reliability of the experimental data.

Because the concentrations of glucose and fructose which give rise to an equal response
magnitude are known (Table IH), the derivations from Beidler’s mixture equation can
now be used to predict the concentrations of the mixtures that must have a perceived
intensity equal to the corresponding glucose and fructose solutions. These predicted
mixture concentrations (i.e. predicted PSEs) were calculated using Equation 10, and
are given in Table III, column 4. As the PSEs of fructose (one of the parameters of
Equation 10) have some degree of uncertainty defined by their confidence intervals,
the predicted PSEs also have a certain degree of uncertainty. The lower and upper limits
of these ‘intervals of uncertainty’ were calculated by inserting the lower and upper con-
fidence limits of the experimentally determined PSEs of fructose into Equation 10. The
‘intervals of uncertainty’ of the predicted PSEs are given in Table III, column 7.

A difference between an experimentally determined and a predicted PSE was con-
sidered to be significant if the 95% confidence interval of the experimentally deter-
mined PSE did not overlap the interval of uncertainty of the predicted PSE.

Inspection of Table III reveals that at the lowest sweetness levels there were only
minor deviations between experimentaily determined and predicted PSEs. This was
also the case for the concentrations of the GluFru 0.50/0.50 and the GluFru 0.25/0.75
mixture types of equal perceived sweetness intensity to 0.50 M glucose. However, the
concentration of the GluFru 0.75/0.25 mixture type of equal perceived sweetness in-
tensity to 0.50 M glucose was significantly lower than predicted by Beidler’s mixture
equation. The same holds for the experimentally determined PSEs of all three equiratio
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mixture types equal in perceived sweetness intensity to 1.00 and 2.00 M glucose, re-
spectively.

Discussion

At low sweetness levels (0.125 and 0.25 M glucose), Beidler’s mixture equation appears
to predict the taste interaction between glucose and fructose with great precision; the
deviation between experimentally determined and predicted PSEs was on average about
—2%. However, at high sweetness levels (1.00 and 2.00 M glucose), the experimen-
tally determined mixture concentrations were significantly lower (mean deviation was
about —9%) than those predicted by Beidier’s mixture equation. At the sweetness levels
corresponding to 0.50 M glucose, the results were intermediate, the mean deviation
being —4%.

One possible explanation for the concurrence of low sweetness levels and the dis-
crepancy at high sweetness levels is that the conditions imposed by Beidler’s mixture
model are satisfied at low sweetness levels only, but not at high sweetness levels. As
stated in the Introduction and Theory sections, these conditions are that the constituent
components of the mixture have similar taste qualities, and that the molecules of both
substances compete for the same receptor sites.

With respect to the taste qualities of glucose and fructose, a few considerations are
in order. It is well established that the taste quality of a substance may change as a
function of its concentration (Rengvist, 1919; Dzendolet and Meiselman, 1967; Cardello
and Murphy, 1977; Bartoshuk ez al., 1978). Data of Kuznicki and Ashbaugh (1979)
suggest that low concentrations of glucose and fructose have indeed similar taste qualities,
but that taste quality differences between these substances emerge at high concentrations.
Consequently, the condition that the mixture substances must have similar taste qualities
seems to have been satisfied at the low concentrations of glucose and fructose used
in the present experiment, but not at the high concentrations. As shown by Kroeze (1978,
1979) for sweet —salt mixtures, and by Lawless (1979) for bitter — sweet mixtures, mixing
two qualitatively different substances leads to central suppression of the original taste
qualities. Thus, central suppression may have occurred in the mixtures of glucose and
fructose at the high sweetness levels used in this experiment. If, however, the other
condition implied by Beidler’s mixture model (i.e. mutual competition for the same
receptor site) was met, then the eccurrence of mixture suppression must have resulted
in a mixture concentration higher than predicted, and not lower as was found in this
experimeat. Thus, the logical consequence of the explanation in terms of mixture sup-
pression conflicts with the experimental finding that the mixture concentrations of glucose
and fructose equal in sweetness intensity to 1.00 and 2.00 M glucose are lower than
predicted by Beidler’s mixture model. Therefore, although mixture suppression may
have occurred, differences in taste quality between glucose and fructose at high sweetness
levels do not explain the discrepancy observed.

The second condition imposed by Beidler’s mixture equation is that the substances
in a binary mixture compete mutually and exclusively for the same receptor sites. If,
however, these substances stimulate other receptor sites in addition to their common
receptor site, then the adsorption of one substance is less suppressed by the presence
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of the other substance (and vice versa) than in the case of complete competition. Con-
sequently, if glucose and fructose do not only compete for the same receptor sites, but
either one or both also have additional independent receptor sites, then the mixture
concentration necessary to elicit a response of the same magnitude as those of the single
compound solutions must be lower than those predicted by Beidler’s mixture equation.
The experimental results are in accordance with this conclusion at the two highest sweet-
ness levels, but not at the two lowest sweetness levels. It seems that competition at
low sweetness levels, but absence of complete competition at high sweetness levels
accounts for the results obtained. This explanation leads to the hypothesis that glucose
and fructose share one common receptor site, but that either one or both substances
have additional and different secondary binding mecuanisms. The observation that glu-
cose and fructose have similar taste qualities at low sweetness levels, but show quality
differences at high sweetness levels (Kuznicki and Ashbaugh, 1979) is in line with this
hypothesis. Further development of this idea requires two additional assumptions, i.e.
the existence of more than one receptor site for glucose and for fructose, and a multi-
molecular stimulus —receptor site interaction,

There is some experimental evidence to support the potential validity of the first
assumption. Three psychophysical studies have demonstrated the existence of more than
one receptor site for sweeteners (Faurion er al., 1980; Schiffman er al., 1981; Lawless
and Stevens, 1983). The involvement of more than one type of receptor site could be
concluded from absence of mutual cross-adaptation between substances (e.g. Meiselman,
1968, 1972; McBurney, 1972; McBurney et al., 1972). In spite of the substantial number
of cross-adaptation studies, no data for glucose and fructose are available, so that definite
conclusions regarding this issue cannot be drawn.

The potential validity of the second assumption, i.e. multi-molecular interaction be-
tween receptor sites and a particular taste substance, has also been documented in the
literature. Tateda and Hidaka (1966), Morita and Shiraishi (1968) and Hiji and Imoto
(1980)-suggested for the particular cases of glucose and fructose that more than one
molecule must be adsorbed to a receptor site in order to elicit a response. Jakinovich
and Goldstein (1976) obtained results from the gerbil’s chorda rympani responses to
fructose that are consistent with this idea. These observations indicate that glucose and
fructose have Hill coefficients greater than one. Inorder to handle this situation, Beidler
(1978) modified his original taste equation (which assumes a mono-molecular inter-
action) for a single substance, so as to iriclude a taste substance having a Hill coeffi-
cient unequal to one. A general mixture model for mixtures of taste substances having
Hill coefficients unequal to one has not yet been developed.

In the four above-mentioned studies, it was shown that sucrose has a Hill coefficient
of one. Since it could be concluded from the results of these studies that glucose and
fructose must have Hill coefficients greater than one, the dose —response relationships
for glucose and fructose should exhibit a steeper slope than that of sucrose (Maes, 1985).
This conclusion is reinforced by the results of various psychophysical experiments in
which it was shown that the slope of the psychophysical function of glucose is greater
than that of sucrose (e.g. Cameron, 1947; Yamaguchi et al., 1970; McBride, 1983).

Although a number of arguments have been presented in favour of the hypothesis,
proof of a multi-molecular interaction is still required.
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Alternative models

As noted in the Introduction, Beidler’s theory does not take into account the time course
of the neural response 1o a taste stimulus. To rectify this situation more detailed models,
mainly extensions of Beidler’s theory, have been developed. As somé of these models
may be seen by other investigators as potential candidates for the explanation of the
present results, some of these models are discussed in the light of our results.

Dzendolet {1967) noted that Beidler’s equation for single compounds assumes that
the concentration of stimulating substance remains constant, despite an actual decrease
due to binding of some of the molecules to receptor sites. In his alternative equation,
the concentration term of Equation 1 is corrected for the amount of substance bound.
Dzendolet {1967) argued that this correction factor is of greater influence at low con-
centrations than at high concentrations. Contrary to what may be expected on the basis
of Dzendolet’s argument, our results show that the predictions of Beidler’s mixture
equation are more accurate for low concentrations than for high concentrations. There-
fore, it seems that the observed discrepancies between predictions and data cannot be
attributed to concentration changes during stimulation.

The rate theory of Heck and Erickson (1973), an extensive modification of Beidler's
theory, predicts that the magnitude of the neural response after application of a taste
stimulus shows an initial high-rate transient response, after which the response declines
to a steady state level. Although Heck and Erickson did not propose a binary mixture
model, it can in principle be constructed analogously to the development of Beidler’s
original mixture equation. The present authors derived two variations of such a mixture
model, one for the magnitude of the transient response (¢ —0), and the other for the
magnitude of the response at a steady state level (+ — o). These derivations, specified
in Appendix 2, show that both mixture models based on Heck and Erickson’s theory
lead to the same predictions. Interestingly, and quite unexpectedly, these predictions
are identical to those evolving from Beidler’s original mixture equation.

These derivations do not apply to the magnitude of the response to a mixture at a
specified time in between the transient and steady state phases (+ # 0,00). A similar
derivation at a specific time requires a priori specification of the values of several other
parameters in Heck and Erickson’s model. However, we do not consider such a specifi-
cation to be feasible.

In conclusion, the distinction between Beidler’s occupation theory and Heck and Erick-
son’s rate theory (under two specified conditions) does not clarify the results obtained,
because both appear to lead to similar predictions.

The model developed by Smith et al. (1975) gives a detailed description of the time
course of the neural response. Although it contains two parameters depending on the
concentration it does not contain the concentration itself as a parameter. Hence, no
mixture model can be derived from this model.

The theory of Kamo ef al. (1980) is an extension of Beidler’s theory. It distinguishes
between an active and inactive molecule —receptor site complex. Interpretation of this
theory and derivation of a testable mixture model requires knowledge of the ratio be-
tween active and inactive stimulus stimulus —receptor site complexes. The value of this
ratio cannot be obtained from the present data, and there are no other sources or means
by which it can be estimated. This is the main reason why at present no mixture model
can be derived from this theory.
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Conclusion

The methodology developed in this study permitted Beidler’s mixture equation to be
tested at specified levels of perceived sweetness. The predicted molecular concentrations
of the glucose —fructose mixtures that should have a sweetness of equal intensity as
certain concentrations of the unmixed compounds appeared to be almost correct at low
sweetness levels. At the high sweetness levels the taste system appeared to be more
efficient than predicted; a Iower concentration than predicted was needed to obtain a
certain sweetness intensity. This result suggests that glucose and fructose share common
receptors, but either one, or both, has additional binding mechanisms.
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Appendix 1
Derivation of predicted mixture concentrations

In this appendix it is shown how Equation 9 is derived. This derivation starts from
the text under Equations 7 and 8 in the Theory section,
Substitution of the right-hand sides of Equations 7 and 8 in Equation 5 yields:

R R
CilRy — R Mo i} Ebj(Rsb——R) o
n R R
I CR, " BT R, BT
In the above expression, both the left-hand and right-hand side can be divided by R:
XRsa + YRsb
Cai(Rsa - R ij(Rsb - B
‘= 1+ AR + R
C,R, - R ij(Rsb - R)
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Since this fraction is equal to one, the numerator and denominator are equal, so that:

XR,, YRy, XR YR

1+

+ = +
CilRyy — Ry Cy(Ry, - R) C,R, — B CofRy, — R)

Rearranging the terms yields:

XRq =R ¥Ry~ R
CaRy ~B TRy -0 1

or

X Y _
c,t¢g, =1

ai ]

Expressing X in the other parameters of the above equation results in:

Cu
X=Ci-g ¥ ®

The above Equation 9 is given in the Theory section. It is illustrated in Figure 1.

Appendix 2
A mixture model for the rate theory of Heck and Erickson (1973)

According to the rate theory of Heck and Erickson (1973), the magnitude of the neural
response to a particular taste stimulus is proportional to the rate of adsorption of stimulus -
molecules to receptor sites. The neural response as a function of the time is given by
the following formula:

R = A% < K (€18 ~ K [CLICSlgl1 = exp —(Ky [C] + Kyl (AD

where R = d[CS])/dt = rate of formation of stimulus—receptor site complexes;
[C] = concentration of the stimulus; [CS]Bq = concentration of adsorbed stimulus in
a steady state; [S,] = total number of receptor sites available; X; = forward rate con-
stant, reflecting the rate of adsorption; K, = reverse rate constant, reflecting the rate
of desorption; Keq = K/K, = equilibrium constant {equivalent to Beidler’s associa-
tion constant); ¢ = time.

The magnitude of the transient response, when ¢ — 0 is given by:

R =K, [C][$] (A2)
The magnitude of the response at a steady state level, when ¢t — oo, is given by:
R =K, [€C][S5] — K, [C] [CS]q (A3)

Two mixture models, one for the response to a mixiure at the transient phase, and
the other for the response to a mixture at the steady state level, can be constructed
analogously to the development of Beidler’s original mixture equation (Equation 2 in
the Introduction).
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The initial transient response
The magnitude of the transient response for concentration i of substance A is given by:
Rai,! -0 1 [Cat] S, r] (Ad)

A similar formula applies for the magnitude of the transient response to concentration
Jj of substance B: .

Ry, ~ o = Ky [Gyl [Spl (AS)

The magnitude of the transient response to a mixture of concentration X of substance
A and concentration Y of substance B is given by:

Rabxy; — 0 = Ky [X] [Sy] + Ky [¥] [Sy,] (A6)

The question now arises as to what is the total concentration and composition of pos-
sible mixtures of A and B, which give rise to a transient response identical to R,; , _ ¢
and Rb .t — p- The determination of these concentrations is similar to the derlvanons
in the Theory section. The condition that the transient responses to C, i and ij are
equal to the transient response 10 Cy,xy can be formally expressed as:

R=Ry, .0=Ry,_0=Raxri-o (A7)
From Equations A4 and A7 it follows that:
K. =R __ (A8)

A G (S,]
Similarly, from Equations AS and A7 it follows that:

_ R (A9)
Kot = 10,1550
Substitution of the right-hand side of Equation A8 and the right-hand side of Equa-
tion A9 into Equation A6 yields:

(XIR[S,] | [VIRIS;,]
[Cal [S5] 7 1G] [Sp,]

R =

or,

x] 1
(G, 1G]

Rearranging the terms in the above equation yiclds Equation 9 in the Theory section.

| =

The steady state response

The magnitude of the steady state response to concentration { of substance A is given by:
Rai = @ = K [Cal Syl = Ky [Cl [CSyileq (A10)

The above equation can be written as (see Heck and Erickson, p. 712):

R _ Ko Cal [54] (A1)
1+ G,
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A similar formula applies for the magnitude of the steady state response to concen-
tration j of substance B:

_ Ko eal Gyl [Sul (A12)

Ry,; =
¥t — o Ky

1 + 228 [C]

K, by

The magnitude of the steady state level of a mixture of concentration X of substance
A and concentration Y of substance B is given by the following formula:

Ka.eq[X] [Sar] + Kb,eq[Y] [Sbr]

K K
| + =284 5 4 —beg
x, A%, Y

(Al3)

Rapxyt — o =

Again, the question now arises as to what is the total concentration and compo-
sition of possible AB mixtures, which give rise to a steady state response identical to
Raii — o 2nd Ry, _ . The determination of the concentrations is similar to the deri-
vations in the Theory section. The condition that the steady state responses to C,; and

ij are equal to the steady state response to0 Cyyxy can be formally expressed as:

R=Ry;,_. o =Ry o= Raxvi- (Al4)

A similar derivation, as was carried out for the transient response and for Beidler’s
original mixture equation, yields an identical result. To obtain this result, the parameters
K, a,6q and K, ., have to be expressed in the other parameters of Equations All and
Al2, respectlvely The right-hand sides of the equations obtained can be substituted
into Equation A13. Rearranging the terms in that equation results in the elimination
of Ka,_, Ky, 15,1, [S,,] and R, and so the same result as in the derivation in Appendix
1 is obtained.
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CHAPTER FOUR

SWEETNESS INTENSITY OF A BINARY SUGAR MIXTURE LIES BETWEEN
INTENSITIES OF ITS COMPONENTS, WHEN EACH IS TASTED ALONE AND AT
THE SAME TOTAL MOLARITY AS THE MIXTURE
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Sweetness intensity of a binary sugar mixture lies between
intensities of its components, when each is tasted alone and
at the same total molarity as the mixture

Cees De Graaf and Jan E.R.Frijters

Department of Human Nutrition, The Netherlands Agriculiural University,
De Dreijen 12, 6703 BC Wageningen, The Netherlands

Abstract. The taste interaction between two taste substances in a mixture can be assessed in different ways.
In the usual approach, the response to a mixture is compared with the sum of the responses to the mixture’s
componenis {i.e. ‘the summated response comparison”), This approach has led to a large varicty of classifications
and descriptions of the taste intcraction. An alternative way of assessing taste interaction is by comparing
the intensity of a mixture with the intensities of the single compounds at those particular concentrations,
where the mixture and each of the single compounds have equal molarities (i.e. ‘the equimolar comparison’).
This approach follows from the concept of equiratio taste substance mixtures. In the present study, the data
of seven experiments on binary sugar mixtures were re-analysed ih order to enable a comparison at equimoiar
concentrations. The outcomes of these analyses showed that the taste interaction between any two sugars
in a binary mixture follows two general rules. Firstly, the sweetness intensity of a binary sugar mixture
is intermediate to the sweetness intensities of its components, when each is tasted alone and at the same
total molarity as the mixture. Secondly, as the proportion of the sweetest sugar in the mixture increases,
the sweetness intensity of that mixture gets near the sweetness intensity of the sweetest substance, tasted
alone and at the same total molarity as the mixture.

Introduction

The taste interaction between two taste substances in a mixture is usually investigated
by comparing the perceived taste intensity of a mixture with the sum of the perceived
taste intensities of the mixture’s constituents in isolation (e.g. Stone and Oliver, 1969;
Moskowitz, 1973, 1974a,b; Rifkin and Bartoshuk, 1980; Curtis ef al., 1984, Munion
and Birch, 1985). This means that the taste intensity of an AB mixture is compared
to the sum of the intensities of the tastants A and B under the condition that the concen-
trations of each of the two components in the mixture are the same as when tasted alone
outside the mixture. The logic of this approach is straightforward and plausible. By
comparing mixture and single compound intensities in this way, it can be determined,
whether two substances in a mixture suppress each other, show additivity or show
synergism (meaning, respectively, that the sum of the perceived taste intensities of the
-components is less than, equal to, or greater than the taste intensity of the mixture).
However, interpretation of the result of such a comparison is less simple than one would
suspect. Bartoshuk (1975, 1977) and Bartoshuk and Cleveland (1977) argued and showed
that the observed interaction (suppression, addition or synergism) relies heavily on the
forms of the psychophysical functions of the mixture’s components. According to Bar-
toshuk, suppression takes place if the psychophysical functions of the constituents are
negatively accelerating, and synergism occurs if these functions are positively ac-
celerating. Since the shape of the psychophysical taste functions can be manipulated
by change of stimulus delivery procedure (Meiselman, 1971), or by varying other ex-
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perimental factors (e.g. Stevens and Galanter, 1957; Parducci, 1974; Mellers and Birn-
baum, 1982), conclusions about taste interaction phenomena are not only specific for
the compounds in the mixture, but depend to a large extent on several (arbitrary) ex-
perimental factors. The instability of psychophysical taste functions (cf. Meiselman,
1972) may ultimately result in inconsistent conclusions about the sensory interaction
between two compounds in a mixture.

Frijters and OQude Ophuis (1983) introduced a new approach to the study of taste
mixtures. They developed the concept of ‘equiratio mixture type’, and defined it as
a series of taste substance mixtures witH different concentrations, but in each of which
the ratio of the constituent components is constant. They additionally showed that
psychophysical functions of equiratio mixture types can be determined in the same way
as for single substances, The comparison procedure between mixture and single com-
pound intensities resulting from the equiratio mixture approach, is different from the
comparison procedure elucidated above. Frijters and colleagues (Frijters and Oude
Ophuis, 1983; Frijters et al., 1984; De Graaf et al., 1987) compare mixture and single
compound intensities at those particular concentrations, where each of the mixtures
and single compounds have equal molar concentrations. The concentration of a par-
ticular mixture is expressed in the total molarity of the mixture, that is, the sum of
the molarities of the mixture’s components. This implies that all solutions, to be com-
pared with respect to perceived taste intensity, contain an equal number of molecules,
The main argument in favour of molarities is that molecules are the active agents for
stimulation of a taste receptor (although a measure for activity or ‘effective’ concentra-
tion would even be better).

Figure 1 illustrates the difference between the usual approach for assessing the taste
interaction, and the approach evolving from the equiratio mixture approach. It shows
hypothetical psychophysical functions for substance A, substance B, and the equiratio
mixture type containing equal molarities of A and B (AB 0.50/0.50). In the usual ap-
proach the sum of the responses to concentration x M of substance A (= Ry,) and con-
centration x M of substance B (= Ry,) is compared to the response of a mixture
containing x M of A and x M of B (= R,p,,). We call this the summated response
comparison. The total concentration of that mixture is twice the concentration of each
of the single compounds. The concept of ‘mixing’ means in this approach adding a
particular concentration of one component to a particular concentration of the other
component. According to Bartoshuk and Gent (1985}, this method of mixture construc-
tion originates fromr Kiesow. This means that mixing does not take place in the literal
sense, that is, the addition of two single compound solutions to yield a mixture solution
with a volume equal to the sum of the volumes of the single compound solutions. In
effect, each component concentration is diluted upon mixing in the literal sense.

In the comparison procedure evolving from the equiratio mixture approach, R,, and
Ry are not compared to Rypyy, but to the response to a mixture containing 1/2 x M
of A and 1/2 x M of B (= Rypu.15). The total concentration of this mixture is x M,
which is equivalent to the molar concentrations of each of the single component solu-
tions. Thus, the mixture intensity is not compared to the sum of the component inten-
sities, but it is compared to the component intensities themselves. The concept of ‘mixing’
in this approach is interpreted in the literal sense. If a x M solution of substance A
(= C,y) is physically mixed with a x M solution of substance B (= Cy,), this results
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Fig. 1. Hypothetical psychophysical functions of substance A, substance B and the AB (.50/0.50 mixture.
The taste interaction between A and B by is assessed by two different comparison procedures, i.¢, the ‘sum-
mated response comparison’ (<==>>} or the ‘equimolar comparison’ (< >). Usually, the responses
to a mixture containing x of A and x of B (= R,,,) is compared to the sum of the responses to the mix-
ture's constituents (= R,, + Ry,). The equiratio mixture approach to taste mixtures offers an alternative
method of assessing taste interaction. It compares taste intensitics of mixtures and single substances at thase
particular concentrations, where each of the components and the mixture have an equal total molarity. Thus,
the single compound intensities {R,, and Ry,) are not compared to Ry, ,, but they are compared to Ry, 104

in a solution with a 1/2 x M of A, and a 1/2 x M of B (= Cupiarisy)-

The potential conclusions to be drawn from the equimolar comparison are not depen-
dent on the (arbitrary) shapes of the psychophysical functions, or of the properties of
the scale used for the assessment of perceived taste intensity. There are two reasons
for this. The first is that the comparison between the responses to the components and
the response to the mixture can be carried out at an ordinal level of assessment (<
or >). The second reason is that the equimolar comparison does not involve an arithmetic
operation; the response to a mixture is directly compared to the responses to the single
compounds.

In the summated response comparison, the response to a mixture is compared with
the sum of the single compound intensities (+). Since an arithmetic operation is in-
cluded, the scale used for expressing the perceived taste intensity, can have a drastic
effect on the ultimate conciusion. This can be illustrated by the following three ex-
amples on data of fructose —glucose mixtures, all evaluated with the summated response
comparison rule. Stone and Oliver (1969), who used magnitude estimation, concluded
that fructose and glucose show synergism when mixed. McBride (1986), using a category
scale, concluded that fructose and glucose show addition at low sweetness levels, but
suppress each other at high sweetness levels. Yamaguchi et al. (1970b) who expressed



-73-

700“ 1 "__::E
Fructose A Sutrose B = ==
G- Glucose 4 Sorbitol ot
—?‘50 /rt"/ ~
® -Fructose ,§_P/':7 #:-Sucrose o 07 Y °
257 & =FruGlu 075 /025 /’/ / 1 a=SucSor 075025 o
o =Fru Gly - 050 /0.50 [ /D o=%ucSor 050/050 R s

L
2 =FruGly 0257075 %, w=SurSor 025075 o7 L7 o7
10+ o =Glurase ,"/n/ 1 o =Sorbitol o o
T / /
,/ /

5 L VA

Q,
i
~

geometric mean responses
P2
[Sa)
1
\\\\
N
OO\{I\D.
a0

0125 025 050 100 200 016 024 036 054 081
concentrafion (M)

Fig. 2. Results of two studies on the equiratio mixture model, one from Frijters and Oude Ophuis (1983)
on fructose —glucose mixtures (panel A), and one from Frijters er al. (1984) on sucrose —sorbitol mixtures
(panel B). The data were obtained using the method of magnitude estimation with a fixed standard (0.25
M FruGlu 0.50/0.50, and 0.24 M SucSor 0.50/0.50, respectively), which had an assigned value of 10 in
each case.

perceived sweetness intensity in equisweet sucrose concentrations, concluded that fruc-
tose and glucose show addition, but that glucose is dominant over fructose. It is evi-
dent that on the basis of these studies no consistent conclusions can be drawn about
the taste interaction between fructose and glucose. In contrast, the outcomes of two
other experiments with fructose —glucose mixtures, evaluated according to the equimolar
comparison rule were in broad agreement. Frijters and Qude Ophuis (1983), who used
magnitude estimation, concluded that the psychophysical functions of equiratio mix-
tures of glucose and fructose are intermediate to the psychophysical functions of the
single compounds. The.same conclusion was obtained by De Graaf er al. (1987), who
presented the same stimuli, but used functional measurement (e.g. Anderson, 1981,
Birnbaum, 1982} for the assessment of the perceived taste intensities.

In another study involving equiratio mixtures of sorbitol and sucrose, Frijters et al.
(1984) also showed that the psychophysical functions of equiratio mixtures were in bet-
ween the psychophysical functions of the single compounds. Figure 2 depicts the results
of the two equiratio mixture studies.

It is apparent from Figure 2 that the perceived sweetness intensities of
glucose —fructose mixtures and of sorbitol —sucrose mixtures lie in between the perceived
sweetness intensities of the equimolar concentrations of the single compounds constituting
the mixture. The second point to be noted is'that the sweetness intensity of the mixture
approaches the sweetness intensity of an equimolar concentration of the sweetest
substance when the proportion of the sweetest substance in the mixture increases (fruc-
tose in the glucose—fructose experiment and sucrose in the sorbitol —sucrose ex-
periment).

McBride (1986) challenged the generality of the above observations, and noted that
‘. . . the equiratio mixture model rests upon the substitutability assumption . . ., and
that for *, . . substitutability to hold, the sweetness intensity of a mixture would always
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have to lie in between the sweetness intensities of equivalent concentrations of its com-
ponents. . °. According to the same author, this is not so in the case of sucrose —fructose
mixtures. McBride found that the sweetness intensity of some sucrose ~fructose mix-
tures exceeded the intensity of each of the components. However, this observation is
at least partially based on the use of weight/volume as concentration unit. When his
data (McBride, 1986; Figure 7) are replotted with M as the unit of concentration, his
conclusion appears to be doubtful (see Figure 9, this paper). This matter is further con-
sidered in Results. : ‘

On the basis of the evidence for fructose —glucose and sorbitol --sucrose mixtures,
and other evidence, we postulate the general rule that the sweetness intensity of a binary
sugar (alcohol) mixture lies in between the intensities of their components, when each
is tasted alone and at the same total molarity as the mixture. In order to further substan-
tiate this hypothesis we recalculated published mixture data of other authors in such

a way, that the mixture and single compound intensities are compared at equimolar

concentrations. The data were taken from the results of seven experiments with sugar
mixtures. These are: Cameron (1947}, Stone and Oliver (1969), Stone et al. (1969),
Yamaguchi ez al. (1970a,b), Curtis et al. (1984), Munton and Birch (1985) and McBride
(1982, 1983a,b, 1986). Similar recalculations could not be performed for certain other
mixture studies (Moskowitz, 1973, 1974b; Bartoshuk and Cleveland, 1977; Van der
Heijden et al., 1983) since some details of these experiments, that were essential for
our analyses, were not reported.

Results

The recalculated data are derived from seven mixture studies, and comprise data on
the perceived sweetness intensity of 27 different combinations of sweet-tasting disac-
charides, monosaccharides and sugar alcohols in binary mixtures. A brief summary
of the applied methodology, and a graphical display of the results of each of these seven
studies are given in seven separate sections.

The sweetness intensities of mixtures and single compounds are compared at equimolar
concentration levels (see Figures 1 and 2). All figures contain the following elements:
(i) a plot of each of the two psychophysical functions of the mixture’s components,
and (ii) the sweetness intensities of the mixtures investigated. Data points representing
the intensities of two or more mixture concentrations having an equal ratio of its con-
stituents (i.e. equiratio mixture types) are connected with dashed lines. In some cases,
not all the mixture data from the original publication are included because too many
points would confuse the picture; it appeared that the data in some studies have nearly
identical concentration —response coordinates. The structure of the data excluded shows
no essential deviance from the picture that emerges from the data included. The con-
centrations of both single compounds and mixtures aré expressed in mol substance/litre

solution, The concentration of a particular mixture is defined as the sum of the molarities-

of the mixture’s components. The units in which the perceived taste intensities are ex-
pressed are identical to the units used in the original publications.

Cameron (1947)

Cameron determined the sweetness of various sugars and other sweet substances using
a variation of the method of constant stimuli (Guilford, 1954). Figure 3, panels A-D,
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Fig. 3. Results of the study of Cameron {1947). Sweetness intensities of mixture and single substances were
assessed using a variation of the method of constant stimuli. Sweetness intensities are expressed in equisweet
sucrose concentrations.

shows the results of the experimenis with binary sugar mixtures (the data on
fructose —glucose mixtures are excluded; various other elaborate data sets on
fructose — glucose mixtures are presented further on in this paper). The sweetness in-
tensity is expressed in equisweet sucrose concentrations.

From all four panels, the same picture emerges. The swectness intensity of
sucrose —glucose mixtures lies in between the sweetness intensity of sucrose and of
glucose; the sweetness intensity of sucrose—lactose mixtures is intermediate to the
sweetness intensity of sucrose and lactose. The same rule applies for lactose — glucose
and glucose—galactose mixtures.

Stone and Oliver (1969)

The sweetness intensities of ghicose, fructose, sucrose and binary mixtures of these
substances were assessed using the method of magnitude estimation (Stevens, 1975).
The sweetness intensities of binary mixtures and single compounds were judged relative
t0 0.5 M glucose, and 0.25 sucrose, both having an assigned value of 10 in the separate
experiments.

Figure 4, panels A —D, shows that the sweetness intensities of the mixtures investigated
are intermediate to the sweetness intensities of equimolar concentrations of the single
compounds.
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Fig. 4. Results of the study of Stone and Oliver (1969) on binary mixtures of sucrose, fructose and glucose.
Panels A and B represent the responses for fructose - glucose and sucrose — glucose mixtures, respectively.
The sweetness intensities of these mixtures were judged relative to the sweetness intensity of 0.5 M glucose
which had an assigned value of 10. Panels C and D represent the responses to sucrose —fructose and
fructose — glucose mixtures, respectively, judged relative to the sweetness intensity of 0.25 M sucrose which
also had an assigned value of 10.

With respect to the second rule hypothesized, i.e. that the sweetness intensity of a
mixture approaches to the sweetness intensity of the sweetest component as the pro-
portion of that sweetest component increases, the results are less straightforward. This
rule appears to be valid in panels A, C and D, but panel B does not allow for a definite
conclusion.

Stone et al. (1969)

Stone et al. determined the sweetness intensities of glucose, fructose and mixtures of
these substances at three different temperatures (5, 22 and 50°C), and three different
pHs (2.7, 4.0 and 5.8). These authors used the method of magnitude estimation, where
the sweetness intensity of all stimuli was judged relative to the sweetness intensity of
0.25 M sucrose at a temperature of 22°C and pH 5.8. This standard stimulus was
designated as 10.

Figure 5, panels A—E, shows the results. All panels in this figure show that the
sweetness intensity of glucose — fructose mixtures lie in between equimolar concentra-
tions of its components.

However, panel A does not confirm the second rule. The sweetness intensities of
the mixtures, which contained the highest proportion of fructose, lie closer to the glucose
curve than the other mixtures which contained relatively less fructose. Panels B and
C also do not give unequivocal support for the second rule. This result is not in line
with the results of Stone and Oliver (1969), Frijters and Oude Ophuis (1983) and De
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Fig, 5. Results of the study of Stone er al. (1969) on the sweetness intensities of fructose, glucose and their
mixtures at three different temperatures and at three different pHs. All judgements were made relative to
the sweetness intensity of 0.25 M sucrose (designated as 10), at a temperature of 22°C and pH 5.8.

Graaf er al. (1987). These deviances might reflect a genuine temperature effect; however,
they can also be due to experimental error variance.

Yamaguchi et al. (1970a.b)

The investigation by Yamaguchi ef al. is one of the most extensive mixture studies
published. The sweetness intensity of sucrose was matched to various reference con-
centrations of fructose, glucose, xylose, sorbitol, xylitol, mannitol and all binary mix-
tures of these substances. Sucrose was also matched to binary mixtures of sucrose and
each of these six sweeteners. Yamaguchi et al. used the method of constant stimuli,
and applied probit analysis for the determination of the PSEs (points of subjective
equality).

Figure 6, panels A —U, shows the sweetness intensities of the single compounds and
mixtures, expressed in equisweet sucrose concentrations. From this figure the same
picture emerges as from the data of Cameron (1947), Stone and Oliver (1969), Stone
et al. (1969), Frijters and Oude Ophuis (1983), and Frijters et al. (1984). The conclu-
sions with respect to the first rule drawn in the previous sections, hold for all 21 binary
sugar mixtures investigated by Yamaguchi et al., even in cases where the psychophysical
functions of the mixture’s components are nearly identical. For example, the
psychophysical functions of sorbitol and glucose have virtually the same shape (see
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Figure 6, panel M); the psychophysical function of a GluSor 0.50/0.50 mixture ap-
pears to be indistinguishable from the psychophysical functions of glucose and sor-
bitol. The same is also true for the glucose and mannitol functions (panel O}.

The data of Yamaguchi et al. also support the second rule. The sweetness intensities
of the mixtures represented by the solid points are closer to the sweetness intensity
of the sweetest component than the sweetness intensities of the mixtures represented
by the open points. The solid point mixtures contain relatively more of the sweetest
substance than the open point mixtures.

Curtis et al. (1984)

Curtis et al. determined the sweetness intensities of sucrose, fructose and their mix-
tures using the method of magnitude estimation. No standard stimulus was presented,
and subjects were free to use any number to respond with.

Figure 7 shows part of the results. These data do not give unequivocal support to
the former conclusions. The sweetness intensities of some sucrose — fructose mixtures
appear to slightly exceed the sweetness intensity of an equimolar concentration of sucrose
or fructose. However, some of the results of Curtis et af. (1984) conflict with all other
data reported on the sweetness of sucrose and fructose. Figure 7 shows that in their
experiment the low concentrations of fructose are perceived as sweeter than low con-
centrations of sucrose. This finding is doubtful, since there is an abundance of data
which shows that a particular concentration of sucrose is sweeter than an equimolar
concentration of fructose (e.g. Stone and Oliver, 1969; Yamaguchi et al., 1970a;
McBride, 1983b). In addition, the crossing over of the psychophysical functions of
sucrose and fructose has not been demonstrated by other investigators (Dahlberg and
Penczek, 1941; Cameron, 1947; Schutz and Pilgrim, 1957; Yamaguchi ef al., 1970a;
Moskowitz, 1970; McBride, 1983b).

Munton and Birch (1985)

Munton and Birch assessed the perceived sweetness intensity and the ‘persistence’, us-
ing an alternative method of magnitude estimation. They investigated a number of disac-
charides, monosaccarides, sugar alcohols and eleven different combinations of these
substances in binary mixtures. The sweetness intensities or mixtures and single com-
pounds were assessed in different sessions.

With reference to Figure 8, panels, A—K, it is apparent that the sweetness inten-
sities of the mixtures are intermediate to the sweetness intensities of equimolar concen-
trations of the constituents, in seven out of the eleven mixtures. The data in these seven
panels also support the second rule. However, the data on sucrose—fructose,
galactose — glucose, and lactose — glucose mixtures do not allow a definite conclusion
to be drawn, and the data on lactose —galactose mixtures seriously violate the basic
postulate of this paper, since lactose—galactose mixtures are less sweet than the
equimolar concentrations of either galactose or lactose.

In order to check the validity of this contradictory result, the experiment on the
sweetness intensity of lactose — galactose mixtures was repeated by the present authors.
Using the same stimuli as Munton and Birch, 10 subjects judged the sweetness intensi-
ty, relative to the sweetness of a 0.146 M (5% w/v) sucrose solution, which had an
assigned value of 10. Each subject judged each stimulus three times, and all stimuli
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Fig. 6. Results of the studies of Yamaguchi et al. (1970a,b). The sweetness intensity of mixtures and single
substances are expressed in units of equisweet sucrose concentrations. The data were obtained using the
method of constant stimuli,

(mixtures and single compounds) were tasted in one session. Figure 8, panel L, shows
the results of the repeat experiment. These results do not concur with the results of
Munton and Birch, Firstly, the repeat experiment shows that lactose is sweeter than
galactose (on M/1 basis). This is in line with the results from Carneron (1947) and Schutz
and Pilgrim (1957). Munton and Birch found that the psychophysical functions of lac-
tose and galactose cross each other; this was not found in the repeat experiment. It
is also evident from the repeat experiment, that the intensities of lactose —galactose
mixtures lie in between the single compound intensities. It is proposed that the results
of the repeat experiment are more reliable than those of Munton and Birch for two
reasons. Firstly the data of the repeat experiment are in line with earlier published data
on galactose and lactose (Cameron, 1947, Schutz and Pilgrim 1957). Secondly, in the
repeat experiment, the mixtures and single compounds were presented in one single
session, whereas in Munton and Birch’s experiment, the two single compounds and
mixtures were presented in different sessions with a different stimulus context.

In summary, seven out of the eleven data sets on mixtures unequivocally support
the hypothesis of this paper, three data sets are borderline cases, and one data set serious-
ly violates the postulate. However, since the latter data set was shown to be suspect,
it cannot be considered as a serious challenge to the hypothesis.
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McBride (1982, 1983a,b, 1986)

McRBride (1982) obtained data on the perceived sweetness intensities of glucose, fruc-
tose and sucrose using a 13-point category scale. He paid special attention to the inter-
nal consistency of the ratings, and he argues that the scale values obtained are linear
with perceived sweetness intensity (McBride, 1983a). The sweetness intensities of binary
mixtures of glucose, fructose and sucrose were determined in separate experiments,
with the same scaling method, but with different subjects (McBride, 1986).

Figure 9, panels A—C, shows part of the results. The closed and open circles repre-
sent the sweetness intensities of single compounds, and the other symbols refer to the
data on mixtures. The data on fructose —glucose mixtures, and sucrose — glucose mix-
tures confirm the hypothesis, whereas the results from sucrose — fructose do not. Despite
this contradictory evidence, these results do not provide sufficient evidence to refute
the hypothesis. The results of the data on mixtures and single compounds were obtain-
ed in different experiments with different subjects, and a different stimulus context in
each experiment. Although McBride (1983a,b) claims that his method is free of biases,
his data show some variability on the scale values of the same stimuli presented in dif-
ferent experiments. For example, 0.0625 M, 0.50 M sucrose and (.085 M of the Suc-
Fru 0.33/0.67 mixture (this mixture has a 0.50/0.50 ratio on weight/volume basis) were
each presented in three different experiments. The scale values of these stimuli show
a variability up to one scale unit. None of the scale values of sucrose —fructose mix-
tures exceed the scale value of sucrose by more than one scale unit. Thus, the fact
that some mixture scale values are higher than the sucrose scale values could well be
explained by experimental error variance. In an extensive study on sucrose — fructose
mixtures conducted by De Graaf and Frijters (in preparation), it was shown that the
scale values of sucrose — fructose mixtures are intermediate to the scale values of sucrose
and fructose at five different concentration levels, varying from 0.125 to 2.0 M.
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Fig. 9. Results of the studies of McBride (1982, 1983a,b, 1986), on sucrose—glucose (panel A),
fructose — glucose (panel B), and sucrose—fructose (pamel C) mixtures. The data were obtained using a
i3-point category scale. The lines representing the psychophysical functions of sucrose, fructose and
glucose were fitted by eye (cf. McBride, 1983b).

Discussion

Reviewing the results, it can be concluded that, of the 52 data sets presented, 46 are
unambigiously in favour of the main hypothesis of this paper. The remaining six con-
tradictory data sets do not provide conclusive evidence against the hypothesis for reasons
discussed.

Munton and Birch (19835) obtained three data sets, from which no definite conclu-
sions could be drawn, and one data set on lactose —galactose mixtures, which clearly
contradicts the postulate. However, when the latter experiment was repeated by the
present authors, it was shown that the sweetness intensity of lactose —galactose mix-
tures is intermediate to the sweetness intensities of the single compounds. Since Mun-
ton and Birch’s data have been shown to be suspect, the authors hold the view that
three other inconclusive data sets may also be unreliable, and do not necessarily in-
validate the hypothesis.
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The two other data sets which contradict the hypothesis both refer to sucrose— fruc-
tose mixtures (Curtis et al., 1984; McBride, 1986). However, since the results of Cur-
tis et al. conflict with all other data on the sweetness of sucrose and fructose, they
must also be considered as suspect. As was shown in the results section, violation of
the hypothesis by McBride's data (1986) could be easily explained by experimental
error variance. Moreover, the results of two other studies on sucrose —fructose mix-
tures (Stone and Oliver, 1969; Yamaguchi et al., 1970a,b) confirm that the intensity
of sucrose—fructose mixtures are intermediate to the single compound intensities.

It can be argued that, of all the results presented above, those of Yamaguchi er al.
are the most precise and reliable. Yamaguchi et al. used the method of constant stimuli
for the determination of the PSEs. This is a form of relative judgement which is con-
sidered to be more accurate than the absolute judgements (Shepard, 1981) that were
made in the other experiments. Additional evidence for the precision of data resulting
from use of the method of constant stimuli can be obtained from a study of De Graaf
and Frijters (1986). In ten control experiments, these authors found that the PSEs showed
a mean absolute error of 0.64%. The results of Yamaguchi er al. therefore provide
the most conclusive evidence in favour of the hypothesis. Her results show that the
psychophysical functions of glucose, sorbitol, xylose and mannitol do not diverge much
from each other, yet even under these exacting circumstances, the mixture intensities
were intermediate to the intensities of single compounds or equal molarity. These obser-
vations provide particularly substantial support for the hypothesis.

With respect to the second rule hypothesized, i.e. that the sweetness intensity of a
particular mixture approaches the sweetness intensity of an equimolar concentration
of the mixture’s sweetest component, it can be noted that only the data of Stone and
Oliver (1969), and Stone et al. (1969) do not give unequivocal support for this rule.
However, these deviations were small and can be easily explained by experimental er-
ror variance. Considering the abundance of data in support of this rule, it is concluded
that this rule applies for all binary sugar (alcohol) mixtures.

Summary

The taste interaction between two arbitrary sugars in a mixture can be described by
two simple but general rules.

The first rule is that the perceived sweetness intensity of a binary mixture lies in
between the intensities of the components, when each is tasted alone and at the same
total molarity as the mixture. The second rule is that, as the proportion of the sweetest
sugar in the mixture increases, the sweetness intensity of that mixture approaches the
sweetness intensity of the sweetest component tasted alone and at the same total molarity
as the mixture. Similarly, as the proportion of the least sweet sugar in the mixture in-
creases, the sweetness intensity of that mixture approaches that of the least sweet
substance tasted alone at the same total molarity as the mixture. With respect to the
psychophysical functions, this means that the parameters of the psychophysical func-
tions of binary equiratio mixtures (irrespective of their forms) are intermediate to the
parameters of the psychophysical functions of the unmixed components. As the pro-
portion of A in an AB mixture increases, the form of the psychophysical function of
such an equiratio mixture approaches the form of the psychophysical function of
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substance A. Similarly, as the proportion of B increases, the mixture behaves more
like substance B.
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Taste interaction between glucose and fructose
assessed by functional measurement

CEES DE GRAAF, JAN E. R. FRIJTERS, and HANS C. M. van TRIJP
Agricultural University, Wageningen, The Netherlands

The description of the sensory interaction between two taste substances in terms of numerical
responses obtained under a magnitude estimation instruction is hiased, because the sensory
processes are confounded with the judgmental process. Because the judgmental process is irrele-
vant o the sensory processes involved in the perception of taste substance mixtures, a correct
description of mixture interaction can be obtained only with an experimental setup that separates
the sensory processes from the judgmental process. Functional meagurement in combination with
a two-stimulus procedure can separate these two mechanisms. When this approach is used,
parallelism in the factorial plot of the responses depends not on the underlying sensory processes,
but on the comparative operation between two sensory impressions and on the form of the judg-
ment function. In this experiment, solutions of glucose, three equiratio mixture types of glucose
and fructose (i.e., mixtures in which the ratio of the components is constant), and fructose were
compared with glucose solutions for sweetness intensity. Under the assumption that the com-
parative operation between two perceived sweetness intensities is subtractive, this scaling proce-
dure yields interval scales of perceived sweetness intensity. The results showed that the data
obtained are reliable, and that the psychophysical functions for equiratio mixtures of glucose
and fructose lie in between the psychophysical functions for unmixed glucose and fructose.

Sensory interaction in mixtures of two qualitatively
similar taste substances has frequently been studied using
the method of magnitude estimation (e.g., Curtis, Stevens,
& Lawless, 1984; Frijters, De Graaf, & Koolen, 1984;
Frijters & Oude Ophuis, 1983; Moskowitz, 1971, 1973,
1974a, 1974b; Rifkin & Bartoshuk, 1980; Stone & Oliver,
1969; Stone, Oliver, & Kloehn, 1969). The use of this
procedure, in conjunction with describing sensory inter-
actions in terms of suppression, addition, and synergism,
may lead to erroncous conclusions about the nature and
magnitude of the taste interaction due to scaling artifacts.
This is 2 major contention of this paper, and is substan-
tiated below.

Magnitude estimation, as developed by Stevens (1956),
originates from the stimulus-response (S-R) conception
of psychophysics; it is assumed that the overt response
is a perfect external representation of the internal sensa-
tion {McKenna, 1985; Shepard, 1981). In contrast, the
stimulus-organism-response (3-0-R) paradigm of psycho-
physical judgment identifies a psychophysical stage relat-
ing stimulus to sensation and a judgmental stage relating
sensation to overt response (Attneave, 1962; Torgerson,
1961; Treisman, 1964). Investigators who have adopted
the S-O-R view have shown that the judgment function
in magnitude estimation is a nonlinear and positively ac-
celerating function of the internal sensation (e.g., Cur-
tis, Attneave, & Harrington, 1968; Rule & Curtis, 1977;
Rule, Curtis, & Markley, 1970; Veit, 1978; Weiss, 1972).

The authors are indebted to Norman H. Anderson for his comments
on this paper. Carrespondence should be addressed to C. de Graaf,
Department of Homan Nutrition, De Dresjen 12, 6703 BC Wagenin-
gen, The Netherlands.

This implies that the description of the sensory interaction
between two taste substances, in terms of numerical
responses obtained by magnitude estimation, is biased by
the nonlinear judgment function. This point can be eluci-
dated by the following example. Suppose that concentra-
tion x M of substance A has a taste intensity of 5 units
on a ratio scale, and that concentration y M of substance B
has a taste intensity of 10 units, also on a ratio scale. If
the two taste substances behave additively when mixed,
then the taste intensity of a mixture containing x M of A
plus ¥ M of B should have a taste intensity of 15 units.
If these three stimuli (x M of A, y M of B, and x M of
A + y M of B) were presented in 2 magnitude estimation
experiment in which the response function has the form
{Perceived Intensity)'** (1.47 being the mean value for
the exponent of the response function found in magnitude
estimation experiments; Birnbaum, 1980), then the
reported magnitude of x M of A would be 11, that of y M
of B would be 30, and the response to the mixture would
be 54. From this result it would then erronecusly be con-
cluded that substances A and B behave synergistically
when mixed, because the number 54 is larger than the
sum of 30 and 11. This example demonstrates that in mag-
nitude estimation, the sensory pracesses involved in the
perception of the taste intensity of a mixture are con-
founded with the judgmental process. Since the judgment
operation is irrelevant to the sensory interaction, a cor-
rect description of the sensory processes involved in the
perception of taste substance mixtures can be achieved
only by a measurement procedure that separates the sen-
sory processes from the judgment function. We believe
that a functional measurement approach in combination
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with a two-stimulus procedure (Anderson, 1981, 1982)
is appropriate to achieve this goal.

The aim of the present experiment was to investigate
the sensory interaction between two qualitatively similar
taste substances, with a measurement procedure yielding
overt responses that are a linear function of the perceived
taste intensities. Since the psychophysics of taste mixtures
has rarely been studied with a functional measurement
procedure (Klitzner, 1975; McBride, 1986), some addi-
tional explanation is given first.

FUNCTIONAL MEASUREMENT AND
MIXTURES OF TASTE SUBSTANCES

One of the main features of functional measurement is
the use of factorial designs as a tool for the evaluation
of the form of the judgment function (Anderson, 1981).
For the investigation of mixtures of taste substances, two
different faciorial designs can be constructed: one at a
physical level and the other at a judgmental level. There
is a fundamental difference between these two factorial
designs.

A physical factorial design docs not help to resolve the
entanglement between sensory interaction and the judg-
ment function. In this type of experimental design,
parallelism in a factorial plot of responses is obtained if
two conditions are satisfied. The first condition is that the
two tastants in a mixture contribute in an additive way
to the total taste intensity of the mixture. The second con-
dition is that the judgment function is linear with perceived
taste intensity. If, and only if, taste additivity holds,
parallelism in a factorial plot signifies lincarity of the judg-
ment function. To put it differently, nonparallelism in a
factorial plot can result from three different causes:
{1) Tastants used for the mixture composition behave
nonadditively; (2) responses are not linear with perceived
taste intensity; or (3) a combination of 1 and 2. The con-
tention that a factorial design at a physical level does not
help to separate sensory interaction from the cognitive
judgmental operation is based on the logical impossibil-
ity of distinguishing among these three causes.

The use of a factorial design at a judgmental level pre-
vents the confounding between sensory interaction and
the judgmental operation. Such a procedure allows for
the determination of the shape of the judgment function
independently from the nature of the sensery interaction
that occurred. This argument is substantiated below.

McBride (1982, 1986) applied functional measurement
to mixtures of taste substances. In a series of five experi-
ments he investigated whether sucrose, fructose, and glu-
cose in binary mixtures contribute in an additive way to
the perceived sweetness intensity of those mixtures.
Figure 1 diagrams McBride’s experimental setup. The
factorial design in these experiments was constructed at
the physical level; each of a number of conceatrations of
sucrose, fructose, and glucose was mixed with each of
a number of concentrations of one of the other sugars,
yielding sucrose-fructose, sucrose-glucose, and fructose-
glucose mixtures. We call this a fuctorial mixing design.
The perceived sweetness intensities of single stimuli, each
comprising (wo substances, were rated on a 13-point
category scale. McBride found that the factorial plots of
the obtained data in the five experiments did not exhibit
sets of parallel lines: All plots showed a convergent and
significant interaction between the two sugars constitut-
ing the mixtures. However, due to the nature of this type
of experimental design, it is logically impossible to
scparate nonparallelism resulting from a nonlinear judg-
ment function from nonparallelism resulting from a nonad-
ditive sensory integration. As Figure 1 shows, in this type
of experimental design the judgment function is still con-
founded with the sensory processes involved when two
tastants are mixed.

Disentanglement of the sensory processes and the judg-
mental process can be achieved by a modified experimen-
tal setup that makes use of a two-operation model (see
Anderson, 1974, Table II). This approach was first used
in taste psychophysics by Klitzner (1975), who inves-
tigated whether the preference structure for mixtures of
apple juice and a bitter substance could be described by
an additive integration model, Klitzner found that the lines
in the factorial plots of the responses converged, which

Concentration Concentration

Perceived taste

¥ p N Overt
of single of the intensity of
substances mixtare the mixture response
Physical Psychophysical Judgment
Cu; mixirg SJunction Sfunction
Cuny ® Sooi; — R
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Figure 1. Qutline of McBride’s (1982, 1986) experimental setup from a stimul (S-O0-R) point

of view. Each mitration i of subst:

A is mixed with each concentration j of substance B (L.e., 2 factorial mix-

ing design), resulting in concentration Cayy. The mixture concentration C,p,, evokes perceived taste intensity Sup,,.
The judgment function transforms S, into the overt response R.
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means that there was a significant interaction. However,
as argued above, he was not in a position to decide
whether this interaction resulted from the taste interac-
tion or from a taste-hedonic interaction between the ap-
ple juice and the bitter substance. A third possibility would
be a nonlinear relationship between preference and
response. To determine the origin of the observed non-
parallelism, he subsequently introduced a second judg-
mental step in the psychological model. In a second ex-
periment, Klitzner asked subjects to judge the difference
in preference between rwo bitter-substance/apple-juice
mixtures. The parallelism of the lines in the factorial plot
of the responses in this experiment demonstrated that the
preference-response function was linear. On the basis of
this result, Klitzner argued that the interaction in the fac-
torial plot in the first experiment had most probably been
due to a nonadditive taste interaction or to a taste-hedonic
interaction between apple juice and the bitter substance.

Two-operation models in psychophysics have been ex-
tensively investigated by Birnbaum and colleagues (Bimn-
baum & Elmasian, 1977, Birnbaum & Mellers, 1978,
Birnbaum & Veit, 1974; Hagerty & Birnbaum, 1978;
Mellers, Davis, & Birnbaum, 1984; Veit, 1978). In these
experiments, a factorial design was not used at a physi-
cal level, as it was in McBride's (1982, 1986) experi-
ments, but it was used at a judgmental level (i.e., a fac-
torial judgment design). The subjects compared the
sensory impression of each level of the row stimulus with
the sensory impression of each level of the column stimu-
lus. Figure 2 illustrates this type of experimental setup.
A major advantage of this setup is that parallelism or non-
parallelism in the factorial plot of the data obtained does
not depend on the underlying sensory processes (includ-
ing the psychophysical functions). Parallelism or non-
parallelistn in this type of experiment depends on the na-

ture of the comparative operation between two sensory
impressions and also on the form of the judgment func-
tion; it cannot depend on sensory interaction, because the
stifnuli used are not compound stimuli. From four studies
carried out with such a two-stimulus progedure, it was
concluded that the comparative operation between two
sensory impressions can be best described by an algebraic
subtractive rule, even when subjects are instructed to judge
ratios (Birnbaum & Mellers, 1978; Hagerty & Birnbaum,
1978; Mellers et al., 1984; Veit, 1978).

Application of this approach to taste mixtures implies
that the perceived taste intensity of each of a number of
concentrations of the row stimulus should be compared
with the perceived taste intensity of each of a number of
concentrations of the column stimulus, Because we are
dealing with taste mixtures, the row and column stirwali
may consist of mixtures of taste substances, instead of un-
mixed tastants. The question then arises of how to deal
with the physical composition of these mixtures. In most
experiments, the physical intensity of a stimulus is varied
in one dimension (c.g., weight in kg, sound pressure in
N/m?), whereas in rixtures of taste substances therc are
two stimulus dimensions that are being manipulated (i.e.,
the concentrations of each of two substances in a binary
mixture). This problem can be handled by conceiving of
a binary mixture of taste stimuli as if it were one particu-
lar type of taste stimulus; this was done by Frijters and
QOude Ophuis (1983), who introduced the concept of the
equiratio taste substance mixture. An equiratio mixture
type was defined as a series of taste substance mixtures
in cach of which the ratio of the components is constant.
Frijters and Qude Ophuis showed that a psychophysical
function of an equiratio mixture type can be experimen-
tally determined in the same way as such a function for
a single substance. The measure of physical intensity of

Concentration Concentration
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of single of the intensity of iniegrated Oven
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Figure 2. Outline of the present experimental setup from & stimulus-organism-response (S-0-K) point of view. Concendration | of sul-
concentration

stance A is mixed with concentration § of substance B, resulting in mixture

Cabiy. Mixing of k of A and [ of B results in

mixture concentration C,u... Both equiratio mixtures (i.e., i/j = constant and k/I = constam) and single substances (i.¢., either iorj = @
or kor I = 0) were used. The concentrations C.y,, and C,p,, evoke perceived taste intensities S, and Suny, respectively, If the compara-
tive operation between two perceived taste intensities can be represented by an algebraic difference function, then the integrated impres-
sion r resermbles the perceived difference between San and Syye. Each Sany) is compares with each Sy, (i.¢., & factorial judgment design).

The judgment function transforms r Inte the overt response R.
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a mixture is the total concentration of the mixture (i.e.,
the sum of the concentrations of the mixture’s compo-
nents}. Figure 2 diagrams the present approach to the
psychophysics of taste mixtures. A complete factorial de-
sign int such an experiment consists of a comparison of
the perceived taste intensity of each tevel of a mixture
having concentration / of substance A and concentration j
of substance B (C..,) with the perccived taste intensity
of each level having concentration & of substance A and
concentration ! of substance B (Cuour).

To draw a logically sound conclusion about the sen-
sory interaction between two taste substances, we must
compare the perceived taste intensities of the mixture with
the perceived taste intensities of the mixture’s unmixed
components. For that reason, concentrations of the sin-
gle substances (i.e., eitheriorj = 0,orkorl = 0) also
have to be incorporated in the factorial judgment design.
The experimental setup in the preseri study consisted of
a series of factorial designs, in each of which the perceived
taste intensity of each of a number of mixtures was com-
pared with the perceived taste intensity of each of a num-
ber of concentrations of an unmixed substance.

If it is assumed that the comparative operation between
two perceived taste intensities follows a subtractive rule,
then parallelism in the factorial plot of the obtained
responses implies that the judgment function is linear with
sweetness differences. If this is the case, it is possible to
obtain scale values for the perceived intensities of mix-
tures of taste substances (or single substances) on linear
scales, and psychophysical functions can be constructed
subsequently.

METHOD

Subjects

‘Twelve paid volunteers wete used, 10 women and 2 men, rang-
ing in age from 18 to 25 years. All subjects were graduate or under-
graduate students from the Agricultural University. Most of the sub-
jects had had previous experience with psychophysical tasks, but
all were naive with respect 1o the substances used and the purpose
of the stady.

Stimuli
The stirmuli were solutions of glucese (Merck: 15639), fructose

(Merck: 5321), and three equiratio mixture types in demineralized
water. The equiratio mixiure types comprised mixtures containing

Difference in tn

three times as much glucose as fructose (GluFru 0.75/0.25), mix-
tures with an equal concentration of both substances (GluFru
0.50/0.50), and mixtures containing three times as much fructose
as glucose (GluFru 0,25/.75). Solutions were prepared at least 24 h
before tasting and swred for oo longer than 5 days at 4°C. The
concentrations used were the same for each of the five stimulus
types: 0.000 (water), 0.125, 0.25, €.50, 1.00, and 2.00 M. Water
and 2.50-M fructose served as the reference pair.

Glucose, GluFru 0.75/0.25, GluFru 0.50/0.50, GluFru 0.25/0.75,
and fructose were all compared with glucose in nine separate 6 (con-
centrations of the first stimulus) X 6 (concentrations of the second
stinulus) factorial designs. In four factorial designs glucose served
as the first stimulus and either fractose or one of the three equi-
ratio mixnire types was the second stimulus, in four other designs
the converse sequence was used, and in one design both the first
and second stimulus contained glucose only.

Procedure

The subjects were instructed to judge the magnitude of the-differ-
ence in perceived sweetness intensity between the first and second
stimulus within each pair. The instructions emphasized that only
the sweetness intensity was to be judged, and that both the hedonic
vabue and side tastes were to be disregarded. The judgments were
to be expressed by a slash mark on a 250-mm symmetric scate (see
Figure 3), of which the middle (having the assigned value of 125)
was defined as *‘the first and second stimulus are equal in sweet-
ness intensity’* (o difference). When the second stimulus was per-
ceived as sweeter than the first stimulus, the subjects were to mark
a slash on the right-hand side of the scale. When the first stimulus
was perteived as sweeter than the second, the subjects were to mark
a slash on the left-hand side of the scale. In the instructions, the
term maxinmum difference was defined as the difference between
the perceived sweetness intensities of the stimuli within the refer-
ence pair (water as the first stimulus and a 2.5-M fructose solution
as the second stimutus). The difference in this pair was expected
1o be larger than the difference in any other pair to be judged in
the experiment.

The subjects wete requested to rinse their mouths thoroughly with
demineralized water both between the two stimuli within a pair and
between pairs. The stimuli were presented at room temperature in
polystyrene medicine cups, each cup containing about 10 ml of so-
lution. Each factorial design was composed of 36 (6 x 6) pairs,
presented in a random sequence and in a different order for each
subject. The reference pair was presented at the beginning of each
session and again after the 12th and 24th pair of a series. In a pilot
study, it had been determined that a time interval of 50 sec between
the first and second stirmulus of a pair was sufficient to prevent adap-
tation. The time interval between pairs was also 50 sec. Each of
the nine series of 36 pairs was tasted three times by each subject.

ity between first and second stimulus

_ First is sweeter than second
<

Second is sweeter than first

First and second
are equally sweet

[
Maximum
difference

L
Maximum
difference

Figure 3. The 250-mun rating scale (shown at 50,8 %) used by subjects to assess the difference in perceived sweet-
ness Jntensity between the first and second stimubue within & pair. The responses were measured as the distance
in millimeters from the left anchor of the scale. Thus, the left anchor of the scale 1s 0 (mm), th: middle of the scale
(implying no difference in sweetness intensity between the first and second stimulus) is 125 (mm), and the right an-

chor of the scale Is 250 (mm).
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The order of presentation of the various series was randomized.
In each session, one series of 36 pairs was judged by each subject,
50 it took each subject 27 sessions to complete the experiment.

RESULTS

To draw conclusions about the sensory interaction be-
tween glucose and fructose, it is necessary to derive one
scale value for each stimulus tasted. This scale value
should represent the perceived sweetness intensity on a
linear scale. However, before these scale values can be
calculated, it must be determined whether or not the judg-
ment function i< linear.

The Judgment Function

The subjects were instructed to judge the difference be-
tween the perceived taste intensities within each pair of
stimuli. If it is assumed that subjects have indeed judged
a difference (i.e., r = Suy — S see Figure 2),
parallelism in a factorial plot implies that the response
function is linear with the perceived difference (i.e.,
R = a+br). The term factorial plor refers to a plot of
reported differences {not of the perceived taste intensi-
ties themselves) against the concentration of the second
stimulus with a separate curve for each concentration of
the first stimulus.

Because individuals may vary in their (linear or non-
linear) judgment functions, or in their comparative oper-
ations (which may or may not be subtractive), we first
performed individual analyses. To test whether parallelism
was actually obtained, an analysis of variance was car-
ried out for each subject and each type of design (i.c.,
12 x 9 = 108 analyses). The measure of the degree of
nonparallelism, that is, the row X column interaction, was
tested for statistical significance, with the row X column
X replicate interaction as error term. Two subjects
showed significant row X column imteractions at the
p < .01level [F{(25,50) = 2.12] in two or more of their
nine response matrices. Apparently, either these subjects
had nonlinear response functions or their comparative
operations were not subtractive. The data derived from
these subjects were excluded from further data analyses.
In the analyses of the 10 remaining subjects, no signifi-
cant interactions at the p < .01 level were obtained.

After these individual analyses, the responses for each
pair were averaged across the three replicates and the 10
subjects. Figure 4 shows the arithmetic mean of the re-
sponses to each pair for each of the nine factorial designs.
Analyses of variance for each of the nine response ma-
trices showed no significant row X column interactions
(see upper left part of each panel in Figure 4), The error
term for this interaction in these group analyses was the
row X column X subject interaction. The six curves
within each of the nine panels show no systematic devia-
tions from parallelism; therefore, it can be concluded that
the responses are linear with sweetness differences.

It should be noted that, in principle, parallelism in a
factorial plot can also be obtained by a nonsubtractive

comparative dperation in combination with a nonlincar
judgment function, for example, a ratio operation in corm-
bination with a logarithmic judgment function (Birnbaum,
1982). It is logically impossible to decide from the data
which combination of comparative operation and judg-
ment function is used; this is the problem of *‘monotonic
indeterminacy’’ {Anderson, 1974). However, consider-
ing that the subjects were explicitly instructed to make
difference judgments, and in view of a substantial body
of empirical evidence supporting a difference operation
(Birnbaum & Mellers, 1978; Hagerty & Birnbaum, 1978;
Mellers et al., 1984; Veit, 1978), it is likely that the ob-
served parallelism in the present experiment resulted from
the use of difference judgments in combination with linesr
judgment functions.

Scale Values of Perceived Sweetness Intensity

The observed parallelism also implies that the margi-
nal means of the row (first) and column (second) stimuli
are valid estimates of the sweetness intensities of the cor-
responding row and column concentrations on linear
scales (Anderson, 1981). As water was incorporated in
each of the series of row and column stimuli, the scale
value of water can be used as & conventional point of refer-
ence. The perceived sweetness intensity of each stimulus
can then be defined as the distance between the scale value
of that stimulus and the scale valuc.of water. For practi-
cal purposes, the scale value of water was set equal to
zero. If it is assumed that water lacks a sweet taste, then
this paint might be treated as an absolute zero point for
the scale of perceived sweetness intensity, implying that
the derived scale is a ratio scale, However, it appears that
additional evidence is required before we can claim that
the developed scale does indeed have ratio scale
properties.

Table 1 shows, for illustrative purposes, the derivation
of scale values for sweetness intensity for the fructose-
glucose factorial judgment design. Each factorial design
yiclded two marginal means for water—one for water as
the first stimulus in a pair, and one for water as the sec-
ond stimulus. The scale values for each of the sugar-
containing row stimuli were determined by calculating the
difference between their respective marginal means and
the marginal mean of water in that same design. The scale
values of the column stimuli were determined in a simi-
lar way. These calculations yielded 10 sets of scale values
for glucose—5 sets for glucose as the first stimulus (of
each pair) and 5 sets for glucose as the second stimulus
(of each pair}). For fructose and each of the three equi-
ratio mixture types, two sets of scale values were
derived—one set for each stimulus when presented as the
first stimulus, and one set for cach stimulus when
presented as the second stimulus. The scale values for each
row (first) stimulus were virtually identical to the scale
values for the same stimulus when it was used as column
(second) stimulus. This result indicates an absence of
order effects.

The conclusion that there were no order effects can also
be reached through another line of reasoning. Each stimu-
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Table L
Derivation of Ratio Scale Valoes of Perceived Sweetness Intemity

Concentration i Marginal  Distance to
of the First(M) Concentration (M) of the Second Stimulus (Glucose) Mean First Scale Value

Suwwlus (Fractosey 9000 0125 G250 0500 1000 2.000 Stimwulus of Water
0.060 125.37 12827 137.93 [54.70 183.60 223.33 159.03 0.00
0.125 110,10 11533 122,90 14073 173.37 21590 146.39 12.64
0.250 9453 96.13 107.57 124.60 151.03 ° 199.17 128.84 30.19
0.500 71.30 71.63 7593 9053 12833 171.87 101.60 571.30
1.000 31.87 3663 4153 5520 9547 13197 65.44 93.59
2.000 987 1607 2007 3303 064.07 11333 43.75 115.46

Marginal mean

second stinulus 73.84 7751 8432 100.63. 132.64 17593

Distance to scale

value of water 0.00 3.67 1049 2679 58.80 102,00

Note—The figures in the Toatrix the mean differcnce between the first (row)

stimnlus and second (column) stimulus within each pair of the fructose(first)-glucose(second) factorial judg-

ment design.

lus was presented the same number of times as the first
and as the second stimulus. Without an order effect, the
overall arithmetic mean of the responses should be 125
(i.e., the middle of the scale). If the first stimulus had
a greater weight than the second stimulus in determining
the response, the overall mean would be lower than 125.
Similarly, if the second stimulus had a greater weight,
the overall mean would be higher than 125, The means
(averaged over 9 x 36 X 3 = 972 responses) for each
of the 1¢ subjects were 126.0, 123.1, 124.0, 127.0, 125.4,
125.2, 126.8, 126.5, 126.7, and 125.6. The value of the
standard errors of the means i about 2, so none of these
values deviates significantly from 125, Therefore, it can
be safely concluded that no order effects occurred.

The final scale value for each stimulus was obtained
by calculating the arithmetic mean of the scale value(s)
for that stimulus when tasted first and the scale value(s)
of that stimulus when tasted second. The final scale values
of each stimulus are shown in Figure 5.

Bogartz (1980) proposed an analysis of variance proce-
dure to test whether the row psychophysical function is
the same as the column psychophysical function. How-
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Figore 5. Scale values of the differences in perceived sweetness
ineusity between water and gincose, fructose, and the three equiratio
mixture types.

ever, this test can be applied only to designs in which the
series of row stimuli and the series of column stimuli are
the same. In the present study, this was the case for the
glucose-glucose design only. Using a second-order poly-
nomial function as an approximation of the unknown
psychophysical function (Bogartz, 1980), we performed
an analysis of variance on the means of the overt responses
for the glucose-glucose design. No difference was found
between the psychophysical function for glucose tasted
first (row) and the psychophysical function for glucose
tasted second (column} [F(2,31) = 0.81, p > .5). This
provides additional justification for averaging the scale
values of the row and column stimuli.

Comparison With Matching Data :

The reliability (not the validity) of the present data was
verified through comparison of the present data with data
on glucose-fructose mixtures obtained by matching in an
carlier experiment (De Graaf & Frijters, 1986). In that
experiment, fructose, GluFru 0.75/0.25, GluFru
0.50/0.50, and GluFra 0.25/0.75 were matched in per-
ceived sweetness intensity to 0.125-, 0.25-, 0.50-, 1.00-,
and 2.00-M glucose, using the method of constant stimuli.
These data were shown to be accurate: the points of sub-
jective equality (PSEs) in 10 control experiments had a
mean absolute error of 0.64%. ‘

The PSEs in the present experiment were calculated as
follows. For fructose, GluFru 0.25/0.75, GluFru
0.50/0.50, and GluFre 0.75/0.25, second-order poly-
nomial regression equations were fitted with log(concen-
tration) and [log(concentration)]* as independent variables
and the log of the final scale values as a dependent vari-
able, All fitted functions had an R? of 0.9998 or higher,
and were monotone with the relevant domain. The ob-
tained equations were set equal to the log of the five scale
values of glucose concentrations, and the resulting quad-
ratic equations were resolved for the log of the required
concentration. '

Table 2 shows that the PSEs determined from the
present data have an average absolute deviation of about
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Table 2
Comparison of Points of Subjective Equality (PSEs) Determined Using the Method of Constant Stimuli*
and PSEs Calculated From the Data of the Preseat Study

Differeace in %
Concentration of Type of PSE Determined  PSE Determined From  PSEmatcting — PSEpcesem
Glucose (M) Comparison Stimulus  From Matching (M) Present Data (M) PSE.
0.125 Fructose 0.0485 00480 -1.0
0.125 GluFru D.25/0.75 0.0540 (0.0558 +33
0.125 GluFry 0.50/0.50 0.0650 0.0666 +2.5
0125 GluPra 0.75/0.25 0.0873 0.0072 -11.6
0.250 Fructose 0.1027 0.1038 +1.0
0.250 GluFry 0.25/0.75 0.1206 0.1298 +7.6
0.250 GluFra 0.50/0.50 0.1439 0.1486 +3.2
0.250 GluFru 0.75/0.25 0.1317 0.1739 —4.3
0.500 Fructose 0.2374 0.2275 -4.0
0.500 GluFra 0.25/0.75 0.2682 0.25%4 -33
0.500 GluFru 0.50/0.50 0.3118 0.2862 -108
0.500 GluFru 0.75/0.25 0.3639 _0.3308 -9.1
1.000 Fructose 05790 0.5266 -9.1
1.000 GluFra 0.25/0.75 0.5028 0.6013 +1.4
1.000 GluFru 0.50/0.50 0.6550 0.6350 =31
1.000 GluFru 0.75/0.25 0.7729 0.7221 —6.5
2.000 Fructose 1.3828 1.3038 -5.7
2.000 GluFru 0.25/0.75 1.4007 1.4587 +4.1
2,000 GluFra 0.50/0.50 1.4552 1.4841 +1.9
2.000, GluFrma 0.75/0.25 1.6310 1.6506 +1.2

Mean absolute deviation: 4.7

*From De Graaf and Frijters (1986).

5% from the PSEs determined from the matching data.
There appears to be no systematic deviation; nearly half
of the PSEs estimated from the present study are higher
than those obtained from matching, and half are lower.
The greatest deviation is —11.6%, which is less than one
IND

It should be borne in mind that the present psychophysi-
cal functions were established on the basis of the assump-
tion that the scale value of water can be used as a con-
ventional point of reference that can be set equal to zero.
If this assumption were incorrect (¢.g., if water evoked
a different sensory impression when compared to glucose
than when compared to fructose), systematic deviations
between the two sets of PSEs would have resulied. Be-
cause there are no such deviations, the data of Table 2
support the validity of the assumption that water represents
a meaningful zeropoint.

Sensory Interaction Between
Glucose and Fructose

As Figure 5 shows, the scale values of equiratio mix-
tures lie in between the scale values of equimolar con-
centrations of unmixed glucose and unmixed fructose.
Thus, the sweetness intensity of a particular mixture of
glucose and fructose does not exceed the sweetness in-
tensity of an equimolar concentration of fructose, nor is
it less than the sweetness intensity of an equimolar con-
centration of glucose. When the proportion of fructose
in a mixture increases, the scale value of the mixture ap-
proaches the scale value of an ¢quimolar concentration

of fructose. Similarly, when the proportion of glucose in
a mixture increases, the scale value of the mixture ap-
proaches the scale value of an equimolar concentration
of glucose.

DISCUSSION

The similarity of the present data, obtained by direct
scaling, to the data obtained by matching (De Graaf &
Frijters, 1986) shows that the scaling approach proposed
in this study results in reliable estimates of perceived
sweetness intensity. In addition, the present methodology
provides a means of separating the sensory processes in-
volved when mixing two tastants from the judgmental
process, It makes possible an unbiased description of the
sensory interaction between glucose and fructose.

The Sensory Interaction Between
Glucose and Fructose

One conclusion to be drawn from the present results
is that the psychophysical functions of equiratio mixtures
of glucose and fructose lie in between the psychophysi-
cal functions of unmixed glucose and fructose. When the
proportion of fructose in a fructose-glucose mixture in-
creases, the behavior of the mixture approaches the be-
havior of fructose. Similarly, when the proporticn of glu-
cose in such a mixture increases, the behavior of the
mixture becomes more like that of glucose. Thus, the
values of the parameters of the psychophysical functions
of equiratio mixtures of glucose and fructose (irrespec-
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tive of their forms) lie in between the values of the
parameters of the psychophysical functions of unmixed
glucose and fructose. This conclusion confinms the results
of Frijters and Oude Ophuis (1983), who used the same
stimuli but used magnitude estimation as the scaling
method.

The nature of the taste interaction between two taste
substances is usually characterized in terms of suppres-
sion, addition, and synergism, meaning, respectively, that
the perceived taste intensity of a mixture is less than, equat
to, or greater than the sum of the intensities of the un-
mixed components {e.g., Stone & Oliver, 1969; van der
Heyden, Brussel, Heidema, Kosmeyer, & Peer, 1983;
Yamaguchi, Yoshikawa, Ikeda, & Ninomiya, 1970). As
Frijters (in press) noted, a description of the taste inter-
action in these terms requires that the perceived taste in-
tensities be assessed on a ratio scale. Some investigators
hold the view that the type of sensory interaction is an
attribute of the components used for mixture composition.
‘We do not share this view. Following Bartoshuk (1973,
1977}, we take the position that the type of sensory inter-
action that occurs is dependent on the shape of the psycho-
physical functions of the mixture’s constituents. However,
knowing the magnitude of the exponent of these functions,
which is often thought to give an adequate description of
the form of the psychophysical function, is insufficient
for predicting the type of taste interaction that will oc-
cur. Assuming that the present scale values resemble per-
ceived sweetness intensities on a ratio scale, it would be
concluded that at the low sweetness levels used in this ex-
periment, glucose and fructose show synergism when
mixed. A 0.125-M glucose solution has a sweetness in-
tensity of about 3 units (see Figure 5), a (.125-M fruc-
tose solution has a perceived sweetness intensity of
14 units, and a mixtre of both concentrations (i.e.,
0.25 M of the GleFru 0.50/0.50 mixture) has a sweet-
ness intensity of 25 units (25 > 3+14). At intermediate
levels, it would be concluded that addition takes place.
A 0.50-M glucose solution is 30 units sweet, a 0.50-M
fructose solution is 61 units sweet, and a mixture of these
concentrations (i.e., 1.00 M of the GluFru 0.50/0.50 mix-
ture) is 88 units sweet, which is almost equal to the sum
of the intensities of the unmixed components
(30+61 = 91). At high intensities, it would be conctuded
that glucose and fructose suppress each other, because the
swectness intensity of a mixture of 1.00-M glucose and
1.00-M fructose (i.e., 2.00 M of the GluFru (.50/0.50
mixture) is t14 units, which is less than the sum of the
intensities of the unmixed components (1.00-M glucose
is 64 units sweet, and 1.00-M fiuctose is 9 units sweet).
The kind of taste interaction is evidently related to the
forms and local steepnesses of the psychophysical func-
tions of glucose and fructose. These are positively acceler-
ating at low concentrations and negatively accelerating
at high concentrations.

The conclusion that glucose and fructose show syner-
gism at low sweetness levels is not in line with the results
of McBride (1986), who concluded that glucose and fruc-
tose show additivity at low sweetness levels. However,

McBride did not present unmixed glucose and fructose;
he presented only mixtures. Therefore, in his study, the
perceived taste intensity of a mixture could not be com-
pared with the sum of the perceived taste intensities of
the mixture's components outside the mixture. McBride’s
results therefore suggest an additive increment in sweet-
ness intensity when the concentration of one of the two
substances in the mixture is increased, at low sweetness
leveis only.

Sensory Interaction in General

The sweetness intensity of glucose-fructose mixtures al-
ways lies in between the sweetness intensities of equimolar
concentrations of the unmixed components. This has also
been observed for sucrose-sorbitol mixtures (Frijters
et al., 1984) and mixtures of L-ascorbic acid and itaconic
acid (Frijters & Stevens, 1986). The same rule appears
to apply for a host of pairs of sugars (De Graaf & Frij-
ters, 1987). Interpretation of these findings suggests a
general rule applicable to binary mixtures of substances
with similar tastes: The tastc intensity of any mixture of
A and B having a particular molarity lies in between the
taste intensities of the components A and B, each having
the same molarity as that of the mixture, This rule, sug-
gested earlier by De Graaf and Frijters (1987), is in con-
trast to McBride’s (1986) notion that the sweetness in-
tensity of sucrose-fructose mixtures may exceed the
highest intensity of the unmixed components. His claim
is based on the use of weight/volume as the measure of
concentration. When McBride’s comparison of the
psychophysical functions of sucrose, fructose, and the
sucrose-fructose equiratio mixture are replotted with
molarity as the measure of concentration, this appears not
to be the case. We hold the view that comparisons should
be made on the basis of molarity, not percentage of
weight/volume, because molecules are the basic units for
elicitation of a taste response.

Conclusion

Functional measurement in combination with the use
of equiratio mixtures and a two-stimulus procedure pro-
vides a means of separating the sensory prdcesses involved
when mixing two taste substances from the judgmental
process. In the present experiment, this methodology was
used to derive psychophysical functions for glucose, fruc-
tose, and three equiratio mixture types of the two. The
results confirm earlier findings that the taste intensity of
a mixture of similar-tasting substances lics in between the
intensities of the components when the concentration of
the mixture and the concentrations of the components (out-
side the mixture) are the same.
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CHAPTER SIX

ASSESSMENT OF THE TASTE INTERACTION BETWEEN TWO QUALITATIVELY
SIMILAR TASTING SUBSTANCES: A COMPARISON BETWEEN
COMPARISON RULES

Cees De Graaf and Jan E.A. Frijters

Manuscript accepted for publication in Jjournal of Experimental
Psychology; Human Perception and Performance

ABSTRACT The taste interaction between sucrose and fructose was
assessed using three different comparison procedures; the
summated response comparison, the factorial plot comparison, and
the eouimolar comparison ruie. The perceived sweetness

intensitiee were obtained on a ratio scale using a functicnail
measurement approach in combination with a two stimulus
procedure. The conciusions obtained from sach of the three
comparison rules were identical. The taste interaction between
sucrose and fructose couid be explained to a large extent, but
not compietely. by the apparent taste "interactions”™ within
sucroee and fructose as single substances. it is argued that the
apparent taste "interaction” within a large rumber of single
sugars, and the taste interaction between two of these sugars in
a mixture s a little synergistically at low sweetness levels,
additive at intermediate sweetness levels, and suppressive at
high sweetness levals.
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INTRODUCTION

There are two reasons why studies of taste mixture phenomena

are carried out. The first I8 a practical ons. Fopd scientists
nowadays substitute traditional tastants by compounds which
supposedly have more desirabie characteristice from the point of
view of food production or marketing. For exampie, sucrose is
substituted by aspartame In soft drinke to abtain a beverage of
low caloric content. In the terminology of food science two
compounds behave synergistically, additively or suppressively,
respectively. if a binary mixture of these tastants contains a
smaller, an equal or a larger amount of substancs- than an unmixed
compound of the same taste intensity (Homler, 1884). For exampis,
suppose that x mol/L of sweetener A and y mol/L of substance B
have the samea sweetness intensitiss. Two substances show addition
if a mixture containing p times A and (1 - p) times (O < p < 1)
has the sama sweetness intensity as the unmixed compounds. If
less substance is needed to elicit the same sweetness intensity,
ie., the mixture containe less than p times A and/or Iess than

(1 - p) times B, the components in tha mixture are supposed to
behave eynergiatically. This definition of a taste interaction in
mixtures evolves from stimulus substitution, and is currently

used in the food industry. It can be found in a2 large number of
studies on the industrial application of tastant mixturas. As

these studies were not aimed at the study of perceptual phenomena
in taste substance mixtures as such, we will not discuss in this
article the ruies used for assessment of taste interaction in the
induatry.

The second reason for studying taste mixture interactions is
that underatanding the behaviour of two compounds in a mixture
can help to clarify perceptual and sensory physiological
mechanisms of the modality of taste. Two taste substances can
interact at various levels In the transduction process, for
instance at a physical-chamical leve! in the solution, at the
pariphery of the taste ssnee whera molecules of the components of
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the mixture can compete for adsorption at the same receptor
sites, at a peripheral neural level, or at a central level

However, befora the ralevance of taste interaction phenomena for
these issues can be addressed properly, it must first be claar
how ths taste interaction in mixtures can be asseessd. This is
the background of tha present paper.

One problem in the psychophysical taste mixture literaturs
is the inconesistency of use of terminology for describing taste
mixture interactions (Frijters, in press). it ia often unclear as
to what rule or reasoning is being used to conclude that a
certain mixture interaction has occurred in a particuiar
inetance. Currently there are thres comparison rules is use,
illustrated in Figure 1. panels A and B.

The summated comparison ruie

With the moat fraguently used procedure. called the summatsd
response comparison (De Grasf & Frijtears. 1987) (Figura 1, panel
A), the taste intaraction ia inferred from the comparison of the
perceived taste intensity of the mixturs (Rapyy) with the sum of
the perceived taste intensities of its components (Regx, Pux) when
tasted independently (Curtis, Stevens & Lawiess, 1984; Hyvdnen,
1280; Moskawitz, 1973, 19743, 1974bh; Stone & Oliver, 1989; Stone,
Oliver & Kioshn, 1969: Yamaguchi, Yoshikawa, |keda & Ninomiva,
1870b). In this case, the taste interaction is usually described
in terme of either suppression, addition, or synergism, where
(Rabgx < Rax + Fbx), (Rabxx = Rax + Abx). and (Rebxx > Rax + Abx).
respectively.

Bartoshuk (1975, 1977) and Bartoshuk & Claveland (1877)
demonetrated that the nature of the interaction that occurs
according to the summated response comparison rula depends on the
forms of the psychophysical functions of the mixture's
componants. If the functions are compraeging supprassion ocours
and when both functions are sxpanding synsrgism will occur.

However, axplanation of the taste interaction between two
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Figure 1. Mustration of three different procedures for the
assesgment of the taste interaction between two taste substances,
Panel A shows hypothetical psychophysical functions for

substance A, substance B, and the AB .50/.50 equiratio mixture
type. Using the ‘summated response comparison rule‘, the response
to a mixture containing x mol of A, and x mol of B (= Ruuxy) is
compared to the sum of the responses to the mixture's components
when tasted alone (= Rax *+ Royx). Using the ‘equimolar comparison
rule®, the responses to the mixture and the single compounds are
compared at those concentrations, where each of the single
compounds and the mixiure have equal total molarities. Thus, the
responses Rax and Ruy are not compared to Repxx. hut to
Rebt/2xis2x Le.. the response to a mixture containing

a 172 x mal of A, and a 1/2 x mol of B,

Panel B plots sensory response as a function of the
concentration of substance A with a separate curve for each of
two concentrations of substance B (y and 2y in this example). It
should be noted that in panel B, the x-axis represents the
concentration of substance A, whereas in panel A, the x-axis
represents the iotal concentration. The ‘factorial pilot
comparison’ investigates how the increment in taste intensity,
due to the addition of a particular concentration of substance B
(from y to 2y in thie example) to an AB mixture, varies over
different levels of substance A (x and 2x in this example). Thus,
(Ravx2y - Rabxy) i5 compared 10 (Rapzxzy - Repzxy).

qualitatively similar taste substances on the basis of the slopes
of the psychophysical functions does not separate the taste
interaction between the two taste substances from the apparent
taste "Iinteraction” within the single components themselves. For
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example, if 5 particular taste substance hae a compressing
psychophysical function, then the apparent taste “interaction™ of
that taste substance with iteslf 2 suwpresesive. This example I8
illustrated in Figure 1, pansl A. If concentration x of substance

B with an intensity of Rpx is added to iteelf, the intensity of
the mixture contalning 2x Mol/L of B becomes Pezyx, This is less
than (Aox + Rpy). If two taste substances are mixed inetead of
adding more of one to itself and each has a compressive
psychophysical function, suppression will also ococur, according

to Bartoshuk. However, from this finding it cannot be concluded
that suppression is entirely the result of the prﬁperties of the
substances that are mixed. It only indicates that the taste
interaction between these two suwstances is the same as the
apparent taste "interaction” that would have occurred within sach.
of these substances. A description of thse spscific taste
interaction between two substances can only be obtained by
separating it from the apparent taste "interactions™ within the
substances. Disentangiement of the taste interaction between and
apparent taste “interactions”™ within taste substances can be
achisved., The nature and magnitude of the taste interaction
between substances must be compared with the nature and magnituds
of the apparent taste "interactions™ within substances.

As already noted by Frijters (in press) and De Graaf,
Frijtore & Van Trijo (1987), application of the summated
comparison rule requiras that the perceived taete intensities are
assesesd on a ratio scale. Another reguirement is that the
concentrations of the components in the mixturse are identical to
the concentrations of the components tasted separately outside
the mixtura.

The factorial plot comparison ruls

McBride (1886) introduced ancther method for the assesement of
taste Interactions. This method is based on the principle of
factorial_plot comparison (Figure 1, panel B), ariginating from
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the theory of information integration (Anderson, 1981, 1982). The
nature of the taste interaction is inferred from the pattern of
linee in a factorial plot. This is a plot of taste intensity ae

a function of concentration level of one component with a
separate curve for each concentration of the other component. If
the fines in such a plot diverge, i.B., (Reo2x2y — Rebzxy) > (Rapxay

- Rabxy}). B8ynergism occurs. If the lines run parallel, i.e.,

(Rab2x2y ~ Pab2xy) = (Rabx2y — Pabxy). 3odition takes place, and if

the lines show a convergent pattern. i.e., (Reb2x2y - Reb2xy) <
(Rebx2y ~ Rabxy). two taste substances suppress each other. With
respsct to the ssparation of taste interaction betwesn and the
spparent taste “interactions” within eubstances, the same applies ae
in the case of the summated response comparison. In order to draw a
proper conclusion about the epecific taste interaction between two
substancee, thie interaction muet be compared with the apparent
taste "interaction” within #ach of the single substances. Assesaing
the appa*snt taste "interaction” within a single substance can be
achieved by conceiving a single compound solutior as a mixture of
that substance with itself, and subseausntly constructing a
factorial plot for that substance. Such a plot is obtained by
plotting the taste intensity of that substance as a function of its
concentration with a separate curve for sach of a nrumber of
concentrations of the same substance. This procedure is equivalent
to replacing sach concentration of substance B by another
concentration of substance A, as illustrated in Figure 1, panel B.

An advantage of McBride's approach over the summated response
comparigon is that the taste intensitiee nsed not to be measured
on a ratio scale. An interval scales suffices.

Using the factorial plot comparizon for the assesement of the
taste interaction implies that mixtures must be physically
composed according to s factorial mixing design (De Graaf, et al.,
1987, McBride, 1986), where each of a number of concentrations of
one componant is mixed with sach of a number of concentrations of
the other component. This method of preparing mixtures allows for
post-axperimental analysis of the pattern in a factorial plot of
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taste intensities.

The sguimolar comparigson rule

The third procedure for comparing the intensities of mixtures
and single components is called the eaquimolar comparison (De Graaf &
Frijters, 1987). As the name implies. the taste intensity of the
mixture is compared with the intensities of the single components,
where the concentrations of the single components and the total
concentration of the mixture have equal molarities. As can been seen
in Figure 1, panel A, the responses to concentration x mol/L of A
(= Rax) and x mol/L of B (= Rbx) are compared with the response to a
mixture comprising 4/2 x mol/L of A and 1/2 x mol/L of B (=
Rapts2x172x). Thie rule has been applied by Frijters and colleagues
(De Graaf & Frijters, 1887, De Graaf, et al., 1987; Frijters, De
Graaf & Koolen, 1984; Frijters & Oude Ophuis, 1883; Friiters &
Stevens, 1986). These studivs used the concept of egyiratio mixture
type. Thise was defined as a series of mixtures of different
concentrations each of which having the same ratio betwsen
conatituent components (Frijters & Dude Ophuis, 1883). The taste
interaction is Inferred from tha relation of the psychophysical
functiona of aguiratio mixtures to the psychophysical functions of
singie compounds when the equimolar comparison is used. The terms
synergism, addition and suppression have not been defined in the
context of the equimolar comparison rule. In the terminology of
Berglund, Berglund & Lindvall (1976) partial addition, compromiss,
and saubtraction occur when the mixture intensity is |larger,
intermediate or smaller, than the intensities of the unmixed
equimolar concentrations of the compounds (Frijters, in prese).

In contrast to the summated responss comparison, based on the
additivity of intensities, and the factorial plat comparison rules,
based on the subtractivety of intensitiea, the sguimolar comparison
rule is independent of the properties of the scale used for
assessment of the taste intensities (De Graaf & Frijters, 1987). The

ordinal comparison between the mixture intensity and the single
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component intensities takes place at concentrations where the total
molarity of the mixture is equal to each of the molarities of the
single componentsa.

In order to be able to make such comparisons at differsnt
concentration levels, the total molarity of the mixture must be
varied in the same way as the molarity of the single components. In
addition, the series of mixtures must be compaosed in such a way that
a8 psychophysical mixture function can be determined experimesntally.
This goal is achieved by using aquiratio mixture typee (Frijters &
Ouda Ophuis, 1883)

The purposs of the present study s to =ssess the taste
interaction between two oualitatively eimijar tastants using the
three mentioned comparison rules. The results obtained are then
compared. Tha scaling method used to obtain values of perceived
swestness intensities on a linear responze scale, was similar to
that used by De Graaf et al. (1887). The reader is referrad to that
paper for a detailed discussion of this methodotiogy. It is based on
functional measurement in combination with a two stimulus procedure
(Andersan, 1974; Birnbaum, 1982). In this type of experiment
subjecta compare the sensory impresesion of oach of a mnumber of ‘row
(=fIrst) etimuli’ with the sensory imprassion of each of a rumber of
‘column (=second) stimuli’ (.e., 2 factorial judgment design). This
procedure is attractive because it provides an internal check on the
linearity of the response scals.

The substances in the mixtures were fructose and sucrose. Stons
& Oliver (1969), and Yamaguchi st al. (1970b) found that sucrose and
fructose show synergism when mixed. Curtis et al. (1984) concluded
that they show synergism at low sweetness levels, addition at
Intermediate levels, and suppression at high swestnesa lsvels.
McBride (1986) concluded that sucrose and fructose show addition at
low swesetnees levels, but suppreseion at high sweetnass levels, The
latter author also suggested that the sweetness intensity of
sucrose-fructose mixtures may exceed the sweetness intensity of

sguivalent concentrations of one of the components. De Graaf &
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Frijters (1887) argued that thie finding was largely due to the use
of weight/volume rather than molaritiee as the unit of

concentration.
METHOD

This investigation involved two overlapping studies. One
consisted of axperiments to investigate taste interaction according
to the summated compariecn and the factoriat plot comparieon rules.
The other consieted of experiments to study taste interaction

according to the egquimolzr comparison rule.

Subjects

The subjects wers twelve paid voluntesrs, two men and ten
women, ranging in age from eightesn to twenty-five yvears. All were
students at the Agricultural University. Most of the subjects had
previous experience with psychophysical tasks but were naive with

respect to the purpose and substances used in thie study.
Stimuli

The stimuli were solutions of sucrose (Merck: 76853) and
fructose (Merck: 5321) and mixtures of thess substances in
demineralized water. Figure 2, pangl A, shows all experimental
stimuli.

As noted above, the application of the eguimoplar comparison
rute requires that the total molarity of an equiratio mixture type
varies in the same way as the concentrations of sach of the eingle
components. The stimuli used in this part of the investigation were
0.00 (water), 0.125, 0.260, 0.500, 1.00. and 2.00 molar solutions of
fructose and sucrose. The eame concentrations were used for the
FruSuc .50/.50 equiratio mixture type, a mixture contzining eaual
molarities of both fructose and sucrose. Thess stimuli are shown in
Figura 2, panel B. )
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For a8 post-experimental comparieon of responsses according to the
factorial plot comparison, it I8 neceseary to use a factorial mixing
design In the sxpsriment. Such a factorial mixing design can also be
used for the assessement of the taste interaction according to the
summated response comparison. Each of the concentrations 0.00
(water), 0125, 0.250, 0.500, and 1.00 mol fructose was mixed with
each of the concentrations 0.00 {water), 0.425, 0.25, 0.50, and 1.00
mol sucrose. Except for the 0.50/0.50 mixture type already shown in
panel B, the composition and concentration of these stimuli which
are the result of a factorial mixing design are shown In Figure 2,
pansl C. ‘

Solutions were prepared at least 24 hours before tasting. They
wers atored for a period not longer than five days, at 4 degrees C.

Design

The study involved 19 experiments each of which consisted of a
factorial judgment design. Table 1, columns 1-5, gives the purpose
and rnumber of sach experiment. It also shows the type of factorial
judgment design, i.e., the number of various stimuli used as ths
firat stimulus of a pair, and the number of the various stimuli
tasted second, and the subetances that were used as first and second
stimulug of each pair.

For the purpose of the present study, it was necessary that the
stimuli resulting from the factorial mixing design, are incorporated
into the factorial iuﬂgment designs. The expla‘uatioﬁ below provides
the rationale for doing this.

As noted above, the use of a factorial judgment design implies
that subjects are presentad with paire of stimuli, where esach
stimulus of a pair is one stimuus of 3 series of row (= second) or
column (= first) stimuli. In a situation where two single substances
are used, a simple m x n design can be semployed, where m and n
denote the number of concentrations of the first and second
stimulus. When mixtures rather than single compounds have to be
incorporated in a factorial judgment design, the situation bscomes
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Figure 2, Total concentration and composition of the
experimental stimuli. Panel B shows the series of concentrations,
(surrounded by the undashed Enes) and equiratio mixture type.
that were used for the assessment of taste iniensity using the
equimolar comparison rule, Panel C shows the series of
concenirations (surrounded by the dashed lines). and equiratio
mixture types, which were used for assessing taste interaction
using the factorial plot and the summated response comparison,
Panel A was obtained by combining panels B and C, and shows all
the experimental stimuli,
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more complicated. In a8 design involving single suhstances, the

series of row and column stimuli vary over one dimension (i.e., the
concentration level of each of the substances). wWhen binary mixtures
are used, the series of row or column stimuli vary over two
dimensions (i.e., the concentration levels of sach of the two
components). This problem can be uvercome by conceiving a mixture as
if it were a pingle substance. Thia wae achieved by using the
concept of an equiratio mixture type, where the mixtures have
different total concentrations but a constant ratio of constituent
componente. A psychophysical function for an eguiratio mixture type
can then be constructed in the same way as a function for a single
substance (Frijters & ude Ophuie, 1883). This snables the
incorporation of mixtures resulting from _a factorial mixing design
into a_factorial judgment design. In total. ssven series of

equiratio mixture types (including the 0.50/0.50 mixture typs) were
constructed so as to include the 16 mixtures from the factorial
mixing design into the factorial judgment designse.

Of the 19 experiments, No. 1 in Table 1, served as a control
for order effects. Six experiments (No. 2 - 7) were carried out to
assess taste interaction using the equimolar comparigon rule, and
twelve (No. B - 19) were carried out to assess taste intsraction
using the factorial plot and the summated comparison rule.

The control experiment consisted of a B (concentrations of the
first stimulus) x B (concentrations of the second stimulus}
factorial judgment design, in which 0.00 (water), 0.125, 0.25, 0.50,
1.00, and 2.00 mol fructoee solutions served both as first and as
second stimulus.

Each of the six experiments for the eaquimolar comparison
(No. 2 - 7 in Table 1) also employed a B x 6 factoriai judgment
design. The firet and second stimulus of a pair of sach design. the
firot stimulus mentioned first, were fructose-sucrose, sucrosa-
fructose, fructose- FruSuc .B0/.50, FruSuc .B0/.50- fructose,
sucrose- FruSuc .50/.50, and FruSuc .50/.50- sucrose. The
concentrations of the series of first and second stimuli were 0.00
(water), 0.126, 0.25, 050, 1.00, and 2.00 mol/L. The responses to
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the sweetness intensities of 0.25, 0.50. 1.00 and 2.00 moi/L of the
FruSuc .50/.50 mixture were also used for the factorial plot and the
summated response comparison. Figue 2, panel B, showa the stimuli
used in these sxperiments.

Each of the series of 12 experiments (No. 8 - 19) conducted for
the factorial plot and the summated response comparisone alBo
congisted a factorial judgment design. Six equiratic mixture typas
were prepared, sc as to include all of the mixtures necessary for
the summated response and factorial plot comparisora. Thie was with
exception of the .50/50 mixtures, the diagonal in Figure 2. panel
B. which were already incorporated in the otharx part of the study.
Water, baing the 0.00 moi/L solution of aach mixture type, was
included in each of these series. The six series’ of eaquiratio
mixture types ware compared to a series of § fructose solutions,
ie., 0.00, 0125, 0.25, 050, and 1.00 mol/L fructoss. The stimuli
and equiratio mixture types used in thase experiments are shown in
Figure 2, panel C. Fructose wes presented as the firset etimulus of
the pair in six of the experimenta, and as the second stimulus in
the remaining six.

Procedure

The subjecta were instructed to judge the magnitude of the
difference in perceived sweetness intensity between the firat and
sscond stimulus of sach pair. The instructions emphasized that only
the sweetness Intensity was to be judged, and that the hedonic valus
and side tastes were to be disrsgarded. The judgments were expreased
by a slash mark on a 250 mm visual analogue scale. The 'middle of the
scale was defined as "the first and second stimulus are equal with
respect to perceived swesetness intensity’ (De Graaf et al., 1887;
Figure 3). if a subject perceived the first stimulus as swester than
the second, he placed on the left side of the scale according to the
magnitude of the difference. Similarly, the subject marked the right
side of the scale when the second stimulus was perceived as aweeler.
The left and right poies of the scale wers |abslled ‘maximum
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difference’. In the inatructions ‘maximum difference’ was defined as
the difference in sweetnese intensity between the stimull of tha
reference pair, i.e. water as first stimulus and a 2.5 mol/L sucrose
solution as second stimulus. The difference in the reference pair

was expected to be iarger than the difference in any other pair. The
regponeees were measured a8 the distance in mm from the left pole of
the scale. A response value of 125 meant no difference, a value
‘above 125 meant that the second stimulus was perceived as being
sweeter than the first one, and a value below 125 indicated that the
firet stimulus was perceived as being the sweetest stimulus of the
pair.

The subjects were reguested to rinse their mouths thoroughly
with demineralized water, both within and between paire. The stimuli
were preeented at room temperature (20 degrees C), in polystyrens
medicine cups. Each cup contained about 40 m! solution. The pairs of
each factorial design were presanted in a random sequence, and in a
different order for sach subject. The reference pair was presented
at the begimning of each session, and again after the 12th and thea
24th pair of each session. The time interval between the first and
second stimulus of a pair waes 50 seconds, and the interval betwesn
pairs was aleo 50 seconde. Each of the 10 factorial designs was
prasented twice to sach subjact. TheA order of presentation of the
various designe was randomized. (t took each subjact 24 one-hour
seseions to complete the axperiment,

RESULTS

In order to be able to draw conclusicns about taste
interactions, it is necessary to derive one scale valus for sach
etimulug tasted. For the factorial plnf comparison rule and tha
summated comparison rule, these scale values must represent
sweotnesa inténaitiea on an interval and ratio scale.

Whether or not the scale to be derived hae interval properties,
depends on the validity of the assumption that the overt responses

vary linearly with differences in perceived swestnase inteneity.
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The first step in data snalysis was to test this assumption. The
data were then analyzed to sea if the first and second stimulus had
an equal weight in determining the response, L.e, whether or not
order affects occurred. After having eatisfied theee criteria, it
was poesible to derive a scale value for esach of the experimental
stimuli. Taste interaction was finally assessed using the three

comparison rules.

The judgment function

If subjects judged differences betwesen perceived sweetness
intansities, parallelism In a factorial piot of tha responses
implies that the overt responses are linear with sweetness intensity
differences.

Individual analyses wera carried out in the firast place because
individuale may differ in the way they compare the two sensory
impreegions within each pair or in the form of their judoment
function. Anslyees of variance wera carried out for sach subject and
each factorial judgment desiogn (12 x 19 = 228 analyses). An
indicator for the degree of non-parallelism is tha Row x Column
intaraction. This term was tested for statietical significance with
the Aow x Colsnn x Replicate interaction as error term. Two subjects
showed significant Row x Column interactions at (p < .01) in one or
more of their 18 response matrices. The data of these subjacte wera
excluded from further data analyeis. The analyses of the ten
remaining subjects showed no significant interactions (p < .01).

The responses for each pair were then averaged acrose the two
replicates and the ten subjects. Figure 3, panels 1- 19, showe the
arithmetic mean of the responese to sach pair of sach of the
19 factorial judgment dasigns. Vigual imepection of these factorial
piots shows no apparent deviations from parallelism. However, a
statisticat test showed that the Row x Column interaction tested
against the Row x Column x Subject interaction was significant in
three out of the 19 cases (p < .05). Theee three cases were the
sucrose-fructose, the fructoes- FruSuc .50/.50, and the fructose-
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FruSuc .33/.67 design. In the 18 remaining responses matrices no
significent interactions at the p < .05 level were found.

The question now arises as to whether the three statistically
significant deviations from parallelism invalidate the assumed
paychological model, i.e. a comparative operation that can be
described by a algebraic subtractive rule plus a lingar jucdgment
function. We agree with Anderson (1982; p. 167) with regard to the
statietical power of 3 test in relation to criteria for accepting
and rejecting models, He writes: "Power is adequate when the

=] ancies are significant gtatistically but unimportant
substantively™. As the central issue in this study e the tasts
interaction between sucrose and fructose, the question is, whether
the deviations have a substantive sffect on the scale values of
perceived sweetness intensity. The astimation of the reiative
magnitude of expsrimental effecta was aobtained by calculating the
value of omega-squared for a non-additive model in a fixed factor
repaated measurement design (Dodd & Schultz, 1873). Tabla 1 shows
the relative contributions of the concentration lsvel of the first
stimulus, the concentration level of the second stimulus, the sum of
these two, and the first order interaction between the first
(column) and second (row) stimulus, for each of the 19 designs. This
table shows that the sum of the contributions of the first and
second etimull is in between 85% and 93%, implying that B5Y to 937
of the variance in each of the designs is due to the concentration
levels of the first and mecond stimuli. The omega-sauared value of
the Row x Column interaction varies between -0.3 % and +08 %. a
negative value results from a F-ratio < 1, implying that this
interaction term is unimportant as a source of variance. As this
source of variance doss not have a substantive influence on the
scale values to be obtained, conclusions to ba drawn sbout the taste
interaction between sucrose and fructose are not likely to be
affected by these deviations from parallelism. It is concluded that
the assumptions concerning the subtractive comparative operation and

the linear judgment function were met in this expariment.
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Figure 3, For each factorial judgment design, the mean
response to the difference in perceived sweeiness intensity
between the first and second stimulus of each pair. The responses
are plotted as a function of the concentration of the second
stimulus with a separate curve for each concentration of the
first stimulus, The type of stimulus tasted first and second are
given in the upper left corner of each panel. A value of 125
implies no difference, a value below 125 implies that the first
stimulus is perceived as being sweeter, and a vaiue above 125
implies that the second stimulus has a greater perceived
sweetness intensity, The number of each panel corresponds toc the
number of each experiment in Tahle 1.
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Table 1. For each experiment the relative magnitude

-1l

(=Omega-squared) af effects

Experiment

Omesa—aauared in X @

Purrose Tvre of stimuluz Btimuilus  aum of ftiret firet x sec.
Number desion tiret aecond firet second and mecond intersction
contral [1 Ex 6 fructose fructose 4539 46,26 91.64 —0.01
_2 6 x & fructose suUCroBe 37.04 53.52 90.56 0.00
3 6 x 6 waucrome fructose 54.72 36.83 91.858 0.2&
eau— 4 6 x 6 fructose FruSue .0DD/.50 38.94 52.20 90.69 o.N
maoigr s 6 x 6§ FruSuc .B0/.8D0 fructose §0.03 29.89 89.92 G.04
compg— | & 6x 6 sucrose FruSuc .B0/.30 46.75 43.65 90.40 0.10
rizon 7 6 x & FruSue .BO/.B0 aucroge 42.60 48,99 91.59 -=0.04
|_a B-x 4 tructose FruSuc .67/.33 29.99 59.20 £9.28 —-0.01
Bum= 9 4 x5 PFruSuc .&£7/.33 fructose 85516 3D.3% 85.55 G.04
mated |10 Bx 4 fructose FruSuc .33/.67 24.37 6318 a7.55 Q.57
rea— 1 4 x5 FruSuc .33/.67 fructose 57.57 28.B4 86.1 -0.08
Ponse [12 Bx 3 fructose FruSuc .80/.20 27.38 B9.28 B86.66 0.0
compe— {13 3 x5 FruSuc .BO/.20 fructose 86.42 29.57 85,99 -0.24
rison |14 8% 8 fructome FruSuc .20s.80 22.29 67.09 089.38 0.26
18 3 x5 FruSuc .20/.80 fructame &1.06 25.34 86.40 -0.08
1€ 8x2 fructoae FruSuc .89/.11 23.98 &£6.54 90.62 —0.15
17 2% % FruSue .B9/.1 fructose 88.05 31.27 89.32 0.03
18 8x2 fructose FruSuc 1/.89 18.03 71.24 88.27 0.04
ng 2x 58 FruSuc .#17.89 fructose 73.25 1966 92N 0.3
a) The replication factor was excluded from thess calcuiations.
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Order sffecte

No evidence of order effects was ssen applying the msethod of
Bogartz (1980) to compare psychophyeical functions of row ve. column
stimuli of the fructose-fructoee factorial judoment design.
Furthermore, overall means of the difference judgments for no
subject deviated significantly from 125, Deviations would have
occurred if there were a aystematic order effect (De Graaf et al.,
1887).

Derivation of ecale valugs of perceived swestngss intensity

The obeerved paralielism, and the ashsence of order effects,
implies that the marginal means of the row (firet) and column
{second) stimull are valid estimates of the swesetnass intensities of
the corresponding row and column stimuli on a linear scale
(Anderson, 1981). As water was included in each of the eeries aof row
and column stimull, the scale value of water can be used as a
conventional zera point. The perceived sweetrness inteneity of each
stimulue can thus be defined as the distance between the acale value
of that stimuius and the scale value of water. Each of the 19
factorial designs vielded two marginal means for water, one for
water as the first stimuius and one for water as the second
stimulus. The ecale valuee of the sugar containing row stimuli were
determined by calculating the difference betwesen their marginal
means and the marginal row mean of water in that same design. The
Bcale values of the column stimull were determined in a similar way.

These caleulations vielded 18 sets of scale values for fructose,
9 sets for fructose presented as first stimulus, and 9 sets for
fructose serving as second stimulus. The B x B factorial designs,
containing unmixed fructose stimuli (Table 1, no. 1 - 5), yielded
six sats of five scale values, two sets from the fructose-fructose
design, and one from each of the other designs. The remaining twelve
other designs (Table 4, no. B - 19) each vielded one sst of scale

values for the four unmixed fructose stimuli.
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Four sets of scale values were derived for sucrose and the
FruSuc .50/.50 eqguiratio mixture type; two sets of five ecale j
values, for those stimuli tasted first, and two sets of five scale
values for those stimuli tasted second. For each of the other
stimuli, all mixtures except the .50/.50 mixtures, two sets of scale
values were derived.

Since there wers no order effects, the final scale value for
each of the expsrimantal stimuli could be determined by calculating
the arithmetic mean of the scale value(s) of the stimuli tasted
first, and the scale values for the stimuli tasted second. These

scalg values ars shown in Figures 5 and 8.

Ratio scale properties

Assuming that water does not taste swest (Kroeze, 1982, p. 132;
De Graaf et al.,, 1987} its scale value can be treatad as the
absolute zero-point for the scale of perceived sweetness intensity.
For the summated response comparieon, it i8 necessary that the
sweatnass intensities are assesssd on a ratio scale. The description
of the taste interaction between sucrose as fructose as well as the
description of tha "apparent” taste interactions within fructose and
sucrose, depend on the assumption of water bsing the absolute zero
point, The shape of the psychophysical function, whether it is
expanding or compressing al2o depends on this aseumption. The
descriptions of the taste interaction according the factorial piot
comparison and the equimolar comparison are indepandent of this
assumption.

Tente interaction betwesen sucrose end fructose

The sunpmated responge comparison

In Figure 4, panel A, the sum of the inteneitiee of each of the
concentrations 0.125, 0.25, 0.50, and 1.00 mol/L fructose, and sach
of the concentrations 0.125, 0.25, 0.50, and 1.00 mol/L sucrose are
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compared with the intensitiss of the mixturee. Thia reeults in 16
comparigons. it is apparent that at low levele the mixture intensity
18 higher than the sum of the component intensities, at intermediate
levels it is approximately equal to the sum of the component
intensities, and at high intensities the mixture intensity is lees

than the sum of the component intensities. From this result it is
concluded that sucrose and fructose show little synergism at low
sweetrnass leveis, addition at intermediate {evels and supprassion at
high sweetnesa levels.

However, as argusd above, tc arrive at a proper description of
the specific taaste interaction between sucross and fructose, this
taste interaction should be compared with the apparent taste
"interactione” within eucrose and fructose as sihgls subatances. In
order to get similar diagrams for thess apparent within aubstance
"interactiona” (Figure 4, pansl B and C), saveral values shown in
these panels had to bs estimated. This was becauss they had not been
experimantally datermined. For ingtance, ths taste interaction
between 0.25 mol sucrose and 0.125 mol fructose, had to be compared
to the apparent taste "interaction” between 0.26 mol fructose and
0.125 mol fructose, as well as to the apparent "interaction™ between
0.25 mol and 0.125 mol sucrose. For such a comparison, the
intensities of D.375 (= 0.125 + 0.25) mol/L fructose, and 0.375
mol/L sucrose must be known. The same applies for the intensitiss of
0.825, 0.75, 1125, 1.26, and 1.50 mol/L fructose and sucrose. These
inteneities were estimated using second order polynomials, where the
natural logarithm of the concentration and ite squared value werse
the independent wvariables, and the natural lagarithm of the obtained
ecale values was the dependent wvariablse. The fructoee function had
an R-squared of .9897, and sucroes had an R-squared of .S9B5. Both
functions were monotonic within the relevant domain. In view of the
puodness of fit, these polynomials were considered to be appropriate
for the estimation of the inteneities required.

Figure 4, panels B and C., shows the apparent taste
"interactions” within fructose and within sucrose. The solid points

represent experimsntally determined scale values, and the open




-120-

response fructose-sucrose  response SUCrOSE -SUCIOSE respanse fructose-fructose
mixture: R mixture : R mixture: R

%0, %, g oy

1201 1201 1201

80 I 80 a0 801

wl 7 401 40

20 6 100 140 0 6 100 %0 20 60 100 W0

response fructose+ response response sucrose + response response fructose+response
sucrose: Rul+ Roy sucrose: Ry« + Rpy fructose: Ry, + Roy

Figure 4. Panel A shows the relationship of the sum of the
sweelness intensities of each of the concentrations 0,125, 0.25,
0.50, and 1.00 mol/L. fructose, and each of the concentrations
0.125, 0.25, 0.50, and 1.00 mol/L sucrose, to the sweetness
intensity of the mixtures. If additivity was the rule, all points
should lie on the straight line drawn from the origin. If the
mixture intensity is higher than the sum of the intensities of
its components, the points will lie above this line., and if the
mixture intensity is lower than the sum of the components
intensities, the points will fall below this line.

Panel B shows the corresponding summated response
comparisons for the apparent taste "interaction” within sucrose,
and panel C shows these comparisons for the apparent taste
"interaction” within fructose. The soclid points represent scale
values experimentally obtained, and the open points represent
estimated scale values,

points are estimates. Panel B shows that the apparent taste
“intaraction” within sucrose changes from being elightly synergistic
at low levels to suppressive at high levels. However, compared to
panel A, there are lese points above and more points below the
additivity line., The summatsed response comparisons for the apparent
fructose-fructose "interaction” in Panel C show a similar pattern to
panel B.

This amalysis shows that the taste interaction between sucrose
and fructose i8 similar to the apparent taste "interactions” within
fructose and within sucroee. However, the between substance taste
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interaction shows a greater magnitude and freauency of synergism,
and a smaller magnitude and freguency of suppression than the

apparent within substance "interactions”.

The factorial plot comparison

Figure 5, panel A, shows perceived sweetness intensity as a
function of fructose concentration, with a separate curve for each
sucrose concentration. It is important to bsar in mind, that this
factorial plot represents a different integration process than the
factorial plots in Figure 3. The factorial plot in Figure 5. panel
A, representes the taste interaction bstween sucrose and fructose.
The factorial piots in Figure 3, represent the comparative operation
between two sensory impressions and the form of the judgment
function. It could be said, that Figure 5 represents the
psychophysical interaction, and that Figure 3 shows the
psychological integration.

The overall pattern in this panel is convergent, since the
vertical distance between the curves diminishes as the fructose
concentration increasss. The degree of non-parallelism i.e.
convergence or divergence, is refiected in the magnitude of the Row
(= fructose) x Column (= sucrose) interaction. Analysis of variance
ehowed that the Sucrose x Fructose interaction, with the
Sucrose X Fructose x Subjects interaction as the error term, is
statistically significant [ F(16,144) = 12,97, p < .00M 1.

There sesms to be a differential effect on the taste
interaction of concentration level. The 0.00 mol/L sucrose line and
the 0.125 mol/L sucrose line diverge up to the level of 0.125 moi/l
fructose. This indicates that synergism ocourred. Analysis of
variance showed that this divergence is statistically significant
[ F1.9) = 244, p < .01 }

in some other parts of panal A, the taste intwraction between
sucrose and fructose appsarg to be additive. For example, the curves
of 0.00 moi/L sucrose =nd 0.425 mol/L eucrose from 0125 mol/L to
0.25 mol/L fructose are parallel [F(1,9) = 0.05]. This implies that
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Figure 5. In panel A the perceived sweetness intensity of
fructose-sucrose nixtures is plotted as a function of the
fructose concentration, with a separate curve for each of the
sucrose concentrations, Panels B and C represent similar
factorial plots as in panel A. hui the single substances are
conceived as a mixture of the substances with themselves. In
panel B, the perceived sweetness intensity of sucrose- sucrose
"mixtures” is plotted as a function of the sucrose caoncentiration,
with a separate curve for each sucrose concentration. In panel C,
the sweetness iniensities of fructose-fructose "mixtures”™ are
plotted as a function af the fructase concentration, with a
geparate curve for each fructose concentration. The closed
circles represent scale values obtained experimentally, and the
open circles represent estimated scale values using polynomial
regression eqguations,

the addition of D.125 mol/L sucrase to 0.125 mol/L fructose yislde
the same increment in perceived taste intensity as tha addition of
0.125 mpl/L sucrose to a D.25 mol/L fructose solution. The same
applles for the lines of 04125 and 0.28 mol/L sucrose up to 0125
mol/L fructose [F1,9) = 0.73). The taste interaction between 0.25
mol/L fructose and 0.25 mol/L sucrose is also additive [F(1,9) =
0.17).

At the higher swestness leve!s for sucrose and fructose,
suppression takes place. The F-ratio representing the taste
interaction between 050 mol fructose and D.50 mol sucrose is 12.01,
and the F(1,9}-atio representing the taste interaction between
1.00 mo! fructocee and 1.00 mol sucrose is 50.82. These F-ratios also
show that the degree of suppression increases at higher
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concentration levels,

In order to get similar factorial plots for the apparent taste
"intaractions™ within fructose and sucrose, Figure 5, panst B and C,
several values shown in these pansls (tha swestness intenzities of
0.375, 0.625, 0.75, 1425, 1.25. and 1.5 mol/L) wera sstimatad using
the same functione as in the summated comparisun rule. ANOVA's of
the data similar to those carried out on the data of panal A are not
feasible because several values within the plots B and C are
experimentally depandent.

Visual inepection of panels B and C shows that the overail
patterns are similar to that of pansel A. However, it appears that
the convergences in panels B and C are more pronounced than in pansl
A,

To summarize: Taste interaction betweesn sucrose and fructose
can be largely explained by the apparaent tasts “interaction” within
the single substances themselves. However, there appears to be a
tendency towards less suppression, implying more synargism and
addition, than could be expected on the basie of the apparsnt within

taste substance “"interactiona”.

The sguimpiar comparison

Figure 6 shows that the FruSuc .50/.50 function lias in batween
the functions of unmixed sucrose and fructose. In the terminology of
Bergiund et al. (1978) this means that fructose and sucrose
compromise .when mixed. This finding reinforces the general rule
postulated by De Graaf & Frijters (1987), who arguad that the
swestneas intensities of binary sugar mixtures always lie in betwseen
the intensities of their components, when each ie tasted alone and
at the same total molarity as the mixtura.

it is evident, however, that the FruSuc .50/.50 function does
not lie halfway- in between the sucrose and fructose functions. Up to
0,125 M, the slope of the .50/50 function lies in between the
slopes of the sucrose and fructose functions, Betweaen 0.125 and 0.25
M, the .B0/.50 function approaches the aucroese function, and staye
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Figure 8. Psychophysical functions for fructaose, sucrose,
and the FruSuc .50/.50 equiratio mixture type.

near that function up to the level of 1.00 M. Above 1.00 M. the
slope of the .50/50 function gets shallower than the sucropse
function. The sweetneae of 2.00 mol/L of the FruSuc .50/.50 mixture
is about 10 units less than that of 2.00 mol/L sucross.

DISCUSSION

A comparison betwesn comparison rules

Az the thres methods of assessing taste interaction describe
the same phenomena. there should be a straightforward relationship
between the results obtained.

The conclusions from the summated response comparison and the

factorial plot comparison are almoat identical. Fructose and sucrose
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show synergism at low levels, additivity at intermediate levels, and
suppression at high leveis. In both analyses, the taste interaction
between sucrose and fructose could be explained to a large extent by
the apparent taste "interactions” within sucroee and within

fructoee. However, it is concluded from both comparisons that taste
interaction betwseen sucrose and fructose is mors synergistically,
more sdditively and less suppressively than each of the apparent
within taste subsetance “interactions™.

Similar conclusions can be obtained from the eguimolar
comparison rule. At the low concentrations of sucrose and fructose,
doubling the concentration yielde a more than twofold swestnass
intensity (see Figure B6). At high concentrations doubling the
concentration yields a Iess than double swesetness intensity. Thus,
if the apparent taete “interactions” within sucrose and fructoee was
to be described in terms of suppression, addition or synergism, it
would be concluded that they show synergism at low sweetness lavels,
addition at intermediate swestness levels, and suppression at high
sweetness |evele. The finding that the pseychophysical function of
the fruSuc .50/.60 mixture type liee In between the psychophysical
functions of sucrose and fructose as single substances shows that
the taets interaction between sucrose and fructose is approximately
equal to the apparent taste "interactions™ within sucrose and
fructose. The tendency towards more synergisem, more addition and
leee suppression of the taste interaction betwesn sucrose and
fructoee compared to the apparent taste “interaction” within thesa
substances, ie reflected in the relative position of the FruSuc
50s.50 function. It does not lis halfway betwesen the fructose and
eucrose functions but it is Iocated close to the function of the
sweetest sugar, |.e., sucrose.

The main difference between the three comparison pracedurss
lies in the way the conclusions are obtained. The conclusions
derived from the squimolar comparison were more easily obtained than
those from the factorial plot and summated responsa comparisons. it
is reguired that the scale values represent taste intensities on a

ratio scale, for a sound conclusion based on the summated responsa
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comparison rule. An interval ecale is reguired for the factorial

plot comparison. These requirements piace constraints on the tyeps of
scaling method that can be employed. For the assesement of taste
interaction according to the equimolar comparison rule, an ordinal
level of assessment is sufficient (De Graaf & Frijters, 1887).

Another essential difference between the equimolar comparison
and the summated response, and the factorial plot comparisons is
that the equimolar comparison rule compares peychophyeical functions
whereas the other procedurss do rot. In order to draw conclusions
sbout the taste interaction between two taste substancese according
to the summated response and the factorial plot comparison rules,
the between substance interaction must be comparad to the apparent
tasta "interactions” within these eubstances. Since the apparent
taste "interaction” within a substance is reflacted in the shape of
its paychophysical function, the comparison of between and within
substance interactions is implicit In the sauimolar comparison rule.
This means that a comparison of the psychophysical functions of
single substances with the psychophysical function of an eguiratio
mixture type already involves a compariaon of the taste interaction
between substances with the apparant taste "interaction” within
subhstancas.

Another advantage of tha equimolar comparison over the summated
response and factorial plot comparisons is that the eaguimolar
comparison shows directly that the swestness intensity of sucrose-
fructose mixtures lie In between eguimolar concentrations of sucrose
and fructose. This appears to be a genersl ruie applicabls to a
larga number of binary sugar(alcohol} mixtures (De Graaf & Frijters,
1887). This phenomenon is not apparent in the other comparisons.

Taste interaction in sugar(alcohgl) mixtyres: some_general rules

The preeent data on sucrose and fructose and the data from De
Graaf et al. (1987) on glucoss and fructoss, suggests that the
peychophyeical functions of these substances are positively

accelerating at low concentratione and negatively accelerating at
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high concentrations. As the shapes of the psychophysical functions
of a large number of sugars and sugar aicohols are similar (see
Schutz & Pilgrim, 1857; Yamaguchi, Yoshikawa, lkeda & Ninomiva,

1970a), it can be inferred that the psychophysical functions of

these sugars and sugar alcohols axpand at low concentrations and
comprage at high concentrations. Thie means that the apparent taste

"interaction™ within these sugare can be expected to ba

synergistically at low sweetness |evels, additively at intermediate
concentrations, and suppresaively at high concentrations. With
respect to the psychophysical functione of sauiratio mixture types
of sugare, it i8 notaed that these functione always lie in between
the psychophysical functions of the single compounds constituting
the mixture (De Graaf, & Frijters, 18987). This means that the
psychophysical functions of eguiratio sugar mixtures exhibit a
aimilar shape as the psychophysical functions for single sugars.
Thus, in conclusion, the taste interaction betwesn any two sugars or
sugar alcohole can alsoc be expscted toc be esynergistically at low
levals, additive at intermediate levels, and suppressive at high
levels,

It follows from the foregoing paragraphe that the same rule

applies for the apparent taste "interaction™ within single sugars,

and for the taste interaction betwseen two sugars in a mixture. Thus,

for binary sugar mixtures the guasstion arisga as to whether any of

the taste interaction ie gpecific for the substancas mixed. In other
worde, can the taste interaction between two sugars be totally

explained by the apparent taste "interaction” within these

substances 7

From the data obtained in thie experiment and from other data
in the literature, it appears that for certain sugars and sugar
slcohols this question can be answered affirmatively. Some sweet
substances, like glucose, sorbitol, galabtos. mannitol, and xylose
have virtually identical peychophysical functions, when determined
under identical éqndltinna (Cameron, 1947, De Graaf & Frijters,
1887; Frijters & De Graaf, submitted; Munton & Birch, 1885;
Yamaguchi et al., 1870a). Thay also have similar threshoid
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conceantrations in mol/L (Haefeli, 1983). The data from esaveral
mixture studies show that the psychophysical functiona of various
squiratio mixture types of these substances are similar to the
single cormpound peychophysical functions (De Graaf & Frijtera, 1987
Frijtere & De Graaf, submitted; Yamaguchi, 1970b). This means that
the taste interaction among these substances must be virtually
identical to the apparent taste "interactions™ within thees
substances. Thus, glucose seems to interact with sorbitol in tha
same way =g it interacts with itself and also in the same way as
sorbitol interacte with itseif. The same applies for other possible
mixtures of the substances mentioned sbove.

In addition, the data of Yamaguchi et al. (1970b) show that the
taste interaction patterns between glucoss, sorbitocl and mamnitol on
the one hand and sach of a numbers of sweeteners like sucrose,
fructose, xylitol, saccharin and cyclamate on the other hand, are
similar, Thus, gQlucosse interacts with sucroes, fructose, xylitol,
saccharin and cyclamate in a similar way as do sorbitol and
mannitol.

The data discussed in the two preceding paragraphe suggest that
the sugars(alcohols) glucose, galactosse, mannitol, sorbitol, and
xyloge operate in a similar way to slicit sweestness.

This seams rot to be the case for substancoe which have readily
distinguishable psychophysical functions, like glucose, fructoee,
and sucrosee. As the present study shows, the taste interaction
betwsen fructose and sucrose cannot be completely explained by the
apparent taste "interactions™ within the single substances. Tha same
applies for mixtures of glucose and fructoss. The sweetness
intensities of glucose-fructose mixtures approach the sweetness
intensity of squimolar concentrations of fructose at high
concentration levels (De Graaf et al.,, 1987; Frijters & Oude Ophuis,
1983). In a pravious paper (Je Graaf & Frijtera, 1988) it was shown
that Beidler's mixture model, which assumes compsetition for the same
receptor sites, could adeguately describe the glucose-fructoee
interaction at low swgetness levels only. At high swestness |sveis,

the taste system opsrated more efficiently than could be expeacted on
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the basis of thie competition model. It was conciuded that glucose

and fructose share common receptor sites but sither one or both must
have additional secondary binding mechanisms. Tha same explanation

may also apply to fructose and sucrose.
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CHAPTER SEVEN

"RATIOS" AND "DIFFERENCES™ IN PERCEIVED SWEETNESS INTENSITY

Cess De Graaf and Jan E.R. Frijters

Maruscript submitted for publication to Perception &
Psychophysics

ABSTRACT For a mumber of perceptual continua, it has bheen shown
in previous studies that subjects use only one guantitative
comparison betweean two sensory imprassions of a pair of stimuli,
irrespactive of whether they =re instructed to judge "ratios" or
to judge "differences”. This comparison can be described by
algebraic subtraction. The present study wasz designed to
investigate whether this one-operation theory for psychophysical
judgment also applies to the sensory continuum of sweetnsss.
Suhjects were presented with pairs of fructose solutions, and
judged "ratios” of, or "differences” in, perceived sweetness
intensitiea. The pairs were constructed on the basis of a
factorial judgment design. The results showaed that the reported
"differences” could be adeguately described by a difference
response model, and that the reported "ratios” could be
adeguatsly described by a ratio response model. However, the
reported "ratios”™ and reported "differences” were monotonically
related, and the marginal means of the log-transformed responssa
matrix of "ratios” were a linear function of the marginal means
of the response matrix of "differences”. These results are
incompatible with the notion that subjects judged differences.
when ingatructed to judge "differences”, and ratios when
instructed tc judge “"ratios”. The consistency of the ratio
responga model with "ratio” judgments is probably caused by a
comparstive operation based on "differences” in combination with
an exponential response output function. it is concluded, that
Bubjects judge only "differences” bstween perceived sweetness
intensities, and not “ratios”.
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INTRODUCTION

For several perceptusal continua, such as, heaviness
(Birnbaum & Veit, 1974; Msellers, Davis & Birnbaum, 1984),
loudness (Schneider, Parker, Kanow & Farell, 1976; Birrbaum &
Elmasian, 1977), pitch (Schneider, Parker & Upenisks, 1982),
darkness of dot patterns (Birnbauwmn, 18978; Mseilers & Birnbaum,
1982) and of gray papers (Veit, 1978). It has besn shown, that
the way in which subjects compare ths absolute magnitudes of two
sensations slicited by a pair of stimuli is independent of the
instructions. The type of comparison is the same when instructed
to judge "differences” or to judge "ratios”. This cognitive
operation can be described by aigabraic subtraction. Birnbaum and
colieaguas {(&.g.., Birnbaum, 1082; Mellers et al., 1884) argusd
that under proper experimental conditions. “difference”
instructions (e.9.. category scales) induce a linear raesponse
output function, (i.e.. the function reiating subjective
intensity "differences” to observable "difference” responses is
linear). On the contrary. “ratio” instructions (e.g.., magnitude
estimation), in which the numerical axamples are geometrically
spaced (e.g.. the standard is 10; if a stimulus is 10 times
stronger as the standard, assign the number 100; if a stimulus is
1710 as strong as the standard. assign the number 1) are supposed
to induce an approximately exponential response function
(Birmbaum, 1978: Birmbaum, 198D; Mseliers et al., 1984). An
exponential response output function transforme perceived
"differences” into numerical ratings that are consistent with.a
"ratio” response model.

The ampirical evidence in favour of Birnbaum's one-operation
theory evolves from expseriments in which the functional
measuement approach, in combination with a two-stimulus
procedurse was applied (s.g. Anderson, 1974, 18981; Birnbaum,

1882). In thesee experimente, pairs of stimuli were presentad
under the inatruction to judge sither the "ratio” or the
"difference™ between the subjective intensities of each of a
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rnumber of row stimuli, and each of a number of column stimuli.
The results of these experiments showed that reported “ratios”
were monotonic with, and an approximately exponential function of
reported "differences”. Such monotonicity is incompatible with

the notion that subjects report differences when instructed to
judge "differsnces”, and that they report ratios when instructed
to judge "ratios”. The rank order in magnitude of reported ratios
must be different from the rank order in magnitude of reported
differences, if each kind of instruction generates the
comparative opsration as intended (s.g9.. Veit, 1978; Birnbaum,
1982).

Monotonocity between difference and ratio judgments is an
indication that subjects use one comparative operation onily under
the condition that the peychological range of the sensory
impressione of the experimental stimuli is sufficiently large.

When the psychoiogical range is small, "difference” and "ratio”
judgmente will have the same rank order, even if subjects
distinguish between a psychological difference and a
pasychological ratio (Rule & Curtie, 1980: Schneider, et al.

1982). Therefore. rank order between "ratio” and "difference”
Judgments must be evaluated in combination with the pseycholgical
range of sensory Impressions.

This study was designed to investigats whether or not the
ona-gperation theory of comparative judgment holde for judoments
of perceived sweetness intensity. The design of the study was
gimilar to that of the studies previously cited, where there were
two experimental conditions, one for sach typa of inatruction. In
the "difference” condition, subjects were inatructed to judge the
"difference” in parceived swestness intensity of two fructose
aolutions, whilst in the "ratio” condition, subjecte were
imatructed to judge the "ratio” of the perceived swestness

intensities of two fructose solutions.
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METHODS AND MATERIALS

Subjects

Forty paid volunteers were used as subjocts. All were
undergraduate students from the Agricultural University, whose
ages ranged from from 18 to 29 yesrs. None of the subjects had
prior experience in psychophysical scaling tasks. They wera given
no information about the aim of the experiment or the natuws of

the substances used.

Stimuli

The stimuli were solutions of fructose (Merck, 5321)
disgolved in demineralized water. The concentrations of the six
fructose solutions wers 0.125, 0.218, 0.379, 0.B60, 1.148, and
2.00 M. A pair comprising of 0.126 M fructose as the first
stimulus, and 250 M fructose as the second stimulus, served as
the reference pair. The solutions were prepared at least 24 hours
prior te taa_ting, and were stored at 4 degrees C for no longer
than seven days.

Design

The subjecte were randomly assigned to each of two groups of
20 subjects. One group was instructed tc judge the “difference”
in perceived sweetness intenaity between two stimuli of each
pair, and the other group was instructed tc judge the “ratio” of
the intensities.

Both conditions involved = (number of different stimuli
tasted first) timee B (humber of different stimuli tasted second)
symmetrical factorial judgment design (Oe Graaf, Frijters & Van
Trijp, 1887). Thus, each of the six fructose stimuli served as
both first and second stimulus in all possible pairse of stimuli
(i.,e. 36 in total).
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Procedure

In both the "difference”™ and the "ratio” cordition, the
instructions emphasized that only the sweetness intensity was to
be judged, and that the hedonic value and potential side tastes
were to be disragarded. The subjects were reguested to rinse
their mouthse thoroughly with demineralized water, both within and
between pairs. The stimuli were presented at room temperature. in
polystyrene medicine cups, each containing about 10 ml of
solution. The 36 pairs in the factorial judgment design were
presented in 2 random seguence, and in a different order for each
subject. Tha reference pair (0.1256 M fructose as first and 25 M
fructose as second stimulus) was presented at the beginning of
each session, and again after the 12th and 24th pair in each
series of 3B6. The "difference” between, or "ratic” of, perceived
swestness intensities in this pair was expscted to be larger than
the "difference” in, or "ratio” of. any other pair to be judged.

The time interval between the two stimuli within a pair, as
well as the time interval between paire, was 50 seconds. Each
subject tasted a seriee of 36 pairs three times. one in each of

three sessions.

"Difference” task

The subjects were instructed to judge the magnitude of the
“difference” in perceived sweetness intansity between the
first and second stimulus of sach pair. The ratings had to
beexpressed by a3 slash mark on a 280 mm visual analogus
scale (sea Do Graaf et al., 1887), of which the middie was
defined as "the first and second stimulus are equal in
sweatness intensity”. If the first stimulus was perceived as
sweeter than the sscond, the subject put =2 mark on the left
side of tha scals. Similarly, the subject put @ mark on the
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right side of the scale when the second stimulue wae
perceived as being sweeter. The larger the "difference”
between stimuli, the larger the distance of the mark from
the middle of the scals. The left and the right anchors of
tha scale were labelled with "maximum difference”. In the
instructions "maximum difference” was defined as the
"difference” in swestness intensity between the stimuli of
the reference pair.

For data analysis, the ratings were measured as the distance
in mm from the left anchor of the sgale. Thus, the numerical
value 1256 means no "difference”, values below 125 indicate
that the first stimulus was perceived as sweeter than the
second. and values above 125 indicate that the second

gtimulus was perceived as sweetear,

"Ratio” task

Subjzcte were instructed to judge tha magnitude of the
"ratio” of the perceived swestness intensity of the first
and the perceived sweetness intensity of the second stimuius
of each pair. Thay had to identify first, which stimulus of
each pair was the swestast, and subssguently to aseign 2
number reflecting the “ratio” of the par;caivsd sweestness
intensity of ths sweetest stimulus and the Isast sweetest
stimulus. If the firet and second stimulus were equai in
perceived swastness intensity, subjects had to assign the
number one. The maximum “ratio”, being the "ratio” of the
perceived swassetnass intensities of the etimuli of reference

pair, was declared in the instructions to be 25.
RESULTS

In Figure 1, panel A, the arithmetic means of “difference”

judgmente are plotted as a function of the marginal mean of the
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Figure 1. Panel A: Arithmetic means of reported
"differences”, averaged over subjects and replicates, plotted as
a function of the scale values of the responses to the second
stimulus with a separate curve for each coencentration of the
first stimulus, A scale value of 125 implies no difference, scale
values above 125 imply that the second stimulus of the pair was
perceived as being sweeter., and scale values below 125 indicate
that the first stimulug of the pair was perceived sweeter than
the second. Panel B: The arilhmeiic means of the log-transformed
reported "ratios” averaged over subjects and replicates, plotted
ags a function of the gcale values of the log-transformed
responses to the second stimulus with a separate curve for each
caoncentration of the first stimulus,

“difference” responses to the second (column) stimulus, with a
separate curve for each level of the first stimulus. A
subtractive comparative operation in combination with a linear
judgment function, implies that this factorial piot must exhibit
six atraight lines, which run parsllsl to sach other. This is
confirmed by ANOVA, showing that row (second) # column (first)
interaction is statistically not significant [F(25,475)= 0.93, p
> 08] The row * column interaction accounts for 046 % of the
systematic varisnce (throughout this paper, systematic variance
is tha variance dus to the first stimulus, the second stimulus,
and the interaction between the first and second stimulus).

The "ratio” responses consisted of numbers between 1 and 25,
where about half of the responses referred to pairs in which the
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firet stimulue was perceived as the sweetest, and the other half
raferrad to pairs in which the second stimulus was perceived as
the sweetest. The "ratio” response matrix consisted of the
numerical valwes, reflecting how many times the second stimulus
wae rated as sweeter than the first stimulus {sweetness second/
sweetness firat). So, if it was reported that the second stimuius
was five times swesetsr than the first atirﬁulua, tha rumerical
value in the response matrix is five. Similarly. if it was
reported that the first stimulus tasted five times aweester than
the second stimulus, the value in the response matrix is 0.2
(1/8).

If ratio response model applies, then the matrix of
the natural logarithms of reported "ratios”™ can be described by a
subtractive model. In Figure 1, panal B, the arithmetic means of
the log-transformed “ratio” responses are plotted as a function
of the marginal means of the log-transformad “ratio” responses of
the second (column) stimulus, with a separate curve for aach
level of the first (row) stimulus. if the ratio response model is
valid, then the lines within this panel must run parallal.
However, parallelism is not a sufficient condition for the
conclusion that reported "ratios” are a linear representation of
judged ratios, as will be shown bhelow. Visual inepection showe
deviations from parallelism. This iz confirmaed by ANOVA, showing
that the deviations from paralietism are statistically
significant [F(25, 475) = 13.10, p < 0.0001]. Thie row * column
interaction accounts only for 2.4 % of the total systematic
variance. Thus, although the deviations from the ratio model are
statistically significant, these deviations are not substantive.

In summary, the difference response model is confirmed by
the results, and the ratic response model provides a good
description of the data, sithough minor {(but statistically
significant) deviations occur. Thus, the results of the
experimental condition in which subjects were instructed to judge
“differences”, suggest that subjects have judged differences

indeed. Similarly, the results of the “ratio” condition suggests
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Figure 2. Geomeiric means of reported "ratios” plotted a
function of arithmetic means of reported "differences”.

Figure 3. Relationship bhetween the scale values of the
"dif ference” response matrix, and the scale values of the log-
transformed "ratio” response matrix,

Figure 4. Scale values of the perceived sweetness intensity
plotted as a function of the concentration of the fructose
stimuli, averaged over the row and column scale values. The scale
value of 0.125 M fruciose was set equal to zero, and the scale
values for the other stimuli were calculated as the absalute
difference from thiz scale value, Thus, the origin of this scale

is arbitrary,
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that subjects have judged ratios. On the basis of thess results,
one might ba inclined to conclude, that subjects judge
differences, when instructed to judge "differences”, and judge
ratios when instructed to judge ratios”.

However, if both models are valid at the same time&, then
consaquently, the rank orders of reported “differences” and of
reported "ratios” must be different @irnbaum, 1878, 1980).
Additional analysis (Figure 2) shows that reported "ratios” are a
monotonic function of reported “differences”. The Spearman rank
correlation coefficient between the geometric means of reported
"ratios” and of the arithmetic means of reported "differences” is
0.996. This cbservation indicates that subjects must have used
the same comparative operation in both judgmental tasks
Birnbaum, 1882). According to the one-operation theory, subjects
judge only differences and not ratios. If the "ratic”
instructions induce an exponential response output function, the
scale values (i.e., the marginal means) of the iog-transformed
responses of the "ratio” response matrix must be a linsar
function of the scale values of the “difference” response matrix
(Birnbaum, 1980). Figura 3 shows that this is confirmaed by the
data. The R-sguared value of the function fitted by orthogonal
linear regression (Hampton, 1983) is 0.988. This result also
indicates that the devistions from paratielism in the log-
transformed “"ratic” response matrix (earlier found to be 2.4 % of
the systematic variance; see Figure 1, panel B) are not due to
deviations from judoed “ratios”, but result from deviatione from
an exponential response output function of judged “differences”.
Apparently, "ratio” instructions induce a response output
function, that transforms judged "differences” into responsss,
that are spuriously consistent with a ratio model.

Fioure 4 shows the relationship between the fructose
concentration, and the mean scale value for-each stimulus
averaged over the row marginal mean and tha coiumn marginal mean,
for the "difference” response matrix. This function is an

empirical estimation of the psychophysical function of fructose.
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The magnitude of the psychological range of the sensaory
impreasgions in the present study can be estimated by using the
data from nther" studies on the sweetness intensity of fructoss.
In the study of De Graaf al (1887) 0125 M fructose had a
sweetnesse intansity of 14 units, and 2.00 M fructose had
swaetness intensity of 115 wnits on a3 ratio scale of pearceived
sweetness intensity. The caiculated ratio between these twa
sensory impressions is sbhout B. De Graaf & Frijters (1988)
obtained scale valuee for 01256 M and 2.00 M fructose also on a
ratio scale. In this study 0.1256 M fructose had a scale value of
about 8, and 2.00 M fructoes had a scale value of shout B0, a
calculated ratio of about 10. Thus the actual ratio between 2.00
M fructose and 0.126 M fructose is about 8-10. Parker et al
(1882) have shown that thig range is aufficiently large to
proguce non-monotonicity between judged ratios and judosed
differences, if subjecte distinguished betwesen psychological
dlffa}-nces and psychological ratios. In addition, when subjects
distinguished between differences and ratios, the reiationship
shown in Figure 3 should be clearly non-linesr (eee Parker st al,
1882; Figure 9), which is not the case.

DISCUSSION

The results of this study concur with those aof similarly
designed experiments investigating other perceptual continua. If
the results of both experimental conditions were analyzed
separately, it could have been concluded, that both the ratio and
the difference response model were wvalid. The psychological range
of the sensory impressions in this study wase large enough to
produce a non-monctonic relationship between "difference” and
“ratio” judgments, if subjects had distinguished in actual fact
between differences and ratios of perceived sweetness intensity.
However, the monotone relationship between the arithmetic means
of judged "differences” and the geometric means of judgsed

"ratios”. shows that either ona of the two response modsls must
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be invalid. Apparently. subjecte compared the perceived swestness
intensities of sach pair in the same way, irrespective of whether
to judge "differences” or to judge "ratios”. It can therefore be
concludaed that Birmbaum's one-cperation theory applies also to
judomente of perceived sweetnass intensity. The comparison
between two subjective impressions is amenable to description by
algebraic subtraction.

The results from this study could also be explained by
assuming that, subjects judged ratios of perceived sweetness
intensities (Birnbaum & Veit, 1974), instead of differences, in
both the “"ratio”™ and the "difference” judgment condition However,
there is sufficient experimental evidence from studies on other
perceptual continua to conclude that the comparative judgmental
operation relating two subjsctive impressions is a subtractive
and not a ratio operation (Birnbaum & Mellers, 1978; Hagerty &
Birnbaum, 1978; Mellsrs. & Birnbaum, 1982; Mellers et al., 1984;
Schneider gt al., 19786; Schelder st al, 1982; Veit, 1978).

Rule. Curtis and colleagues (B8.g., Rule & Curtis, 1980,

1982; Rule, Curtis & Mullin, 1882) argued that gubjects ares able
to judge differences when instructed to judgs “differeances”, and
are also able to judge ratios when Instructed to judge "ratios”.
According to these authors. category ratings are linear with
subjective intensity, and magnitude astimation instructions

induce a response output function which has the form of a power
function. This two-operation theory predicts that the geomstric
means of reportad “ratios”™ are a non-monotonic function of the
arithmetic means of reported "differences” (Rule & Curtis, 1880).
It aiso predicts, that the scale values of the log-transformed
"ratio” response matrix are a logarithmic function of the
marginal means of the "difference” responsa matrix (Birnbaum,
1880). Figures 2 and 3 show that these data are not in line with
either of both predictions, and hence do not support the two-
operation theory.

The one-operation theory assumes that psychophysical

judgment sncompasses two stages, a psychophysical stage, relating
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physical intensity to perceivaed intensity, and a2 judgmental
stage. relating perceived intensity to observable response (e.g.,
Attneave, 1962; Torgerson, 1961; Treisman, 1964). Anderson's
functional measurement approach, in combination with a two
stimulus procedurs provides, a means of saeparating these
processes. The paralielism in Figure 1, panal A indicates, that
the judgmental stage can be described by a linsar (difference)
function. Thiz impties that the function plotted in Figure 4 is
an smpirically estimated psychophysical function of fructosa, of
which the scale values represent perceived sweetness intensitiss
on an interval scale.

This function has a sigmoid form when plotted on a log-
finear plot. This finding is in line with the resulte of De Graaf
et al. (1987) and De Graaf and Frijters (1988), who used a
similar methodology. The sigmoid shape of the peychophysicsl
function of fructose on a log-linear piot also impliee that the
peychophysical function of fructose as sssessed by the present
procedure is not a powser function.

The two stage interpretation of psychophysical judgment (the
S-0-R paradigm) conflicts with the S-R approach of Stevens (1875)
and Moskowitz (e.g., 1970, 1871), who befieved that sensory
responses obtained using magnitude sstimation instructions have a
one to one relationship with perceived taste intensities.

Following the two-stage interpretation, we hold the view, that
the obeervable response I8 -a behavioural paramater, which is not
necessarily a linear representation of suwjective intensity
(Frijters & De Graaf, 1987; Frijters & DOude Ophuis, 1983).
Investigators who have adopted the two stage interpretation of
psychophysical judgment, have shown that the responses obtained
using magnitude estimation are a non-linear and positively
accelerating function of subjactive intensity {e.9.. Rule and
Curtis, 1982; Veit, 1878; Weiss, 1972). Thia implies that the
power functions, which Stevens {(1969) and Moskowitz {1970, 1971)
obtained by magnitude estimation, do not reflect the

psychophysical functione as they intended. These (S5-R} functions
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comprise two functions; the paychophysical function (5-0), and

the response output function (0-R). Ae the response output
function depends on seaveral experimental factors {(e.g., Baird &
Noma, 1878), it is not surprising that for example the exponants
of fitted power functions for substances such as sucrose and NaCl

(Meiselman, 1972), show a large variability.
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CHAPTER EIGHT

CONCENTRATION OF SUCROSE AND NaCl:
EQUALITY IN PERCEIVED TASTE INTENSITY

Cees De Graaf and Jan ER. Frijters

Chemical Senses, 1987, Vol 12 no.4 in press

ABSTRACT Results from some previous studies suggest that sucrose
and NaCl solutions have an equal perceived taste intensity, when
the molar concentration of sucrose is 1.5 - 1.75 times the molar
concentration of NaCl. However, according to other studies,
sucrose and NaCl solutions taste equally strong, when their molar
concentratione are about squal. Thie issue was further pursued
using the method of constant stimuli, where subjects matched the
perceived taste intensity of NaCl solutions to five sucrosse
references, and vice versa. The results concur with previous
findings that sucrose and NaCl eolutions have equal perceived
taste intensities, when the molar concentration of sucrosa (g8 1.5
- 1.75 times the molar concentration of NaCl.
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INTRODUCTION

For taste research on mixturee and cross-adaptation, and for
MDS applications to taste, it may be necessary to know, which
concentrations of NaCl and sucrose evoke equal perceived taste
intensities.

The data of some previous studies suggest that the perceived
taste intensity of sucrose and NaC! solutions is about egual. when
the sucrose concentration is 1.5 - 1.75 times the concentration of
NaCl (concentration in mol substance per litre solution = M)
(Besbs-Center and Wadell, 1948; Besbe-Center. Rogers and Atkinson,
1955; Gillan, 1982; Frank and Archambo, 1986).

According to other authors (Bartoshuk, 1968, 1975; Kuznicki,
Hayward and Schultz, 1883), sucrose and NaC! have about equal
taste intensities when solutions of both substances are of eaqual
molarity. In their cross-adaptation studies, Kroeze (1878, 1979),
and Lawlese {(1882) used 0.32 M NaCl and 0.32 M sucrose as egui-
intense concentrations. These concentrations were based on
Bartoshuk's inferences ([Bartoshuk, 197%), that they elicit
approximately egual perceived taste intensities. However, the data
of Schiffman, McBiroy and Erickson (1980) suggest that 0.5 M NaCl
has the same perceived taste intensity as 0.65 M sucrose, which is
a concentration ratio of about four.

In view af the apparent discrepancies, this study was
undertaken to further investigats the concentrations of sucrose
and NaCl, which are perceived as being of equal intensity. A
particular variation of tha method of constant stimuli (Guilford,
1984) was used, as it had previously yislded relizble resulte in a
within-sweetness modsality matching experiment (De Graaf and
Frijters, 19886).

Besbe-Center and Wadell (1948) reported that the
concentrations at which sucrose and NaCl were of egual intensity,
seemed to depend on which of the two substances was used as the
reference stimulus. For this reason, it was necessary to carry out

two experiments, The first experiment was designed to determine
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the PSE's (Pointa of Subjective Eguality) of NaCl soiutiona to
five sucrose references. In the second experiment, which was
carrisd out to verify the first, the concentrations of sucrose
which matched the perceived tasts intensities of the previously
obtainad PSE's of NaCl were determinad.

METHODS AND MATERIALS
Subjects

The subjects were nine femals and one mals volunteere,
ranging in age from 18 to 25 years. All of the subjects, who were
undergraduate students at the Agricultural University, had
previous experience in psychophysical tasks. The were given no
information about the aim of the sxperiment or the nature of the

substances used.

Stimuli

The stimull were solutions of sucrose (Merck, 7653) and NaCl
(Merck, 7651) disscived in demineralizéd water. All solutions were
prepared at ieast 24 houre hefore tasting, and kept at 4 degress C
for no longer than one wesek.

Experiment 1

The concentrations of the five reference sucrose solutions,
were 0125, 0.26, 0.50, 1.00, and 1.26 M. Each sucruvee reference
was compared to a different series of seven geometrically spaced
NaCl solutions. The concentrations of the middls stimuius of aach
of the five different series of NaCl solutions, were 0.075, 0175,
0.35, 0.75, and 0.90 M NaCl, respectively. In all of the NaCl
series, the difference in concentration between two adjacent
stimull was 10¥%. For example, the concentrations of the stimuli

compared to 0.B0 M sucrose (one of the reference stimuli) were
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0.262, 0.289, 0.318, 0.350 (the middle etimulus). 0,385, 0.424,
and 0.4E66 M NaCl.

Experiment 2

The reference stimuli were the PSE concentrations of NaCl,
determined in experiment 1, i.e., 0.065, 0.136, 0.327, 0.588, and
0.702 M NaCl (Table 1, column 2}). Each of these NaCl refesrence
stimuli was compared to a different series of seven gsometrically
spaced sucrose solutions. The concentrations of the middle stimuli
of the five seriee were, 0.125, 0.25, 0.50, 1.00, and 1.25 M
sucrose respectively (i.e., the original refarence sucrose
solutions, used in experiment 1). Within each series of sucrose
solutions, the difference between the concentratione of two
adjacent stimull was 10%. For example. 0.065 M NaCl was compared
to C.084, 0103, 014, BA25, 0138, 0454, and 0167 M sucross.

Procedure

The method of constant stimuli was used (Guitford, 1954). In
both experiments, the subjects were instructed to identify the
strongest stimulus within sach pair, irrespactive of taste
quality. They were instructed to guess when in doubt. Subjects
thoroughly rinsed their mouths with demineralized water between,
but not within, pairs.

The stimuli were presented at room temperaturse, in pairs of
rolystyrene medicine cups, each containing about 10 ml solution.

At each of the five leveis of the reference substance and
correeponding series of comparison stimuli, 14 pairs were
prasented, [.e., seven times the reference tasted firstly and the
comparison stimulus tasted secondly, plus seven times the reversed
order of tasting. The 14 pairs were presanted in a diffarent
randomized order for each subject. Thus, in each series of pairs.
both sucrose and NaCl served as first stimulus seven times. The

interval between pairs was 70 ssconds.
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The subjects tasted each series of 14 pairs three times. In
each of the 10 one-hour sessionz, subjects tasted three aseries of

14 pairs.

RESULTS

The NaCl concentrations which are equal in perceived tasta
intensity to the various sucrose referencas, and the corresponding
95% confidence intervalg are shown In Table |, columns 2 and 3,
respectively. PSE concentrations were calculated using Urban's
solution for the method of constant stimuli (Bock and Jones,
1868). For a detailed description of the calculation procedure
used, the reader is referred to De Graaf and Frijters (1986).

The function relating the concentrations of sucrose and Na!
which are perceived as being of equal intensity, was obtained by
linear regression through the origin, with NaCl concentration as
the dependent. and sucrose concentration as the indepeandent
variable. The sguation obtained is (Sucrose) = 1.67 (NaCl), having
an R-sguared value of 0.998.

Tabie 1, column 2 shows the concentrations of sucrose egual
in perceived taste intensity to the PSE concentrations of NaCl, as
determined in the first experiment. The 95% confidence intervals
are shown in column 3. The linear function through the origin
reiating the NaCl concentration to equi-intense sucrose
concentrations is (NaCi) = 0.57 (Sucrose). This function also has
a R-squared value of 0.998.

If the relationship between the concentrations at which
sucrose and NaC! are of equal intensity, is independent of the
type of reference stimulus (sucrose or NaCl), then the PSE's of
sucrosa obtained in experiment 2, should be identical to the
original reference sucrose levels In experiment 1. Table I,
column 4, shows that of the various sucrose concentrations egual
in perceived taste intensity to the PSE's of NaCl, four out of the
five are about 5% lower than the original reference sucrose

sojutions. However, for these four concentrations, the
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Table 1. Concentrations. and 95 confidence intervals,
of NaCl solutions equal in perceived taste intensity to five
sucrose references.

Concentration of PSE of a95% confidence
sucrose reference NaCl interval of PSE.
(M) {M)
0.125 0.065 0.060 -~ 0,070
0.250 0.138 0.123 - 0.1652
0.500 0.327 0,203 - 0,365
1.000 0.558 0,466 ~ D.669
1.250 0.702 0.6824 - 0.789

Table 11. Concentrations of sucrose and 95% cenfidence
intervals, equal in perceived taste intensity to five NaCl
references, and deviations (in %) from the original reference
sucrose concentrations (see Table 1),

Concentration PSE of 95X confidence (PSEgucr-REFauc:)

of NaCl ref. sucrose interval of PSE (REFqucr)
(M) (M} (M) & 4)
C.065 0.117 0.109 - 0,125 - 8.8
0.136 0.210 0.197 - 0.224 - 16.0
0.327 0.481 0.445 - 0,520 - 3.8
0.558 0,957 0.860 - 1.064 - 4.3
0.702 1.182 1.108 - 1,310 - 5.4

corresponding original sucrose concentrations (Tabls 1) all fall

within the 95% confidence intervals. This i8 not the case for the

sucrose concentration equal in perceived tasts intensity to 0.136

M NaCl, where the PSE of sucrose obtained in the second experiment
ie 16% lower than the original reference sucrose solution (0.25

M).

DISCUSSION

The results of thie study concur with the data of Beebe-
Center and colleagues (Besbe-Center and Wadell, 1948; Beebe-Center
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st al., 1955), Gillan (1982), and Frank and Archambo (198B).
Beebe-Center et al. (1955) stated that sucrose snd NaCl taste
equaily strong whan the sucrosee concentration i about 10 times
the salt concentration, when the concentrations of both substances
are expressed in grams solute per 100 grams solvent. If the

concentrations are re-expressad in M (Handbook of Chemistry and

Physics, 1879-1980; Myers, 1982), the sucrose concentration is
181 (salt as reference) -~ 154 (sugar a8 reference) times ths
Balt concentration. The data of Frank and Archambo (1986} suggest
that the sucrose concentration must be 1.76 times the salt
concentration, This figure was obtained by eouating the fitted
logarithmic functions, which relate sugar and salt concentration

to total perceived taste intensity (both functions have an R-
squared valus of 0.898),

These findings do nmot concu with the sucrose and NaCl
concentrations mentioned by Bartoshuk (1875), and Kuznicki et al.
(1983). Thess authors suggested that sucrose and NaCl have egual
perceived taste intensities at about equal molar concentrations.
The present results =iso not in line with the figures given by
Schiffman et al. (1980), which suggest, that 0.65 M sucrosse
matches the intensity of 0.15 M NaCl.

The experiment reported hersein, and that of sxperimsnt
of Beebs-Center and Wadell (1848), both smploved the method of
constant stimuli, which is "_._generally regarded as the most
accurate and: most widely applicable of ai! psychophysical methods
= (Guilford, 1954, p. 118). The data of Frarnk and Archambo
(1988) were gobtained by ratings on a 21- point category scala.
Since the same response scale was used for both sucrose and NaCl
solutions, the intensities of sucrose and NaCl solutions are
exprassed in the same unite, enabling comparison of the perceived
taste intensities of sucrose and NaCl.




-156-

In choosing equi-intense concentrations of sucrose and
NaCl, Kroeze (1978, 1979) relisd on the data given by Bartoshuk
(1978). Lawless (1982) aiso used Bartoshuk's concentrations, whan
replicating part of Kroeze's work (Kroeze,1978, 1979). Bartoshuk
(1975) apparently derived her figures for eguistrong sucrose and
NaCl solutions, by interprstation of previously reported dats
(Bartoshuk, 1968). However, the details given in the earlier
paper, do not makea it clear, how she deduced that 0.22 M sucrose
is equal In perceived taste intensity to 0.32 M NaCl. Since
Kuznicki et al. (18832) do not describe how they srrived at the
eguistrong concentrations of sucrose and NaCl solutions, it is
impossible to evaluate their findings.

In conclusion, there is a lack of convincing experimental
evidence to support previous suggestions, that sucrose and NaCl
are equally strong at aqual molar concentrations. However, three
sats of experimental data confirm that sucrose and NaCl are
perceived as squally intense, when the molar concentration of
sucrosa is 15- 1.78 times the molar concentration of NaCl.

The results of this study do not aliow a definite conclusion
to be drawn, regarding previous observations that the relationship
between concentrations of sucroses and NaCl having the same
perceived tsste intensity, depends on which substance is used as
the referance. In one out of the five cases, the PSE of sucrose
obtained in the second experiment differed significantly from the
sucrose refereance used in the first experiment. The fact, that the
shift in the relationship between PSE's of sucrose and NaCl! in
this study, is opposite to the shift found by Beebe-Center and
Wadsli (1948), further confounds this issus.
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CHAPTER NINE

INTERRELATIONSHIPS AMONCG SWEETNESS, SALTINESS AND TOTAL TASTE
INTENSITY OF SUCRCSE, NaCl AND SUCROSE/NaCl MIXTURES

Cees De Graaf & Jan E.R. Frijters

ABSTRACT The sweetness, saltiness and total taste Intensity of
sucrose, NaCl and sucrose/NaCl mixtures was asseseed using a
combination of a functional measuremsnt approach and a two
gtimulue procedure. Tha scale values obtained were linear with
perceived sweetness, saltiness and total taste intensity. The
results showaed that the psychophysical functions of sucrose and
NaCl were posgitively accelerating at low concentrations and
negatively accelerating at high concentrations. The total taste
intensity of sucrose was equal to the sweetness intensity of
sucrose, and the total taste intensity of NaCl was equal to its
saltiness. NaCl had a sweet side taste of which the magnitude was
independent of its concentration. Sucrose/Nall mixtures were
eweeter than the correeponding sucrose solutions when tasted
aslone when both the NaCl and the sucrose concentration were low,
Sucrose/Nall mixtures were perceived as bseing less sweet than
sucrose when Bither the sucrose pr the Nall concentration was
high. The saltiness of sucrose/NaCl mixtures was tower than the
saltiness of unmixed NaCl. The ealtinese of sucrose/Nall mixtures
depended only on the Nafll concentration and was independent of
the sucrose concentration. The total tasts intensity of
sucrose/Nall mixtures could be well predicted by the square-root
of the sum of the sguared intensities of its components when
tasted alone. The total taste intensity of sucross/NaCl mixtures
was approximately equal to the sum of the pweetness and saltiness
of the mixtures. Sweetneas and saltinesa had about saqual weights
in determining the total taste intensity of sucrose/NaCl

mixtures.



-159-

INTRODUC

Several perspectives and various pesychophysical methods have
been used in the past to study the taste interaction between
eucrosa and Nali (Frank and Archambo, 1986). Most of the research
focused on the relationships between the swestnees and saltiness
of sucrose/NsCl mixtures on the one hand., and the sweetness and
saltinees of unmixed sucrose and Nal! on the other hand (e.q.
Beebe-Center, et al., 1959; Indow, 1969; Kamen, et al.. 1961;
Pangborn, 1962). The conclusions of these studies differ. but

some Qeneralizations can be made. In & number of studies it was
observed that the swesetnees intensity of a sucrose/NaCi mixturse
containing 8 high concentration of NaCl was lower than the
porceived sweestness of equally concentrated unmixed sucross
solution (e.g., Beebe-Center, et al. 1859; Kamen et al., 1964;
Pangborn, 1962). Some studies aditionally showed that a mixture
of a particular concentration sucrose and a low concentration of
NaCl, was percelved as being sweeter than the same sucrose
concentration tasted alone outside the mixturs (e.q.. Beebs-
Center et al.. 1958: Kamen, et al., 196%; Pangborn, 1962),
Obviously, low concentrations of NaCl added to sucrose solutions
erhance the swestness Intensity. The reveraee ssems not to be the
case. The saitiness of sucrose/NaCl mixtures is lower than the
saltiness of unmixed NaCl solutions irrespactive of the sucrose
concentration (e.g., Beebe-Center st al., 1959: Pangborn, 1962).

Another issus addressed in previous mixture studies is the
relationship of the total taste intensity of a mixture to the
perceived taste intensities of the mixture's constituente when
tastad seperately (e.p.. Bartoshuk, 1975; Moskowitz, 1972). Frank
and Archambo (1888) concluded that the total taste intensity of
sucrose/NaC) mixtures is always lgss than the sum of ths total
taste intensitiees of the unmixed components. They alsoc concluded
that the degree of "subadditivity” increaees with Increasing
concentratione of both solutee.

The present study was designed to investigate a number of
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INTRODUCTION

Several perspectives and various peychophysical methods have
been used in the past to study the taste interaction between
sucrose and NaCl (Frank and Archambo, 1888). Most of the research
focused on the relationships between the swestness and saltiness
of sucrose/NaCl mixtures on the one hand, and the sweetness and
saltinese of unmixed sucrose and NaCl on the other hand (e.Q.
Besbs-Center, st al., 1859; Indow, 1969; Kamen, at al.. 1861;
Pangborn, 1962). The conclusions of these studies differ. but
some generalizations can be made. In & number of studies it was
observed that the swestness intensity of a sucrose/NaCl mixture
containing a high concentration of NaCl was lower than the
perceived sweetness of equally concentrated unmixed sucrose
solution (e.g., Besbe-Center, et al. 1959; Kamen et al.. 1961;
Pangborn, 1862). Some studies additionally showed that a mixture
of a particular concentration sucross and a low concentration of
NaCl, was perceived as being sweeter than the same sucrose
concentration tasted alone ocuteide the mixture (e.g9., Besbe-
Center gt al., 1959; Kamen, st al., 1961; Pangborn, 1962).
Obviousty, low concentrations of NaCl added to sucrose solutions
enhance the sweetness intensity. The reverse seems not to be the
case. The saltiness of sucrose/NaCl mixtures is lower than the
saltiness of unmixed NaCl solutions irrespective of the sucrose
concentration (e.g.. Besbe-Center et al.. 1858: Pangborn, 1962).

Another issue addressed in previous mixture studies is the
relationship of the total taste intensity of a mixture to the
perceived taste intensities of the mixture's constitusnts when
tasted seperately (e.g., Bartoshuk, 1975; Moskowitz, 1272). Frank
and Archambo (1986) concluded that the total taste intensity of
sucrose/Nall mixtures is always less than the sum of the total
taste intensities of the unmixed components., Thay also concluded
that the degres of "subadditivity” increasss with increasing
concentrations of both soclutes.
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The present study was designed to investigate a number of
specific relationshipe between the ewesetness, the saltiness, and
the total taste intensity of sucrose, Nall, and eucrose/NaCl
mixtures. The conceptual framework specifying these relationships
is Mlustrated in Figure 1 and explained in the Theory section.

As argued slsewhere (De Graaf & Frijters, 1987b; De Graaf gt al..
1987). a proper description of the taste interaction phanomena
requires that the perceived taste intensities are assesssed on a
linear response ecale. The methodology used in the present
investigation to obtain scale values of perceived taste

intensitiee on a linear response scale was similar to that of

De Graaf & Frijters (1887b), and De Graaf gt al. (1987). The readsr
a8 referraed to these papers for a detailed description. It was
based on a functional measurement paradigm in combination with a
two stimulue task (Anderson, 1974; Birnbaum, 1982). In the
exparimantal procedure subjsctes compare the sensory . impression oOf
gach of a numbar of 'row’ (firat) stimuli with the senscry
impreseion of each of a number of 'column’ (gecond) stimuli. This

type of design I8 called a factorial judgment design.

THEORY

In the schems outlined in Figure 1., sach relationship has a
number. This is elasborated in @ separate paragraph. The notation
used is in line to thet proposed by Frijters (1987). Throughout
this paper the physical concentration of an unmixed solution is
denoted by "¢"; the symbol “¢” is used tov denote the physical
concentration of a mixture of substances. The taste intensity of
single substances (i.e., outside the mixture) is denoted by "v".
The taste intensities of mixtures and of the compounds within
mixtures are denoted by "¥". The roman aubscripts "a” and "b”
refer to the chemicals sucross and NaCl, respectively. The
subscripts | and j represent particular concentrations of sucrose
and NaCl in mol/L. The gresk subscripte "a” and "B" refer to the

taste qualities "sweet” and "salt”, respectively. The subscript
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Concentration foncentration  Specific taste Specific taste intensity Total toste inten -  Total taste inten -

single sub- mixture. intensity un- mixture. sity unmixed com- sity mixture.
stances. mixed compo- panents,
hehts.

3
Ty —_— T 10 T i
\\ 68 Ypj |
\ Yi:
//,&/"‘”ﬁik
by 38 b

Fig. 1. Outline of specific relationships between the sweeiness,
saltiness, and total taste intensity of sucrese. NaCl and sucrose/NaCl
mixtures.

"t" refera to the "total” taste intensity which is defined as the
subjective magnitude of a particular taste percept irrespective
of ite quality.

Explanation of Figurs 1

1) Whan | mol of substance A (= &) and | mol of eubstance
B (= %)) e added togsther and subsequently dissolved in one
litre of water. a mixture concentration ®apy i2 cbtained. The
total concentration of the mixture is ( + ) mol/L provided that
no chemical reaction has taken place. This operation represents
physical mixing.

2) The lines connecting &g and  wai (2A), and Pp; and we;
(28}, reprasent the peychophysical functions for the sweetness of
sucrose and the gaitiness of NaCl, respectivaly.



-163-

3) The concentrations 9. and %p; give rise to the
percelved total taste intensities W+ and W, respectively.
Theee ralationships are described by the psychophysical functions

for the total taste intensity of sucrose and NaCl, respectively.

4A) The line comnecting 1w and Wy describes the

relationship betwesen the sweetness intensity and tha total taste

intensity of sucrose. if sucrose slicits only a sweet taste, this
relationship can be described by an identity function (Ve =
Wep).

4B8) The connection betwesn ws; and Yx describes the
ralationship betwaen the saltinesg =nd the total taste intenaity
of NaCl. If NaCl would sficit only ssitineses, the ralationship
could be described by an identity function. The resulta of various
studies, however, suggest that some concentrations of NaCl have
an additional swest taste (e.g., Bartoshuk et al., 1878: Kroeze,
1982a).

%) Each mixture of concentration Ty ©evokes a particular
total taste inteneity Y¥:y. The relationship betwesn Gy
and Y.y ie determined by the psychophysical function of the
mixturs.

The axparimental determination of a psychophysical function
of a mixture of tastants is more complicated than establishing
such a function for a single substance. In most experiments the
physical intensity of a stimulus varies over one dimension,
whereas in binary mixtures of taste subestances two stimulus
dimensions are being manipulated (i.e., the concentrations of
sach of the two substances in the binary mixtures). Thie problem
can be handled by conceiving a binary mixture as if it were one
particula~ typs of taste stimulus. Thie was done by Frijters &
Dude Ophula (1983), who introduced the concept of “squiratio
mixture type”. The latter authors defined an eauiratio mixturse
type e a peries of mixtures with diffarant concentrstions, but
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an egual ratio of its constituent components (i/] =constant).

A psychophysical function for a particular equiratio mixture type
can be determined in the same way as such 3 function for a single
substance. The measue of physical intensity of a mixture is the
sum of the concentrations of ite components.

6} The individual taste qualities of sucrose and NaCl can be
reliably identified in mixtures of these substances (Kuznicki &
Ashbaugh, 1982). The mixture ®aby gives riss to a particular
sweetness intensity Yy and s particular saltiness intansity ¥a;.
The sweetness and the saltiness intensities of a sucross/NaCl
mixture percept depend on the psychophyesical functions of both
substances and on the central interaction between sweetness and
saltiness (Kroeze, 1978, 1879).

7) The function between Yy and Yy, describes the
relationship betwean the perceived sweetrass intansity of a
particular sucrpae concentration tasted as a single substance and
the sweetness intensity of a sucrose/NaCl mixture of the same
sucrose concentration as the unmixed substance. As noted ahova,
this relationship has been investigated extensively
(e.q., Besbe-Center st al., 1959; Kamen et al.,1961; Pangborn,
1962). The same hoide for the function batwean we; and Yap
describing the reiationship between saltiness of unmixed NaCl

solutione and that of mixtures of Nall and sucrose.

8) The relationship between the total taste intensity of a
sucrose/NalCl mixture (Wey), and both the total taste intensity of the
constituent sucrose concentration tasted indepsndently (Wwep) and
the total taste intensity of the comstituent NaC! concentration
tasted independently (yrp) can be assessed in various ways.

One way i2 to compare the total taste intensity of the
mixture with the sum of the total taste intensity of sucrose when
tasted seperate from the mixture plus the total taste intensity
of NaCl when tasted by iteelf ey <—-> Wy + Wr). This was



-165-

called "the summated comparison rule"” (De Graaf & Frijters;

1987a, 1887b). Two other ways for comparing the single substance
intensities with the mixture Intensity are the “factorial plot
comparison rule” and the "“eguimolar compsrison rule” (De Grasf &
Frijters, 1987b).

The factorial plot comparison ariginates from Anderson’s
theory of information integration (Anderson, 1981). It wase
recently applied in taste psychophysice by McBride (1986) and
Frank & Archambo (1986). When this rule is applied, the nmature of
the taste interaction is inferred from the pattern of linas in a
factorial piot. In the case of sucrose/NalCl mixtures this could
bas a plot of the total taste intensity 28 a function of the total
taste intensity leve! of sucross with a eeparate curve for each
of the total taste intensity levels of NaCl. If the lines in such
a plot diverge, synergiem has takes place according to McBride
(1986). If the lines run parallel, addition occurs, and when the
lines converge, the two tastante suppress each other.

When the equimolar comparison rule is used the taste
intensities of the mixtures and single compounds are compared st
equimolar concentrations (Tepi; = Pap = Opi). For exampla, the
total taste intensity of 1.0 M of the sucrose/NaCl .50/.50
equiratio mixture type is compared with the total taste intensity
of 1.0 M NaCl and with the total taste intensity of 1.0 M

sucrose.

9) The relationship between the total taste intensity of the
mixture (W) and both the perceived sweetness intensity of
sucrose (Ve and the saltiness of NaCl when tasted outside the
mixture (wey), can be studied in @ way similar to the
relationship discussed in the previous paragraph. It can be
investigated using the summated response compariscn rule, the
factorial plot comparison rule, or the eguimolar comparison rule.
These rules have been expiained abovs.

A prerequisite for the application of these rules is that
the sweetness intensity of sucross, tha ealtiness intensity of
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NaCl, and the total taste intensity of the mixtures are expressed
in the same unit. Thus, a saltiness intaneity of five unite on

the ssltiness scale must be subjectively equal to a sweatness of
five units on the eweetness ecale, and also to a total intensity
of five units on the total taste intensity scale.

10) The lines connecting WYu; and Wa; with Y. describes
the relationships between the swestness and the saltineass of the
mixture and the total taste intensity of the mixture, Thess
relationships are the result of cognitive and/or perceptual
integration processes.

Frank and Archambo (1986) suggested that the total taste
intensity of a sucrosa/NaCl mixture percept ie less than the sum
of the swestnese and saltiness of the mixture. Other
investigatore have tacitly assumed that the total taste intensity
of a particular complex taste percept is the sum of the specific
taste intensities, i.e., sweetness, =saltiness, sourness and
bitternese (Bartoshuk, 1875. McBurney & Bartoshuk, 1973;
Moskowitz, 1972). In the latter studies, the aover-all or total
taste inteneity wae datermined by caiculating the suwn of the
specific taste intensities.

METHODS AND MATERIALS

The entire study consisted of three investigations of
similar design. One for assessing the sweetness, one for asssssing
the saltiness, and one for aseessing the total taste intensity of
sucroee, NaCl, and sucrose/NaCl mixturas. Each of the three
investigations coneisted of 18 experiments and each of these
experiments employved a factorial judgment design (De Graaf and
Frijters, 1987b;: De Graaf al., 1887).

Subjects

The subjects were fourteen paid volunteers, twelve women and
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two men, ranging in age from 18 to 268 years. Al were students of
the Agricultural University. All subjects had had previous
exparience with psychophysical tasks.

Stimuli

The estimuli were solutions of reagent grade sucrose (Merck:
7653), reagent grade NaCl (Merck: 7651) and mixtures of thess
substances in demineralized water.

Figure 2, panel A, shows the concentrations and composition
of the experimental stimuli, The concentrations of both the
unmixed sucrosa solutiona as weil 28 the unmixed NaCl solutions
wera 0.00 (water), 0125, 0.260, 0.500, and 1.00 M sucrose and
NaCl, respactivaly. The mixtures were conetructed on the basis of
a "factorial mixing deeign” (De Graaf & Frijters, 1887b; MeBride,
1986). Each of the afora mentioned NaCl concentrations was mixed
with each of the afors mentioned sucrose concentratione,
reeulting in 18 binary mixtures. In addition, 0.0625 M NaCl was
mixed with 0.0625 M sucrose, resulting in @ 0.125 molar solution
of the sucrose/NaCl .50/.50 equiratio mixture typs.

In each of the three investigations subjects were presentsd
with a8 reference pair. The first stimulus of the reference pair
was always water. The second stimuius of the reference pairs were
1.25 M sBucrese, 1.26 M NaCl, and 450 M of tha sucrose/NaC!
B0/50 equiratio mixture typa (@ mixture containing 2.256 M
sucrose and 2.25 M Na(l), in the "swastness”, "saltiness”, and
"total intensity” investigation, respectively.

Solutione wera prepared at |least 24 hours before tasting and
were not stored for longer than one week, the storage temperature

being 4 degrees C.

Degign

The designs for the investigations "swsetnass”, "saltiness”,

and "total intensity” were similar to each other, and therafora,
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only the desion for the "sweetness” investigation will be
discussed in detaii. Where specific differences did occur thay
will be mentioned.

As noted above the "sweetrness” investigation comsisted of
1B experiments, sach of which employed a factorial judgment design.
A factorial judgment design (used to check the linearity of the
responge scale) implies that subjects are presented with pairs of
stimuli. Each stimulus of a pair I8 one stimulus of a series of
"row” (first) stimuli, or "column” (second) stimuli. When two
single substances are used, a simple m x n design can be
employed, where m and n denote the number of concentrations of
the first and second stimulus. Whan mixtures instead of single
compounds have to be incorporated in a factorial judgment design,
the situation becomes more complicated. in a design involving
single substances, the series of row and column stimuli vary aver
one dimension (i.e., the concentration level of each of the
substances). When binary mixtures are used, the series of row or
column stimuli vary over two dmensions (i.e.. the concentration
levels of each of the two components). This problem can be
overcome by conceiving a mixture as if it were a singls
sybatance. This was achieved by using the concept of an equiratio
mixture type. where the mixtures have differsnt total
concentrations but 2 constant ratio of constituent components. A
psychophysical function for an equiratio mixture type can then be
constructed in the same way as such a function for a single
substance (Frijters & Oude Ophuis, 1883).

In order to incorporate all the experimental stimuli in
factorial judgment designs, nine series of stimuli were
constructed: two series of single substances (sucrose or NaCl),
and seven series of different sucrose/NaCl squiratio mixtura
types. These series are surrounded by the undashed lines in
Figure 2, pansl A. Water being the 0.00 M solution of each
stimulus type was included in each of these series.

Each of the nine series. of experimental stimuli were

comparad with regard to perceived sweetnase intengity with thwree
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Fig. 2. Panel A shows the total concentration and
composition of the nine series of experimental stimuli., The
series of unmixed sucrose, unmixed NaC] and the seven different
equiratio mixture types are surrounded by the undashed lines,
Water was included in each of the nine series, This is shown
only for the series of unmixed sucrose, unmixed NaCl and the
sucrose/NaCl 0.50/0.50 equiratio mixture type. Panel B shaws the
concentration and composition of the three series of stimuli to
which each of the series of stimuli shown in panel A were
compared. In the sweetness investigation each of the series in
panel A were compared to the series of sucrose stimuli in panel
B. In the saltiness investigation the series in panel A were
compared to the series of NaCl stimuli shown in panel B, and for
the total taste intensity investigation the series of panel A
were compared to the series of sucrose/NatCl 0.50/0.50 mixtures
of panel B,

sucrose solutions, 0.00 (water), 0.250, and 1.00 M sucrose. Thess
latter stimuli are shown in Figura 2, panel B. Each of the
solutions in the series of three sucrose stimuli was presented as
firat stimulus in nine axperiments, and a8 second stimulus in the
other nine experiments.

in the "saltiness” investigation, each of the nine series of
experimental stimuii was compared with respect to saltiness to
each stimulus in a series of three NaCl solutions, 0.00 (water),
0125, and 1.00 M NaCl. In the “"total intensity” investigation,
each of the nine series of stimuli was compared with regard to
"total taste intensity” to each stimulus of a seriss of three
mixtures, 0.00 (water), 050 , and 2.00 M of the sucrose/NaC)
B0/.50 equiratic mixtura type.

To summarize, the total study consisted of 54 experiments
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(three investigations of 18 experiments). in svery experiment
each stimulus of one of the eeries of stimuli from Figure 2A was
compared to each stimulus of one of the series of stimuli from
Figure 28.

Procedurse

Except for the instructions and response scale the
exparimantal proceduraes for sach of the three invasatigations were
identical. Only the experimental proceduras for the "swestnesa”
investigation wili be described and where diffesrences occur in
experimental procedues theses will be pointed out.

The subjects were instructed to judge the magnitude of the
differance in perceived sweetness intensities (saltiness, total
taate intensity) between the first and second stimulue of each
Pair. The instructione emphasized that only the sweetness
(saltiness) intensity was to be judged. and that the hedonic
value and side tastes of stimuli were to be dieregarded. In the
"total intensity” investigation., subjects were instructed to
judge the taste intensity, irrespective of quality. and they were
asked to include avery quality they percsived. The judgments wsare
expressed by a slash mark on a 250 mm vieual analogue escale. The
middie of the scale was defined as ‘the first and second stimulus
are edqual with respect to perceived sweetness intensity’
(saltiness, total taste intensity) (Oe Graaf et al.. 1987; Figure
3). if a subject perceived the first stimulus as sweeter
(saltier, having 2 higher total taste intensity) than the second,
he placed a mark on the left side of the scale according to the
magnitude of the difference. Similarly, the subject marked the
right side of the ecale when the second stimulus was perceived as
sweeter (saltier, having a higher total taste intensity). The
left and right poles of the scale were labellad maximum
difference’. In the inetructions 'maximum difference’ was defined
ag the difference in sweetness (saltinese, total taste) intensity
between the stimuli of the refarence pair, i.e. water as first
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stimulus and @ 1.256 M sucrose (1.25 M NaCl, 450 M sucrose/NaCl
.50/.50) solution as second stimulus. The difference between the
atimuli of the reference pair was expected to be larger than the
diffarence in any other pair. A responss was measured as the
distance in mm from the left pole of the scale. A response value
of 1256 meant no difference, a value above 125 meant that tha
second stimulue was perceived as being swesater (saltier, having
the highest total taste Intensity) than the first one, and a

value below 125 indicated that the firat stimulue was perceived
as being the sweeter (saltier, having the highest total taste
intensity) of the pair.

The subjects were requested to rinse their ‘mouths
thoroughly with demineralized water, both within and betwesn
pairs. The stimuii were presented at room temperature (20 degrees
C). in polystyrene medicine cups. Each cup contained about 10 mi
of solution. The paire of each factorial design were presented in
a random sequence and in a differsnt order for each subject. The
raference pair was presented at the beginning of each session,
and again after the 12th and the 24th pair of each seasion. The
time interval between the first and second stimulus of a pair was
40 seconds: the interval between paire was also 40 seconds. Each
of the 18 factorial designs of sach investigation was pressnted
twice to each subject. The order of prasentation of the 18
expariments of each investigation was randomized. |t took each
subject 10 one-hour sessiona to compiete each investigation so
that 30 sessions were needed to completa the entire study. The
order of the three investigations invoived that "sweetness”
Investigation was being carried out first, the "saltiness”
invastigation second, and the "total taste intensity”

Investigation was being carried out last.

RESULTS

in order to ba able to quantify tha relationshipse outlined
In Figure 1, it is nacessary to obiain thraee separate scale
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values for the swestness, the saltiness. and the total taste
intensity, for sach of the experimental stimuli. A procedure to
obtain such valugs has recantly been devsioped by Oe Graaf &
Frijters (1887b) and De Graaf et al. (1987). It wae applied again
to the present data. The reasoning behind these calculation
procedures will not be repeated hers. However, a brief outline of
the psychometric properties of the response scale and an
explanation of the derivation of tha scale values will be given

in the next section. For a more detsiled discussion the reader 1e
refarred to the papers mentioned in this paragraph.

Psychometric properties of response scale and derivation of scale
values

In ordar to check the linearity of the response scale.
analysas of variance were carried out for aach individual subject
and for sach factorial design in each of the thras
investigations. The indicator for nonlinearity, the Row x Column
interaction was teested for statiastical significance against the
Row x Column x Replication as error term. Out of 758 analyees,
seven showed a significant interaction at the p < 0.01 level.
Nore of the subjects had more than one significant interaction.
Analyesas of variance were also carried out on group level. For
each of the 54 factorial judgment designs, the Row x Column
interaction was tested for significance againet the Row x Column
x Subject interaction. In three cases, the interaction appeared
to be significant at the p < 0.0 level. None of thesa
interactions however, accounted for a substantial proportion of
the total variance (maximailly 0.38 %). In all experiments the
responass obtainad are obviously a linear function of parceived
taste intensity differences. Conseauently the margQinal means of
the row and column stimuli are validated estimates of the
perceived taste intensity on a linear scale (Anderson, 1981).

Each factorial design yislded two margina! means for water;

one for water as row stimulue and one for water as column
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stimulus. The marginal means for water were set equal to zero so
that the scale values of the other stimuli could be estimated by
jealculating the difference between their marginal means and the
marginal mean of water in that same expseriment., Tha final scale
value for each stimulus was calculated by averaging the scale
value(s) for that stimulus tasted as first stimulus of each pair.
and the scale value(s) for that stimulus tasted as second
stimulus of each pair. All data were averaged over subjects and
raplicates.

If it is assumed that water has no sweset, no sality. and no
total taste intensity then the derived scale vaiues represent

taste intenasities on a ratio scale.

The swestness of sucrose and the saltingss of NaCl (Fig. 1; 2A, 28)

Figure 3, paneis A and B, shows tha psychophysicat functions
for the swestneas of sucrose and the psychophyesical function af
the saltineae of NaCl on a log-linear plot. At low concentrations
doubling the concentration (for example from 0125 M to 0.26 M)
vieids a more than double sweetness or saitiness intensity. At
high concentrations (for example from 0.50 M to 4.0 M), doubling
the concentration yields a iess than double swestness or
esltiness intensity. It can thud be concluded that the
peychophysical functions for the sweetness of sucrose and thae
saltiness of NaCi are positively accelerating at low
concentrations and negatively accelerating at high
concentrations.

It is noted that the units of the swestness =cale® are not
necessarily equal to the units on the saltiness scale, The units
on each scale are relative to the difference in taste intenaity
elicited by the reference pair in each investigation. As
mentioned under the ssction Methods and Materials, the reference
pair in tha "swestnass” investigation consisted of water and 1.25
M sucrose. The raference pair in tha "saltiness” investigation
consisted of water and 1.25 M NaCl. It has been shown, that the
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Fig. 3. Panel A shows the psychopbysical function of the
sweetness of sucrose, Panel B shows the psychophysical functian
of the saltiness of NaCl, The error bars around each point
represenl the 95 % confidence interval for each scale value. The
units of the sweetness scale and the saltiness scale are not
equal,

taste intensity of 1.25 M NaCl ia higher than the tasts intensity
of 1.26 M sucrose (Besbe-Center & Waddsell, 1948; Beebe-Center et
al, 1955; De Graaf & Frijters, 1887c), so that the same number of
units (mm) on the saltiness scale represents a larger differsnce
in taste intensity than on the swestness scale,

Swestness and saltiness of sucrosse and NaCl compared to the
swestness and saltiness of sucrose/Nall mixturas (Fig 1: 7A and 78)

Figure 4, panal A, showse the sweetness of sucroes, NaCi, and
the mixtures, as a function of the sweatneaa- of sucroge, with a
separate function for sach NaCl concentration,

Analysis of variance of thesa data showed eignificant
effects for sucrose [ F(4,52) = 213.02, p < 0.001]), NaCl
[F(4,52) = 8.01, p < 0.009)], and the sucrosse by NaCl interaction
{(F(16,208) = 4.26, p < 0.0011
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Fig. 4. Panel A shows the sweetness intensity of sucrose,
NaCl and the sucrose/Nafl aixtures as a funciion aof the
eweetness of sucrose with a separate curve for sach NacCl
concentration, Panel B shows the saltiness of NaCl, sucrose and
the sucrose/NaC]l mixtures as a function of the saltiness of NaCl
with a separate curve for each sucrose concentration. The units
in panel A and panel B are not equivalent.

Visual inspaction of Fig. 4, panel A, shows that the
sweetnessa Intensity of sucrose/NsCl mixtures is higher than the
sweetness lntene_ity of the corresponding unmixed sucrose
solutione when both the sucroee concentration and the NaCl
concentration are low. Sucrose/NaCl mixtures are less sweet than
unmixed sucrose, when either the sucross or the NaCl

- concentration is high. This pattern of taste interaction is
simiiar to that observed by Frank & Archambo {1988: Fig. 7).

The four almost coinciding points on the y-axis of panst A
reprasent the sweetness the unmixed NaCl solutiona. These pointe
show that sach unmixed Nall stimulus slicita a sweat taste of
gbout the same magnitude. An analysis of variance of these data
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shows that the average sweetness of unmixed NsC! differs
gignificantly from that of water {F(1, 13) = 719 , p = 0.02 ).

and that the sweetness intensity appears to be independent of the
voncentration level [F (3,39) = 115, p = 0.30 1. Kroeze (1982a)
concluded that NaCl has a sweet side taste, both at weak
concentrations and higher concentrations. The present findings
suggest that the sweetness intensity of NaCl is independent of

the Nall concentration.

Figure 4 panel B shows the saltiness of sucrose, NaCl. and
sucrose/NaCl mixtures as a function of the saltiness of NaCl. An
ANOVA shows statistically significant effects of NaCl [ F(4.52) =
134 30, p < 0.0 swrose [ F (4,52) = 18.77. p = 0.001), and
the sucrose by NaCl intersction [ F (16,208) = 418, p < 0.001 1.
However, if the responses to the unmixed NaCl stimuli are omitted
(i.e., the straight top line in Fig. 4B), the statistical
significance of the effecte of sucrose [ F(3.38) = 1.B0, p =
0.18). and that of the sucrose by NaCl interaction [ F(12, 15B) =
1.33, p = 0.2%] disappears.

Visual inspection of panel B shows that the saltiness of all
sucrose/Nall mixtures is lower than the saltiness of the
corresponding unmixed NaCl concentrations in all cases. The
results of the statistical analysie suggest that the four lower
functiona in this panel do not differ from each other. This
impilies that the saltiness of sucrose/Nall mixtures containing
both sucrose and NaCl dependes only on the NaCi concentration and
not on the sucross concentration.

The points on the y-axis of panel B show the saltiness of
the unmixed sucrose solutions. ANOVA of these data showe that the
saitiness of sucroee does not deviate significantly from that of
water [ F(1,13) = 042, p > 05 ], and is independent of the
concentration level ({ F(3, 39) = 0.28, p » 05 ]. Sucrose doss
not elicit a salty taste.
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Fig. 8. The psychophysical functions for the total taste
intensity of sucrose. NaCl and the sucrose/NacCl 0.50/70.50
equiratio mixture type,

Total taste intensity of sucroee, NaCl, and sucrose/NaCl _mixtures

(Fig. 1: 3A, 38, 5, 8)

As noted in the Theory section., the relationship betwesen the
total taste intensities of sucrose. NaCl and sucrose/NaCl
mixtures can potentially be described according to three
differant comparison rules. In the subsequant paragraphs such
relationships are astablished according to the equimolar
comparigon, the factorial plot comparison, and the summated
responge comparison rulé (Oe Graaf & Frijters, 1987b),

Figure © is a Icg—linea' piot of the psychophysical
functione for the total taste intensity of sucrose, NaCl and the
sucrose/NaCi .B0/.60 equiratio mixture typs. For sach of these
peychophysical functions it can be concluded that at low
concentrations doubling the concentration visides a more than
doubles total taste intensity, whereas at high concentrations,
doubling the concentration vields a less than double total taste
intensity. Each of these psychophysical functions is positively

accelerating at low concentrations and negatively accelerating at
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high concentrations, whan plotted on linear-linear
coordinates. This conclusion might not become evident from
visual inspection of Fig. 5. it should be kept in mind howsver
that the units on the x-axis are plotted logarithmically.

An ANOVA of these data shows that the psychophysical
functions for the total taste intensity of sucrose, NaCl and the
sucrosae/NaCi .50/.50 mixture type do not differ. This concluaion
can safely be drawn, because the main effect stimulus type and the
intaraction effect stimulus type x concentration are
statistically insignificant [ F(2,13) = 1.82, p = 0.18, and
F(B, 78) = 1566, p = 0.1B, respectivealy].

Figure B8 shows the total taste intensity of the experimental

stimuli as a function of the total taste intensity of unmixed
sucrose with a separate curve for each concentration of NaCl. The

curvas show a convergent pattern. The distance betwesn the curves
decreases as the total taste intensity of sucrose increases.
Analysis of wvariance shows that the effects of sucrose [F(4,52) =
B87.23, p < 0.001 ], Nall {F(4,52) = 185.72, p < 0.001 }. and the
sucrose by NaCl interaction [F(16,208) = 6.72, p < 0.001 ] are
statistically significant. When thse factorial plot comparison

rule is applied, a statiscally significant convergent pattern of

lines implies suppression (McBride, 1986). In thie case it means

that sucrose and NaCl in a mixtue supprese each other with
respect to total taste intensity.
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Figure 7 shows the reaiationship between the total taste
intansitiee of the mixtures and the sum of tha total tasta
intensities of itea componants according to the summated
comparison rule. From this Figure it I8 evident that the total
taste intensity of a mixture 8 always less than the sum of the
total taste interwitise of the unmixed comporente. Thie finding
is in line with the observation of Frank & Archambo (1986).

Frank & Archambo (1986) investigated whether the vector-
summation model (Berglund et al., 1973) could be applied in
describing the relationship between the total taste intensity of
the mixture and thea total taste intensities of the unmixed

compaonents. They used the formuia:

Wojs = (Wo*%2 + Wo##2 + 2Uglgicos o)%#0.5,

where o represents the angle between the sucrose intansity
(represented as a vector in a subjective space) and the NaCl
intensity (also reprasented as a vector). This angls is supposed
to reflect the degres of qualitative diasimilarity between the
taste qualities of sucrose and NaCl. Frank & Archambo (1986}
varied the value of o to minimize the average absolute deviation
of the mixture intensitise predicted by the modse! from the
mixture intensities experimentally obtained. They obtained a

value for o of 110 degrees. With this value for ®. the vector
addition model provided a reasonable prediction for the cbserved
mixture intensities. A similar analysis of the present data

vielded a valus for « of 87 degrees i.e. the sucrose and Nall
axis are nearly orthogonal. Using this value for o the mean
gbsolute dsviation of the predictad values from the obeerved
values was 2.40; the mean relative deviation [{(value predicted -
value observed)/(valus observed)) * 100 %] was -2.62 % It
appaars that the total taste intensities of sucrose/NaCl mixtures
can be accurately predicted by a pythogaresn summation model of
the intensities of the unmixed comporents [ Wey = (WeiH*2 +

Wk #2)% #0,5].
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Sweetness and total taste intensity of sucrcese, and saltingss and
total taste intensity of NaCl (Fig. 1: 4A, 4B).

Before discussing the results regarding the relationships
between the sweetness of sucrosa and the saltiness of NaCl and
the total taste intensitiese of these tastants asveral points
should be considersd. As argued asbove the units of the
"sweetness”™ scala, the “saltiness” scale. and the "total” taste
intensity scaie are not subjectively equal. All judgments in each
investigation were made relative to the difference in taste
intensity of the reference pair. The perceived taste intensity of
450 M of the Sucrose/NaC! 50/.50 esquiratio mixture type is
larger than the psarceived taste intensity of sither 1.26 M NaCl
or 1.25 M sucrose. Therefore, a particular number of unite on the
total intensity scale represent a larger subjective taste
intensity than the same number of unite on the swestness scale
and the saltiness scale. This Implies that if the total taste
intensity of sucrose is perceived as identical to the sweetress
intensity of sucrose then the scale values of the total taste
intensity of sucrose must be lower than the scale values of the
sweetnese intensity of sucrose. Tha same holds for the scale
values of NaCl.

Figure 8, panel A, shows tha relationship between the scale
values of sucrose on the swestness =cale and the scale vaiues of
sucrose on the total taste intensity acaie. If the sweetnass
intensity of sucrose were identical to the total taste intensity
of sucroes, then these scale values would differ with a
muitiplicative constant only. This would necessarily imply that
the psychophysical functions for the swestrness of sucrose must be
identical to the psychophysical function for the total taste
intensity of sucrose, except for the multiplicative constant.

This constant was estimated by orthogonal finear regression
through the origin (Hampton, 1983; Kendsll & Stusrt, 1961;
Snedecor & Cochran, 197B6). Its numerical value is 0.56, and the R
squared value of the fitted line is D.895 (ses Figure BA). After
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Fig. 8, Panel A shows the relationship between the sweetness and
total taste intensity of sucrose. Panel B shows the relation hetween
the saltiness and total taste intensity of NaCl. The straight lines
were obtained by linear orthogonal regression through the origin. The
error bars parallel with the y-axis represent the 95 I confindence
intervals for the scale values of iotal taste intensity. The error bars
in panel A and B paralle] ta the y-axic represent the 895 X confidence
intervals for the scale values of sweetness and saltiness respectively,

multiplying the scale valuse of the swestness of sucrose with
0.58, ANDVA showed that the psychophysical functions for the
sweetness and total taste intensity of sucrose are similar
[F(3.39) = 119, p = 0.33 1. To summarize, it can be conciuded

that the sweetness intensity of sucrose does not differ from the
total taste intensity of sucrose.

The above reasoning would be incorrect in one special case
only, that is if sucruse elicits side tastea af magnitudes which
are a constant fraction of the swestness intensity and add to
sweetness to form the total taste intensity of sucrose. We assume
that this ia not the case.
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Figure B, panel B, shows the relationship between the
scale values of NaCl on the saltinese scale and the scale valuss
of NaCl on the total taste intensity scale. These data were
analvzed in the same way as the data discuseed in the two
pravious paragraphs. The straight line through the origin has a
A sguared value of 0.996. The multiplication factor betwesn both
sete of scale values is 0.87. After multiplying the scale values
of NaCl on the saltiness scale with 0.67, ANOVA showed that the
peychophysical functions for the saltiness and total taste
inteneity of NaCl are similar [ F(3,39) = 1.39, p = 0.26 1.

It can therofore be concluded that although NaCl has a
swoet side taste, it ssems that only the saftiness determines the
total taste intensity of Nall. In this analysis it i8 assumed
that NaCl has no eide tastes, which are a constant fraction of the
saltiness, and which add to the saltiness to form the total
intensity.

Total_taste intensity of sucrose/NaC! mixtures in relation to the
sweelness and saltinges of the components tasted outside the
mixture (Fig. 1: 9).

The adjustments of the scals values ss described in the
previous section has lead to eauivalent unita for sweetness,
saltiness and total taste intensity. As was explained in the
Theory section, knowing these scale values is a prerocuisite for
aseesesing the relationship between the total taste intersity of
sucrosa/NaCl mixtures and both the sweetness and the saltinese of
the mixture’'s constituents.

These rslationships need not be analyzed ssparatsly because
they can be deduced from previous analyses. In the analysis above
it was assumed that the sweetnees intensity of sucruse is equal
to the total intensity of sucross and also that the saltiness
intensity of NaCl is similar to the total tasts intensity of
NaCl. if these assumptions ars correct then the realationship
between the total taste intensity of the mixture and the
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combination of the sucross sweetness and NaCl saltiness is equal
to the relationship batween the total taste intensity of the
mixtura and the combination of sucrose total intenasity and NaCl
total taste Iintensity. The latter relationehip-was alrsady
discussed in one of the previous paragraphs and given in a visual
form in the figuras 5, 5, and 7.

Sweetness intensity and saltiness inteneity of sucroses/NaCl
mixtures in relation to the total taste intensity of sucrose/NaCi

mixtures (Figure 1: 10).

As argusd above multipying the scale values on the
swastnass scale with DSB, and multipying the scale values on the
saltineas scale with 0.87, vields equivalent unite of sweaetness.
saltinese, and total taste intensity. Thie standardization
enables a further study of the taste integration of the swestness
and saltiness of sucrose/NaC! mixtures when forming the total
taste intensity of sucrose/NaCl mixturas.

The relationehip betwsen the total taste intensity and the
swestness and saltiness is Investigated by using the summated
response comparison. Table 1 shows the sweetness inteneity, the
saltiness intensity, the sum of these two and the tota! taoste
intensity of the experimental stimuli in equivalent units. It
appears that the sum of the swestness and seltiness is a good
appraximation of the total taste inteansity.

The average difference betwesn the sum of the sweetress and
saltinese to the obeerved intensities is8 D.14; the average
absplute difference is 3.77. The mean relative deviation
[{{sweetness mixture + saltiness mixture) - (total taste
Intensity mixture)/(total taste Intensity mixtural)is 100 %] is -

1.60 %. The mean of the absolute wvaluss of the relative deviation
is8 761 % Multiple linear regression through the origin, with

the maltinees and sweetness as indepentdent variables and the
total taste inteneity as dependent variable yields the regraesion
squation Yoy = 1.00 Yo + 0.92 ¥e; , having a R squared valus
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Table 1. Sweeiness intensity, saltiness intensity, the sum of the
sweetness intensity and galtiness intensity and total
taste intensity of Sucrose/NaCl mixtures.

Conc. Canc. Sweetness Saltiness Sum of Total
sucrose Na(Cl mixture mixture sweeiness and taste
(M) (M) saltiness intensity
0.125 0.125 12,0 5.8 17.8 17.6
0.125 0,250 13.3 10.2 23.5 26.8
0.125 0,500 8.9 28.8 7.7 41.8
0.125 1.000 5.0 55.0 60.9 62.8
0. 250 0.125 19.4 4.1 23.5 31.7
0.250 0.250 22.8 12.8 35.6 3.8
0.250 0.500 19.4 25.1 44.5 43.1
0.250 1.000 14 .4 51.6 66.0 85,5
0.500 0.125 7.1 3.7 40.8 44 .4
0.500 0.250 16.5 9.1 45.6 48 .8
0.500 0.500 36.6 27.7 64.2 57.5
0.500 1.000 26.5 51.8 78_.2 71.0
1.000 0.125 62.5 6.3 58.48 85,2
1.000 0.250 51.4 8.2 50.6 64.9
1.000 0.500 47.0 24 .2 71.1 71.2
1.000 1.000 42.7 50.7 93.3 81.7

of 0.993. The obtained regression equation suggests that the
swestnees ond saltiness have about egual weights in datermining
the total taste intensity.

DISCUSSION

The methodology used in the present study resulted in
validated scals valuss of the percelved swestness, saltinees and
total taste intemsity of sucrose, NaCl and sucrose/NaCl mixtures.
These scale values are a linear function of differences in
perceived taste intensity. If it is assumed that water has =
taste intensity of zero then the obtained scale values respresent
taste intensities on a ratio scals.

The present resuits ars firat discussed with reference to the
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conceptual fremework of Fig. 1. Subsesquently they wilt be
compared to the results of other studies.
The main conclusions to be drawn from the results of the

present study are:

1) The peychophysical functiong for the swestness of sucrose
(Fig. 1, 2A) and the saltiness of NaCl (Fig. 1, 2B) ars
positively accelerating at low concentrations and negatively

accelerating at high concentratione (on linear-linear coordinates).

2) The same holds for the peychophysical functions for the
total taste intensity of sucrose (Fig. 1, 3A) and the total taste
intensity of NaCl (Fig. 1, 3B).

3) The psychophysical functions for the sweetness and total taste
intensity of sucrose have a similar shape (Fig 1. 2A = Fig 1, 3A) and
the same applies for the psychophysical functions of the saltiness
and total taste intensity of NaC) (Fig. 1, 2B = Fig. 1, 38). The data
suggest that the swsetness intensity of sucrose ig identical to the
total taste intensity of sucrose (Fig. 1, 4A is an idantity

function}, and that saltinese of NaCl ia identical to the rated total
taste intensity of Nall (Fig. 1, 4B is aiso an identity function).

The plausability of the lastter two suggestions despends on the
assumption that the sucrose/Nal! mxitures do not elicit side tastes
which are a constant fraction of the sweetnesa/saltiness and which
add to the sweetness/saltiness to form the total taste intansity.

4) The sweetrnese of sucrose/NaCl mixtures is higher than the
sweetness of the corresponding unmixed sucrpse concentrations when
both the sucroes concentration and the NaCl concentration are low.
When gither the sucrose concentration is high or the NaCl
concentration is high, sucrose/Nali mixtures are less sweet than
umixed sucrose (Fig. 1, 7A). The saitiness of sucrose/NaCl

mixtures i8 lower than the saltiness of the corresponding unmixed

NaCl concentrations. The saltiness of sucrose/NaCl mixtures
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depends only on the NaCl concentration and not on the sucrose

concentration (Fig. 1. 7B).

8) The psychophysical functions for the total taste intensity of
sucroee (Fig. 1, JA), NaCl (Fig. 1, 38) and the sucrose/NaCl
B0/.8580 mixture (Fig. 1, 5) do not differ.

B) The total taste intensity of sucrose/NaCl mixtures is less
than the sum of the total taste intensity (= sweetness) of the
corresponding unmixed sucrose concentration plus the total taste
intensity (= saltiness) of the corresponding unmixed NaCl
concentration (Fig. 1, B and 9). The total taste intensity of a
sucrosea/NaCl mixture can be well predicted by the sguare root of
the sum of the squared taste intensities of its unmixed

components.

7) The total taste intensity of sucrose/NaC! mixtures is about
equal to the sum of the sweetness and saltiness of sucrose/NaC)
mixtures (Fig. 1, 10). Swestness and saltiness have about esqus|
weights in determining the total taste Intensity.

The comparieon af the preeent results with the results of
other studies will focus on two issues:

1) the swesetness of sucrose and saltiness of Nall compared to
the eweetneses and saltinese of sucrose/NaCl mixtures [Fig. 1. 7A
and 78: ( Ve <——-> Wai Wey <——> ¥y; )], and,

2) the interrelationships among the total taste intensity of
sucrose/NaCl mixtures, the sweatness and saltiness of those
mixture and the total taste (= sweetness) intensity of the
constituent sucrose concentration tasted alone and the total
taste (= saltiness) intensity of the constituent Nal)
concentration tasted alone (Fig. . 8, 9, 10: [ Wey <——>
(WUrp, e O (Dl WeY, and Moy <——> Yo ¥epl

Swestrness and saltiness of sucrose and NaCl compared to the
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sweetness and ssaitiness of sucrosse/NaCl mixtures.

The conciusions of the present study are in broad agreement
with the results of various other studies (e.9.. Besbe-Center et
al, 1959; Frank & Archambo, 1986: Indow, 1969; Pangborn, 1862).
When the results are examined in more detail, however,
discrepancies can be seen. These will discussed below, and
poesible explanations for the differences in the results obtained
by wvarious studies will be examined.

It is a well established fact, that the magnitude of the
difference between the sweetness of a sucrosa/Nall mixture (W)
and the eweetness of sucrose (vu) depsnds on both the sucrose
concentration and the NaCl concentration. The pressnt results
suggest that the mixture is swester than unmixed sucrose when
both the sucrose and the NaCl concentration is lower than 0.50
M. The mixture is less awest than unmixed sucrose when sither the
sucrose or the Nall concentration is high (i.a.., 1.00 M). Theass
results are In agreement with the results obtained by Frank &
Archambo (1986) and Irndow (1969).

Similar trends can also be noticed in the resulte of other
studies. Beebe-Center et al. (1959), Kamen st al. (1961) and
Pangborn (1962) concluded that sucrose/NaCl mixtures with low
concentrations of sucroee and low concentrations of NaCl are sweeter
than unmixed sucroee and that highly concentrated sucrose/Nall
mixtures are less sweet than unmixed sucrosse. Howsver, the
concentrations of both substances at which the mixture shifts from
being sweeter to being less sweet than sucrose, are substantially
lower than found in the present study. For instance, Pangborn (1862)
found that a mixture of 0.20 M sucrose and D47 M Nsll was lass sweet
than 0.20 M sucrose tasted alone. For just-above-threshold NaCl
concentrations, Kamen st al. (1961) noted that the shift from
erhancement towards suppression occurs between 0.0 M and 018 M
sucrose. In line with these latter results, Bartoehuk (1978), Kroeze
(1979), and Lawless (1982) observed that a mixture of 0.32 M NaCl and
0.32 M sucrose is lees sweet than 0.22 M sucrose tasted alone.
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With reepect to the saltiness of sucrosse/NaCl mixtures, the
prasent results suggest that the saitineas of sucrose/NaCl
mixtures is lowsr than the saltiness of corresponding NaCl
solutions. This gensral conclusion is in line with the
cbssrvations of Bartoshuk (1975), Besbe-Center st al. (1959),
Frank & Archambo (1986), Kroeze (1979), Lawless (1882), and
Pangborn (1962). Indow (1869) and Kamen at al. (18961) obtained
diffarent resuits. They reported that the saltiness of
sucrosa/Nall mixtures was approximately egual to the saltiness of
corrasponding NaCl solutions,

However, when the resuits of the studies are examined
more closely, differances between the various resuitz emerge. The
outcome of the present study suggests that the saltiness of
sucrosa/NaCl mixtures depends on the Nall concentration only and
not on the sucrose concentration. The resuite of Beebe-Center st
al. (1959) suggest that the difference between the saltiness of
the mixtures and unmixed NaCl increases with increasing
concentrations of NaCl and with increasing concentrations of
sucrose. Frank & Archambo (1886) reported that this differance
wae largest at the higheset sucrose concentrations (0.30 and 1.00
M sucrose) and at the intermediate NaCl concentrations (0.21 -
4.34).

The differences between the resultez of the various studies
can be reconciled by refering to several factors, two of these
will be discussed below. Ona reason may be variance in samples of
subjects whilst another may be that diffsrent perceptual and/or
cognitive processes have cccurred in different experiments.

Some esupport for the first explanation can be found in the
observations of Pangborn (1962), and Kroeze (1882b) who notad
that there are large differences between subjects with respect to
mixture suppression. Kroeze (1982b) observed that although tha
average swesetness resporee to 0.32 M sucrose and 0.32 M NaCl was
lower than the average swestness responsa to 0.32 M sucrose
tasted alone, about 20 % of his aubjects perceived the mixture ae
being equally sweet or sweeter than t!i@ unmixed sucross. Anothar
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Hlustration of the large differences in individual responses to
taste mixtures can be found in the data of Kroeze (1979).
Averaged over the responses of 12 subjects in that experiment,
the saltinese of a mixture of 0.32 M sucrose and 0.32 M NaCi is
58.1 % lower than the saltiness of 0.32 M Nall. However, there
was one subject who perceived the mixture as being saltier than
the unmixed NaCl. Another subject judged the saitiness of the
mixture nine times less strong than the saltiness of the unmixed
NaCl.

Since the results of most studies are based on the data of
ten subjects or Iess (Bartoshuk, 1975: 8 Ss.; Beebe-Center st
al., 1859: 2 Ss.; Indow, 19B9: B8 Se.; Krosze, 1978: B Sa.;
Lawless, 1982: 10 Ss: Pangborn, 1862: 10 Sa.) it is possible that
differences between samples of subjects have contributed to the
different resulte obtained.

Another explanation might be that differsncese occurred in
the perceptual and/or cognitive proceesing of the intensities of
singie taste gqualities in mixtures. With respect to the
perceptual and/or cognitive processing of taste mixtures there
appeara to be one central factor, that is the attention to the
specific taste intensities in taste mixtures. Kuznicki et al
(1883) noted that "...selectively attending to a single taste in
a mixture is 3 difficult task..”. Kroeze (1882c) showsed that the
degree of sucrose-sweetness suppression by NaCl could be
manipulated by habituating the subjects to NaCl. After habituation
the suppreseing effect was weskened and the swestness of the mixture
was restored to some sxtent. This means that the degree of mixture
suppression may vary with the degree of habituation. Kroeze (1882b)
also showed that habituating to sucross can eliminate the suppressive
effect of sucrose. After habituation to sucrose the sweetness of
sucross in the sucrose/NaCl mixtures lost its significance s0 that
subjects judged the saltinese of the mixture as being about sgual to
the ssltiness of unmixed Nall. The svidence put forward by Krosze
indicates that the perceptual proceseing of the specific taste
intensity in taste mixtures can be manipulated by habituating the
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subjects to one component.

Sweetness, saltiness, of sucrgse, NaCl, and sycross/NaCl| mixtures
in relation to the total taste intensity of esucrose/NalCl mixtures

The relationship batwaen the sweetness, saltiness, and total
taste intensity of sucrose/NaCl mixturas is determined by the way
in which perceived sweetnese and perceived saitiness are
integrated to form perceived total taste intensity. It is
important to note that the integration of sweetnees and saltiness
ig a perceptual and/or cognitive process which does not depend on
the peychophysical functions for sucrose and NaCl. The sweetness
and saltinese of sucrose/Nall mixtures are the product of the
psychophysical functionz of sucrose and NalCl and the mutual
interactive effects of sweetnese on saltiness snd vice versa.
After theses sources of sensory information have arrived centrally,
some form of integration between the sweetnees and ealtiness of a
mixture ocours.

The present results suggest that the total taste intensity of
sucrose/Nall mixtures is egual to the sum of the ewestness and
saltiness of these mixtures. The sweetness and saltiness contribute
about egually to the total taste intensity. For example, the tota!
taste intensity of & mixture of 1.0 M sucross and D.50 M NaCl has a
total taste intensity of about 71 units. The sweetness accounts for
47 units, which I8 about 66 % of the total taste intensity. The
saltiness accounts for the remaining 24 units, that is 34 % of the
total taste intensity.

In the Theory section it was noted that Bartoshuk (1975),
McBurney & Bartoshuk (1973), and Moskowitz (1972) assumed that the
total taaste intensity of a complex taste percept is the sum of the
specific taste intensities of that psrcept. The present results
support this assumption. Tha abservation that the total tasts
intensity of NaCl is egual to the saitiness of Nall, in spite of the
sweet side taste of NaCl, appears to be contradictory to this
conclugions. We do not have an adeguate explanation for this.
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In the Results esection it was concluded that the total taste
intensity of sucrosa/NaCl mixtures is alwaye |less than the sum of the
swaetngss (= total taste intensity) of the corresponding unmixed
sucross concentration tasted alone, and the saltiness (= total taste
intensity) of the corresponding unmixed NalCl tasted alona. This
impliee that some taste intensity is "lost” when sucrose and NaCl are
mixed: the whole 18 less intense than the sum of the intensities of
the parts. The results diecuesed above, and the conceptual framework
of Fig. 1 can give an indication as to where this taste intensity is
“lost”.

It appoare that the relationship between the total taste
intenaity of a mixtures and the specific taste intensitios of the
umixed constituente (Fig. 1, 8 and B) is made up of two eseparate
relationships. These being th& rslationship between the specific
taste intensities of the ummixed compounds and the specific taste
inteneities of the mixture Fig. 1. 7A, 7B), and the relationship
between ths total taste intensity of a mixture and its sweetness and
saltiness (Fig. 1, 10). The results discusssd above suggested that
the total taste intensity of a mixture is about egual to the sum of
the sweetnese and esaltiness of that mixturs. Thus the integrative
process betwesn the sweetness and saltiness of a mixture when forming
the total taste intensity of a mixture cannot be responsible for the
observed lose in perceived taste intensity. The logical conseguence
of this conclusion is that the loss of taste intensity iB located in
the other relationship, that is the relationship between the
sweetness and saltiness of a mixture and the sweetness and saltiness
of unmixed sucrose and NaCi. The results have shown that the
saltinesa of sucross/NaCl mixtures is Iower. than the saltiness of
unmixed NaCi. Cbviously, some taste intensity is loet hers. Another
sourca of "loosing” taete intensity is that sucrose/NaCl mixtures
containing either a high sucrose concentration or a high NaCl
concentration are perceived as being less swaet than the

corresponding unmixad sucrose solutions.




-192-

REFERENCES

Anderson,N.H. (1974) Algebraic rules in perception. In E.C.
Carterette & M.P. Friedman (Eds.), Handbook of Perception:

Vol. 2 Psychophysical Judgment and Measurement (pp. 215-
208). New York: Academic Press.

Anderson,N.H. (1981) Foundations of Information htegration

Theory. New York: Acaedemic Press

Bartushuk L.M. (1875) Taste mixtures: I3 mixturs supprassion
related to compression? Physiol. Behav., 14, 643-649,

Bartoshuk, L.M., Murphy, C., and Cieveland, C.7. (1878) Sweet
taste of dilute NaCl: psychophysical evidence for a swest
etimuius. Physiol. Behav., 21, £§09-613.

Besbe-Center,J).5. and Waddell,D. {1948) A general psychological
scale of taste. J. Pgychol., 28, 517-524.

Beebs-Center.J.., Rogers,M.S. and Atkingon,W.H. (1955) Intensive
ecuivalances for sucrose and NaCl solutions. J, Psychol.,
38, 371372

Beebs-Center, G., Rogers,M.S., Atkingon,W.H., and O'Connet,

O.N. (1859) Sweetness and saltiness of compound solutions of
sucrose shd Nall as 2 function of concentration of solutes.
J.Exp. Psychel., 57, 231-234.

Bergiund.B., Berglund,U., Lindvall,T., & Svensson,L.T. (1973)

A gquantitative principle of perceived intensity summation in
odor mixtures. J. Exp. Psychol., 100, 29-38.

Birmbawm M.H. (1982) Controversies in Psychologicel Measurement.
In B. Wegenaer (£d.), Social attitudes and psychophysical
measurement (pp. 401-486). Hilledale, NJ: Erlbaum

De Graaf,C. and Frijters,)E.R. (18B73) Sweetness intensity of

a binary sugar mixture lies between intensities of its

comporants, when each ie tasted alone and at the samsa total
molarity a8 the mixture. Chem. Senses, 12, 113-129._
De Graaf,C. and Frijters,)E.R. (1887b) Assessment of the tasts

interaction between two gualitatively similar taste

subgtances. J. Exp. Peychol.; Hum, Perpt. Perf., in press.




-193-

Do Graaf.C. and Frijters, .E.R. (1987c) Concentration of sucrose
and NaCl equal in perceived taste intensity. Chem. Sences,
in BES8,

De Graaf.C., Frijters,JER. and Van Trijp.).C.M. (1987)-Taste
Interaction between glucose and fructose assessed by
functional measurement. Percept. Peychophys., 41, 383- 382.

Frank A.A. and Archambo,G. (1986) Intensity and hedonic
judgments of taste mixtures: an information integration
analygis, Chem. Senses, 11, 427-438. -

Frijters,.)JE.R. (1987) Psychophysical modele for mixtures of
tastants and mixtures of odourants. In S.0. Roper (Ed.)
Oifaction & Taste iX, in_press.

Frijtara,J).E.R. and Oude Ophuis,P.AM. (1883) The construction
and prediction of peychophysical power functions for the

swestness of equiratic sugar mixtures Perception, 12, 753-
767.

Hampton,J.A. (1883) A note on desscribing the linear relationship
between = pair of correlated dependent variables. Bull,
British Pavcheol. Soc., 36, 408-409.

Indow,T. (1969) An application of the T scale of taste:
Interaction among the four aqualitiee of tasts. Percept.
Pgychophys., 5, 347-351.

Kamen,J.M., Pilgrim,F.J, Gutman.N.J,, and Kroll,B.J. (1862)
interactions of supratheshoid stimuli. J, Exp, Peychol., 62,
348-3%6.

Kendall M.G., and Stuart ,A. (1961) The sdvanced thecry of
statistice: Volupe 2. inference and Relstionship. Londom:
Chartes Griffin & Company Ltd.

Kroezs,JHA. (1978) The taste of sodium chioride: masking and
adaptation. Cham. Senses, 3, 443-4449.

Kroeze,J).H:A. (1879) Masking and adaptation of suger sweetness
intensity. Chem. Seness, 22, 347-351.

Kroeze.JH.A. (1982a) The relationship between the sids tastes of
masking stimuli and masking in binary mixtures. Chem.
Senses, 7, 23-37.



-194-

Krosze.J).H.A. (1882b) After repetitious stimulation saltiness in
NaCl-sucrose mixtures is diminished: implications for
central mixture suppression mechanism Chem. Senses. 7,
81-92.

Krosze,).H.A. (1882c) Mixture euppression in taste: a
peychophysical study. Unpublished doctoral dissertation,
State University Utrecht. The Netherlands.

Kuznicki,J).T. and Ashbaugh,N. (1982) Space and time separation
mixture components. Chem. Senses, 7. 39-B2.

Kuznicki,).T., Hayward,M, and Schultz.J. (1953) Perceptual
processing of taste gquality. Chem. Senses, 7, 273- 202,

Lawless . H.T. (1882} Adapting efficiency of salt-sucrose mixtures
Percept. Psychophya., 32, 419-422

McBride,RL. (1886) The sweetness of binary mixtures of sucrose,
fructose, and glucose. J. Exp. Psychol.: Hum. Percept.
Perform., 12, 584-591.

McBurney.D.H., and Bartoshuk, L M. {1973) Interactions between
stimull with different taate aqualities. Physiol. Behav., 10,
1109-1106.

Moskowitz H.R. (1972) Perceptual changes In taste mixtures.
Percept. Peychophys,. 11. 267~-282.

Pangborn A.M. (1982) Taste interrelationships. Il
Supratreshold solutions of sucrose and sodium chioride.
J. Food Sci., 27. 495-500.

Snedecor,G.W., and Cochran,W.G. {(1978) Statistical Methods.

(6th ed., 8th printing). Ames, lowa: The lowa State

University Prass.



-156-

CHAPTER TEN

SOME ADDITIONAL ANALYSES

INTRODUCTION

WEBER FRACTIONS AND ACCUMULATED JND-SCALES FOR GLUCOSE
AND FRUCTOSE

INTERRELATIONSHIPS AMONG THE RESULTS OF PREVIOUS STUDIES

3.4,

3.2

Numerical ratings and matching

3.4.4. PSEs of glucose, fructose and mixtures as

determined from magnituds sstimation compared
to PSEs obtained by matching
3.1.2 PSEs of sucrosse and Nall obtained by functional

measurement caompared to PSEs obtained by matching

Interrelationshipg among the scale values obtained in previous

studies

3.2.4. Comparison of scale values obtained by functional
measurement
3.21.4. Scale values of fructose from De Graaf.

3.24.2.

3.21.3.

3.214.4,

Frijtere & Van Trijp (1987) comparad
to scale values from De Graaf

& Friiters (1887b)

Scale values of fructose from Oe Graaf
& Frijtere (1987b) and De Graaf.
Frijtera & Van Trijo (1887) compared to
scale values from De Graaf & Frijters
(1987Cc)

Comparison of psychophysical sucrose
functiona obtained by De Graaf &
Frijters (1987b) and by De Graaf &
Frijters (1987e)

Summary




-198~

the fructose concentration.

The purpose of the present analysis i to test the internal
conaistency of accumulated JNO scales for the awestness intensity
of glucose and fructose., These scales ars consistent whan the
glucoee concentration corresponding to a particular number of
JNDO2 on the glucose-JND-scale matches the sweetness intensity of
the fructoss concentration that corresponds to the same rumber of
JNDs on the fructose-JND-scale.

A previous analysis of the internal consistency of JNO-
scales for eweeteners (Lemberger, 1808} showed that a particular
number of JNDe on a sucrose-JND-scale wae considerably sweeter
than the same number of JUND's on a saccharine-IJND-scale.
Apparently one JND on the sucrose-JND-scale represented a larger
difference in swestness intensity than one JND on the saccharine-
JND-scale. From these results it can be concluded, that
Lembergers JND-scales cannot be considered as valid sensory
scales for sweetness intensity.

The accumulated JNO-scales prasented below were determined
on the basis of the data derived from control experiments in the
study made by De Graaf & Frijters {1888). The reader is referred
for detsile to thie paper. Using the method of constant stimuli,
five series of geomsetrically spaced glucose concentrations
(denoted as comparison stimuli) were matched in sweetness to five
glucose standards. The concentrations of the glucoss standarde,
which varied from near threshold to near physical saturatlon,
were 0125, 0.25, D.B0, 1.00 and 2.00 M. In ather similarty
designed experiments five series of seven geometrically spaced
fructose stimuli were matched in perceived sweetness intensity to
five fructose standards. The concentrations of the fructose
atandards which were saual in perceived swestness intensity to
the glucose standards were 0.0485, 0.1027, 0.2374, 0.5780, and
1.3828 M.

The Weber fractions at sach of the ten standard
concentration were calculated on the basie of ten fitted lines,
obtained by a weighted linoar regreesion procedure after Bock &
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Figure 1. Weber fractions of glucose and fructose plotted as a
function of their molar concentrations. The Weber fractions
were determined on the hasis of the results of the conirol
experiments of De Graaf & Frijters (1988),

Jones (1968). These Ilinee relate the log concentration of the
series of compariaon stimuli with the z-score correspondng to
the percentage swester than the standard judgments. The log
concentration which would yield a change in predicted z-score of
0.6745 was then determined. The value of z of 0.6745 corresponda
to 75 % of the area under the cumulative standard normal
distribution. The Weber fraction was defined as the antiogarithm
of the rewquired change in Idg concentration minus one,

Figure 1 shows the Weber fractions of glucoee and fructose
a2 a function of their molar concentration. [t shows that the
value of the Weber fraction is not conetant but that 1t reachas a
minimum a.t the middie concentration range. The Weber fraction
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increasee at low and high concentrations. This obserwvation is in
line with the conclusione of other inveatigatore (Holway &
Hurvich, 1937; Lemberger, 1908; McBride, 1983: Schutz & Pilgrim,
1957).

In order to construct asccumulated JND-scales for glucose and
fructose beginning at the lowest standard concentration, it is
necsasary to know all the vealuse of the all the Weber fractions
over the entire range of concentrations. The Weber fractions of
the concentrations which lay in between the concentrations of
which the Weber fractions wers experimentally determinad were
obtained by graphical estimation from the plotes in Figure 1.

The following examples Wustrate the construction of the
JNOD-scale for glucose. The Weber fraction at 0.125 M glucoee ia
0.168. The glucose concentration corresponding to the swestrness
of one JNO sbove the sweetness of 0.125 M giucose ig D125 +
0.125#0.168 which is equal to 0.146 M. The value of the Weber
fraction at this concentration was estimated from the plot in
Figure 1. Ite rumerical value is 0.1625. The concentration
corresponding to the sweetness intensity two JNO's shove the
sweetness of 0.125 M glucose is thus 0.146 + 0.146#0.1825 = 017
M. These calculations were proceeded until 2.00 M glucose.

Similar calcuiations were performed to construct the JND scale of
fructose,

Figurs 2 shows the JND-scales for glucose and fructuse. From
this Figure It can be seen that the sweetness intensities of
0.125 and 0.25 M glucose differ by about 5 JNOs on the JNO-scale
of glucose. The difference betwseer the corresponding fructose
concentrations (0.0485 and 0.1027 M fructose, respectively) ie
aleo 5 JNDs. it takes about 28 JNDs to go from the lowest gilucose
concentration, which ie not far above treshold, to the highest
glucose concentration, which is not far from -physical asaturation.
It also takes 28 JNDs to go from the lowest to the highest
fructoss concentration. As the fowest and higheet glucose and
fructose concentrations were eoual in perceived sweetnese
intensity, it can be concluded that one JND on the glucose-JND-
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a

161 o

- —-)F-—-—._.______
10- o’ o}!f ;
/ /1 I

D = fructose ;

T o- glucose E/U/ |
22

/ |

nd 0125 M glucose.

26- 7{[7/?‘—

a a

|

|

- < l
_ e
/F/ |

‘ l

I
|
I

/ x—-—lxline connecting concentraticns of
- P © | | glucose and fructese.
'71——1*— | | equal in perceived sweetness-
infensity. | |
| T
! I
J
| L
| i I 1
100 200
concentration (M)

|
| i
' |
I |
00485 0103 0237 050
0125 0250 0579

Figure 2. JND-scales for glucose and fructose, determined from
the data in Figure 1.

scale represents the same difference In perceived sweetness
intensity a8 one JNO on the fructose-JNO-scale.

The main conclusion to be drawn from these rasults is that
the JNO-ecales for glucose and fructose, derived from the data of
De Graaf & Frijters (1886), are internally consistent.
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3. INTERRELATIONSHIPS AMONG THE RESULTS OF PREVIOUS STUDIES

During recent years several experiments were carried out
with the same taste substances. The fact that the same tastants
were usad in makesa a comparison of the results from different
experiments possible. The results of such comparisons give
insight to the wvalidity of the sensory ecales developed in the
pravious studies.

Of all sugars glucose, fructose, and mixtures of these
substancee were most freauently Investigated. These subatances
were uvsed by Frijters & Ouds Ophuis (1983), De Graaf & Frijters
(1986), and De Graaf, Frijters & Van Trijp (1987). De Graaf &
Frijters (1987b) used eucrose, fructose, and mixtures of thees
substances. De Graaf & Frijters (1887c) used unmixed fructose
only. De Graaf & Frijters (1987d) used unmixed sucrose and
unmixed NaCl, and De Graaf & Frijters (1987e) used sucrose, Nall
and mixtures of sucrose and NaCl. In total there were five
experiments which yielded data on unmixed fructose, three
experiments with data on unmixed glucose, three experiments with
unmixed sucrose and three experiments with datas on the sweetnese
of GluFru 0.75/0.25, GiuFru 050/0.50, and Gidru 0.25/0.75. In
addition there are two experimente in which data on the total
taste intensity of unmixed sucrose and unmixed NalCl were
cbtained.

The first analyses in this section the numerical scale values
obtained by direct scaling techniques will be related to the
sengory egualitise obtained by matching. The second part of this
section will discuss further on the psychomstric properties of
the data obtained.

3.1, Numerical ratings and matching

One criterion for the wvalidity of sensory scales is that the
responges obtained by direct scaling must concur with the results
on concentrations which have equal perceived taste intensity. as




-203-

obtained matching.

In the past three years two matching experiments wera
carried out. one by De Graaf & Frijters (19886) on the aswestness
intensity of glucose, fructose and thres squiratio mixtures types
of glucose and fructose, and one by De Graaf & Frijters (1987d)
on the taste intensity of unmixed sucrose and unmixed NaCl. The
results of De Graaf & Frijters (1986) can be compared to the
results of Frijters & Oude Ophuis (1883) and to the results of De
Graaf, Frijters, & Van Trilp (1887). The results of De Graaf &
Frijters (1887d) can be compared to the results of De Graaf &
Frijters (189878). Thess comparisone will be made in two separate
paragraphs balow.

3.1.1. PSEe of glucoss, fructose and mixtures as deatermined
from magnitude estimation, compared to PSEs obtainad
by matching

The results of the study of De Graaf, Frijters & Van Trijp
(1987) have already been compared to the reeults of De Graaf &
Frijters (1988) in the paper of De Graaf, Frijters, & Van Trijp
{1887). In the |atter paper it was shown that the results of both
experimente concurred, The concentrations of fructose and the
thres equiratio mixtures which are egual in sweetness to 0425,
0.280, 0.500, 1.00, and 2.00 M glucose, ss calculated from fitted
peychophysical functions from the direct scaling expsriment, wera
gimilar to those concentrations obtained by direct matching. From
this result it can be concluded that the direct scaling mathod
applied by De Graaf, Frijters & Van Trijp (1887) meete the
volidity criterion of gsensory scales.

A oimiler analysis can also be carried out for the data of
Frijters & Oude Ophuls (1983). Frijters & Oude Ophuis (1883)
obtained magnitude estimatas of the perceived sweetness intensity
for aach of the concentrations of 0425, 0.25, 0.50, 1.00 and
200 M for each of the stimulus typea glucose, fructoss, GluFru
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Table 1. Comparison of Points of Subjective Equality (PSEs)
determined using the method of constant stimuli* and PSEs
calculated from the data of Frijters & Oude Ophuis (1983)

PSE PSE Difference in %X
Concentration Type of determined determined (PSErao-PSEmat)
of glucose Comparison from from data
(M) Stimulus matching (M) F & D (1883) PSEmet

0.125 Fructose 0.0485 0.,0700 44.2
0.125 CF .25/.75 0.0540 0.0844 56.3
0.125 CF .507.50 0. 0650 0.0942 44 .90
0.125 GF .75/.25 0.0873 0.0051 8.9
0.250 Fructoase 0.1027 0.1144 11.4
0.250 GF .25/.75 0.1208 0.1337 10.7
0. 250 GF .50/7.50 0.1439 0.1520 5.6
0.250 GF ,75/.25 g.1817 0.1867 - 8.3
0,500 Fructose 0.2374 0.2270 - 4.4
0.500 GF .25/.75 0.26882 0.2551 - 4.9
0.500 GF .50/.50 0.3118 0.2952 - 5.3
0.500 GF .75/.25 0.38638 0,.3512 - 3.5
1.000 Fructose 00,5700 0.5736 - 0.9
1.000 GF .25/7.75 0.5920 0.618682 3.3
1.000 GF .50/.50 0.6550 0.7072 8.0
1.000 GF .75/.25 0,.7729 00,8610 11.4
2.000 Fructose 1.3928 1.3388 - 3.2
2.000 GF .25/.75 1.4007 1.41386 0.8
2.000 GF .50/7.50 1.4552 1.4808 2.4
2.000 GF .75/.25 $.6310 1.6458 0.9

Mean absolute deviation 12.0

*From Frijters & Oude Ophuis (1983)

0.76/0.28, GluFru D.50/0.50, GiuFru 0.25/0.76 and fructose. For
fructose and the three equiratio mixture types, psychophysical
functiona were fitted with the log-concentration and (log-
concentration)**2 as independent variables and the logarithm of
the obtained geomstric means as depandent variable. The obtained
regression equations wera set equal to the lagarithm of the
geometric mean of the glucose stimuli. The resulting quadratic
equations were resolved for the logarithm of the reguired
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concentration.

Table 1 shows that the PSEs calculsted on the basis of the data
of Frijters & Ouds Ophuia (1983) generally concur with the PSEs
obtsined by matching except at the level of 0.125 M glucose. The msan
absolute deviation is about 12 % which 8 about one JND. When the
data of the tha PSEs to 0.1256 M glucose were omitted, the mean
absolute deviation was 5.3 4.

The large deviationa at the levels of 0.425 M glucosa may have
been caused by the statistical estimation procedures smployed. The
geometric mean of the responses to 0125 M glucose in the experiment
of Frijters & Oude Ophuis was 0.58. The geometric mean of all other
stimull were higher than 0.5B. Consaguently the value of 0.58 lise
outside the range of the fitted functions of the other stimulus
types. The PSEs of the other stimulus types were thus asessed by
equating the fitted functions to a value outside the domain in which
these functions were originally determinad. This would have resulted
in lesa accurate preadictions.

The raesults in Table 1 show, that rumerical ratings obtained by
magnitude sstimation concur with sensory equalitiee obtained by
matching.

3.4.2. PSEs of sucrose and NaCl obtained by functional
measurement compared to PSEs obtained by matching

Ae the data in the literature on the concentrations of
sucrose and NaCl which are squal in perceived taste intensity
appeared to be contradictory, O Graaf & Frijters (18B7d) carried out
an experiment in which the taste intensity of NaCl was matched to the
taste intensity of 0.4125, 0.25, 0.50, 1.00, and 1.25 M sucrouse. The
results of this study suggested that the taste intensities of sucrosse
and Nall are about egual when the molar concentration of sucrose is
1.5-1.75 times the molar concentration of NaCl.

In a direct scaling experiment De Graaf & Frijters (1987e)
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Table 2, Comparison of PSEs of NaCl to four sucrose solutions,
chtained by maiching (De Craaf & Frijters, 198874), and
obtained by direct scaling (De Graaf & Frijters, 1887e).

Concentration PSE NaCl PSE NaCl Difference (X)
of sucrose obtained obtained by {PSEdir-PSEmet)
standard by matching direct scaling
(M) (M) (M) PSEmac
0.125 0,065 0.135 107.7
0,250 0,138 0.230 89.9
0.500 0.327 0.379 15.9
1.000 0.558 0.757 5.7

determinad the total taste Intenmsities of 0.126, 0.25, 0.50 and 1.00

M of both unmixed NaCl and unmixed sucrose. These latter data can be
compared to the data of the matching sxperiment. Thiz comparison was
made in a simiar manner to thoas mentionsd in the previoua sectlon
(section 3.1.1.). The relationship betwaen the concentration of NaCl

and its total taste intensity wae astimated by a sscond order
Polynomial regression sguation with (log-concentration) and (leg-
concentration)»+2 as independent variables, and the log of the total
taste Intensity as depedent variable. The cbtained regreesion

equation was set equal to the fog of the scale valuss of 0.425, 0.25,
0.50, and 1.00 M sucrose and resolved for the logarithm of the
required NaCl concentrations.

The data in Table 2 show that PSEs of NaCl obtained by direct
scaling are substantially higher than the PSE's determined by
matching. The molar concentration of the PSE's of NaCl equal in taste
Intensity to 0.125 and 0.250 M sucrose are sbout egual to the molar
concentrations of sucrose themseilves. This obeervation is in line
with observatione of Kuznicki et al. (1983), and Bartoshuk (1975} who
found that sucross and Nall have sbout equal pesrceived taste
intensitise when their molar concentrations are about equal. These
results however are not in line with the conciusions of the matching
experimente of Beebs-Center st al. (1955) and Oe Graaf & Frijters
(1887c).

It is surpriging that the results of the functional measurement
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experiment and the matching expseriment do not concur with each other.
in the analysis of the resulta of the direct scaling expariment, it

was shown that the scale values of the total taste intersity of
sucroee and NaCl weres assessed on a linear scale of perceived taste
intensity. The matching experiment was carried out with the method of
constant stimuli, generally considered to be one of the most reliable
and precise psychophysical methode for the determination of tha PSEs.
Therafore, it was to be expacted that the results af both experimsnt
would concur. At present, there does seem to be no adaguate

explanation for the diecrepancies obtained.

3.2. Interrelationshipg among the scale values obtainad in
evious [[=]

The first part of this section compares scale values obtained by
drect scaling. In the second part the scale values of ths JNG scales
of glucose and fructose are compared to the scale vslues of glucose
and fructose obtained by De Graaf, Frijters, & Van Trijp (1887).

3.24. Comparison of scale values obtasined by functiona
measurement

In most of the previous experiments it was assumed that subjects
judged the difference in perceived swestness intensity between the
two stimuli of each pair. As the judgment function appeared to be
linear, it wae concluded that the marginal means of the response
matrices were linear with perceived swestness intensity diffarences.
In all the direct scaling experiments, these differences judgments
were made relative to the difference in the perceived sweetness
inteneity of a standard pair. This standard pair was different in
each experiment. If it is assumed that all the differance judgments
were proportional to the differences in the standard pair then the
obtained scale values reprasent ratio scales of perceived sweetness
intaneity differences. The validity of this assumption will be tested
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below.

Before the resuite of these analyses ars introduced it ssemsa
useful to review the scale valuee cbtained in each of the previous
experiments,

In the experiments of De Graaf, Frijters & Van Trijp (1887}, De
Graaf & Frijters (1987b) and De Graaf & Frijteres (1987s), water was
incorporated in the factorial design, and the scale value of water
was sat equal to zero. The acale valugs of the cther experimentat
stimuli were calculated as the difference to the scale value of
water. In the experiment of De Graaf & Frijters (1887c) the ecale
value of 0.126 M fructose was set equal to zero and the scale values
of the other five frutpee concentratione were calculated as the
difference between thelr scale values and the scale value of 0126 M
fructose. There are thus three experiments, in which scale values
were obtained relative to water, and one experimant in which the
scale values represent sweetnees intensity differences to the
swestness intensity of 0.125 M fructose.

if these scales ars rativ scales of perceived swestness
intensity differences, then the scale values of the different studies
can differ with a muitiplicative constant only. This implies that the
relstiorship between both sete of scale values is to be described by
a straight line through the origin. Another implication is that apart
from the multiplicative conetant, the psychophysical functiong in the
different studies must be similar. The psychophyeical function for
fructose in the experiment of De Graaf, Frijters, & Van Trijp (1887)
for example should have a similar shape to the peychophysical
fructoee function obtainad In the experiment of De Graaf & Frijters
(1987b).

3.2.4.1. Scale valuss of fructose from De Graaf, Frijters &
Van Trijp {1887) compared to scale val rom

De Graaf & Frijters (1987b)

Figure 3 shows the the relationship between the scale values
of fructose from De Graaf. Frijters. & Van Trijp (1987) and the
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Figure 3, Relationship between the scale values of the sweetness
of fructose cbtained by De Craaf, Frijters & Van Trijp (1987),
and those values obtained by De Graaf & Frijters (1987h),

scale vslues of fructose cobtained by De Graaf & Frijters (1987b). The
atraight {ine through these puoints wae fitted by orthogonal
regression (Hampton, 1883). The intercept of thie line does not
daviate significantly from zero [(£t(3) = 2.05, p > .10] (Kendall &
Stuart, 1961, p. 389).

The relationship betwsen the two sete of scala valuss was
further tested using analysie of variance. This procedure tested
whether or not the psychophysaical functions in both axperimente were
identical after normalization for the difference in the magnitude of
the scale units. The normalization factor ia the value of the
multiplicative constant. The value of this constant was eetimated
using the formuta EXY/IX##2 (Snedecor & Cochran, 1973: p.170) where X
represents the scale valuss from the experiment of Ds Graaf, Frijters
& Van Trijp (1887). and Y represents the acale values from the
experiment of De Graaf A& Frijters (1887b). The wvalue of this
multiplicative conetant was 0.6858. Fach of the B0 individual scale
values (l.e., 10 eubjecte x 5 scale valuee) from the experiment of De
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Graaf, Frijters & van Trijp (1987) was multiplied by 0.659. ANOVA
showad that the psychophysical functions in ‘both experiments did not
differ significantly [ F(4.72) = 1.78; p > 0.10 ]. This outcome

further supporte the validity of the assumption that the obtained
ecale values are measured on a ratio scale of perceived swestnose
intensity differences.

3.2.1.2. Scale values of fructose from De f & Frijt
1987b), and af, Frijters Van Tri 7
ompared to scale values from De f & Fri 19

In the experiment of De Graaf & Frijters (1987c) the molar
concentrations of fructome were 0.125, 0.218, 0.378, 0.860, 1.149 and
2.00 M. Da Graaf, Frijters & Van Trijp (1987), and De Graaf &

Frijters (1987b) used stimuli of D.125, 0.25, 0.50, 1.00, and 2.00 M
fructose. For the two latter sets of scale valuee second order
poiynomial regression equation functions were fitted with the (log-
concentration) and (log-concentration)*#2 as independent varizbles

and the log of tha obtained scals values as dependent variable. Using
the fitted regression squations, the scale values for D.218, 0.379,
0.660. and 1.149 M fructose were astimated. Oncea these estimatad
acale values wers ahtained the difference betwesn these scale values
and the scale value of 0125 M fructose was calculated. These latter
scale valuee wers plotted against the scale values of the difference
response matrix and the log-transformed ratio response matrix of the
experiment of De Graaf & Frijters (1987c).

Figure 4, pansls A and B, shows the relationships between the
different sets of scale values. The four straight lines fitted
through thess points were obtained by orthogonal regression. The
lowest of the four values of R#%2 was 0.994. The largest intercept
wae obtained for the line which was fitted through the points
relating the scale values of the difference repsonse matrix of De
Graaf & Frijters (1987b) to the scaie values determined from the data
De Graaf, Frijters, & Van trijp (1987). A statistical test showed
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Figure 4. Panel A: Relationship between difference in sweetness
to sweetness of 0.125 M fructaose obtained from the "difference”
response matrix of De Graaf & Frijters (1987c), and 1)

{open points) sweetness differences to sweeiness of D.125 M
fructose as predicted from the data of De Graaf, Frijters &
Van Trijp (1687). and 2} (closed points} sweetness
differences to sweetness of 0.125 M fruciose predicted from
the data of De Graaf & Frijters (1987h),

Panel B shows similar relationships as panel A, except that
the sweetness differences of the De Graaf & Frijters (1987c)
were obtained from the log-transformed "ratio” response
mairix, instead of the "difference” response matrix.

that this intercept does not deviate significantiy from zero [t (3)=
1.08, p, > 0.10). The intercepts of the other three fitted linee wers
virtually identical to zero.

It i® concluded that the ecale values obtalined by Da Graaf &
Frijters (1987c) differ only with a multiplicative constant from the
ecale values determined from the data of De Graaf, Frijterz & Van
Trijp (1887), and from the data De Graaf & Frijters (1887b).
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Figure 5. Relationships between scales values of 1) the total taste
intensity of suscrose (open points), 2) the sweetness of
sucrose (closed points), as determined by De Graaf & Frijters
(1987e}, and the scale values of the sweetiness of sucrose as
obtained by De Graaf & Frijters (1987hb),

3.2.1.3. Comparison of psychophysical sucrose functlong
obtained by De Graaf & Frijters (1987b) and by De

Graaf & Frijtors (1087e)

In the experiment of De Graaf & Frilters (1887b) the
concentrations of the unmixed sucrose stimull were 0425, 0.25, 0.50,
100 and 2.00 M. In the experiment of Do Graaf & Frijters (1987e) the
concentrations of the unmixed sucrose stimuli were D425, 0.26, 0.50,
and 1.00 M. Figure 5 shows the relationship between the scale values
of sucrose obtained In the experiment of De Graaf & Frijters (1987b)
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and the scale values obtained by De Graaf & Frijters (1987s) for the
total taste Iintensity of sucrose and for the sweetneses intensity of
sucrose.

The twao straight linee fitted through the data of this Figure
were obtalned by linear regression through the origin. The slopes of
these !ines were used as the normalization factor to account for the
differsence in the magnitude of the scale units for each of the three
scalés.

Each individual acale value (l.e., 40 values = 10 subjects » 4
concentrations) of the swestness of sucrose from De Graaf & Frijters
(1887h) wae multiplied with the numerical value of the obtained
normalization factor (1.24). ANOVA showed that the difference batwsen
the peychophysical functions for the esweetness of eucrose obtained by
De Graaf & Frijters (1987b) and De Graaf & Frijters (1987e) was
statistically marginally significant [F(3,66) = 2.92, p = 0.04].

The numerical value for the normalization factor between the
swestness of sucrose of De Graaf & Frijters (1987b) and the total
taste intensity of sucrose of De Graaf & Frijters (1887e) wae 0.70.
After multiplying the individual scale values of De Graaf & Frijters
(18687b) with D0.70, ANOVA showed that the paychophysical function for
the sweetness of sucrose (De Graaf & Frijters (1987b) does not differ
from the psychophysical function for the total taste Intensity of
sucroee (De Graaf & Frijters, 1887a).

3.2.1.4 Summary

The previous analyses showed that the scale values of fructose
obtained In the studies of De Graaf, Frijters, & Van Trijp (1987),
and De Graaf & Frijters (1987b), differ from the fructose scals
valuee of De Graaf & Frijters (1887c) with a multiplicative constant
only. The shape of the peychophysical fructoze function obtained by
De Graaf, Frijters, & Van Trijp (1987} does not differ from the shape
of the peychophysical fructose function obtained by De Graaf &
Frijters (1987b). The shape of the psychophysical function of the
total taste intensity of sucrose (De Graaf & Frijters, 1987e) does
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not differ from the shape of the psychophysical function of the
eweetness of sucross (De Graaf & Frijters, 1987b).

Summarizing the resulte of the abowve analyses it can be
concluded that there is subetantial support for the aseumption that
the scale valuee obtained in the previous experimente represent
aweetneas intensity differences measuwred on a ratip scals level.

3.2.2. A comparison of glucoee ecale values obtained by
functional measurement and glucose scale valugs obtained
by accumulating JNDs

As Birnbaumn (1980) noted one of the most puzziing issuse in
phychophysical measurement has bean the fasilure of different acaling
techniguss to provide one single scale of sensation. Scale values
obtained by magnitude sstimation, scales obtained by category scaling
and scale values obtained by accumlating JNOs, have a nonlingar
relationship with each other. Sometimes however the different acale
types converge. in taste psychophysice McBride (1283) claimed that an
accumulated JND scale of sucrose converges with scalos valuss of
sucrose on a category scale.

The analyses on the form of the judgment function in the
previous experiments showed that the judgment functions in these
studies were linear. The scale values were thus linear with perceived
swestness intensity differences. The analyses presented in the
foregoing section also suggest that these scale valuee were measured
on a ratio scale level. In addition these ecale values were shown to
be consistent with matching data. With respect to the JND scales of
glucose and fructose the analysis In one of the pravious sections
(10.2} showed that these scales were internally consistent. Soc at
firet sight it appears that both the scales obtained from direct
ecaling and the scales obtained by indirect scaling are valid sensory
scales, Additional analysis on the relationship betwesan thees two
different type of scales can give further support for this
suggestion,
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sweetness difference to sweetness of -
0125 M glucose {De Graaf, Frijfers, & Van Trijp, 1987)
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Figure 6. Relationship between sweeiness differences to the
sweetness of 0.125 M glucose as determined from the data of De
Graaf, Frifters & Van Trijp (1987) and sweetness differencec
determined from the JND-scale in Figure 2 of the present
chapter,

In Figure 6 the sweetness differences between 0.25, 0.50, 1.00,
and 2.00 M glucose and the sweetness intensity of 0.125 M glucose
expressed in scale values obtained by De Graaf, Frijters & Van Trijp
(1987) are plotted as a function of the same differences expressed in
units of the JND-scale.

Visual inspection shows that the relationship betwesn these two
ecale typee is not linear. It seems that the sweetness differences
expreased in JND8 are not directly proportional to sweetness
differences expressed In the units of the scale used by De Graaf,
Frijters & Van Triljpo (1987). These data do not support the suggestion
that both scales are lienar scales of perceived sweetness intensity.
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4, RELATIONSHIPS OF THE SCALE VALUES OBTAINED IN PREVIOUS
STUDIES WITH THE SCALE VALUES DBTAINED BY McBRIDE

McBride (1983, 1886) used a category ecale to assess the
sweatness intensity of sucrose, glucose. fructoes and their binary
mixtures. This author took special pracautions to exclude all kinds
of biases. In addition, McBride (1983) claims that category scales
and UND scales of sucrose swesetness converge. Theee findings suggest
that the sensory scales developed by McBride (1982, 1883, 1988) are
valld sensory scales of swestness intensity. The scales developed in
the previous studies of Do Graaf and Frijtere were shown to be valid
scales of sweetness intensity. Both the studies of McBride and the
studies of De Graaf & Frijters used glucose, fructose, sucrose and
binary mixtures of these substances, which enabled a comparison
between the resulte of their studies.

If both McBride (1982, 1983, 1986) and De Graaf & Frijters
developed valid sersory scales then the relationship between these
scales must be linear. The purpose of the present analysis is to
inveastigate whether or not a linear relationship exists.

Thres analysis have been carriad out. In the first analysis the
data of De Graaf, Frijters & Van Trijp (1887) of the sweetness
intensity of glucose, fructuse and glucose-fructouse mixtures have
been compared to the results of McBride (1982, 1986) on the sams
subetances and mixtures. The second analysis focused on the data on
the sweetnese of sucrose. fructose. and sucrose-fructose mixtures (De
Graaf & Frijters, 19687o; McBride, 1982, 1983, 1886). The third
analysis compares tha JND-scales for glucose and fructoese to the
category scales for the same substances of McBride (1982).

4.1. Data on glucose, fructoge and mixtures: 3 comparigon betwsen
the data of McBride (1982, 1986) and 0o Graaf, Frijters & Van
Trijp_(1987)

McBride (1982, 1986) assessed the responses to the sweetness
intensity of 0.0971, 0.1943, 0.3885 and 0.7771 M fructoee, 0.1500,
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Figure 7. Relationship between scale values for the sweetness of
glucose, fructose., and mixtures. obtained by McBride (1682,
1086), and scale values as predicted from the data of De Graaf,
Frijters, & Van Trijp (1987).

0.300, 0.400, 0.600 and 1.200 M glucose, and D114, 0.222 and 0.444 M
of the GlFru .50/.50 equiratio mixture type. The average respones to
each of these stimull were graphically estimated from Figures 20 and
21 of McBride (1982) and Figure 5 of McBride (1886).

De Graaf, Frijters & Van Trijp (1987) obtained scale vaiuss of
the sweetnese intensity of G.425, D.250, 0.600, 1.000 and 2.000 M of
glucoee, fructose and the GluFru .50/.50 equiratio mixture type. For
each of these three stimulus types second order polynomial regrassion
equations were fitted. The log concentration and (log-
concentrationy**2 were the [ndepsndent variables and log of the mean
scale value served as the depsndent variable. The ohtained regression
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equations were used to predict the secale values of the stimuli
usad by McBride.

Figure 7 shows the relationship between the scale vaiues
obtained by McBride (1982, 1988) and the scale values pradictad from
the data of Ue Graaf, Frilters & Van Trijp (1987). Although the
atraight line fitted through the points in Figure 7 haa an high R##2-
value (0.975), there appear to be soms deviationa from linearity.

4.2. Dota of sucrose, fructose: a comparison between the data of
McBride (1982) and De Graaf & Ffrijters (1887h).

McBride (1982) obtained estimates for the sweetneas intensity of
0.0625, 0.125, 0.2500 and 0.500 M sucrose, and D.0971, 0.1943, 0.3885
and 0.777t M fructose. The rumerical values for the mean of the
responsea to these stimuli were graphically estimated from Figures 14
and 20 preeented by McBride (1982).

De Graaf & Frijters (1987b) obtained scale values for the
swestness intensity of 0.125, 0.25, D.BO, 1.00 and 2.00 M of both
sucrose and fructose. Through these latter scale values second order
polynomial regression sguations were fitted with log-concentration
and (log-concentration)#*2 as indepeandent varijables and the log of
the scale values as dependsent variables. The obtained regrasasion
equations were used to predict the scale valuee of the stimuli that
McBride (19B2) used.

Figure B8 shows the relationship between the scala wvalues of
McBride (1982) and the scale values predicted from the data of De
Graaf & Frijters (1987b). Vieual inspection shows that this
relationship shows the same pattern as the relationship in Figure 8,
and I8 also not linear.
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Figure 8. Relationship between scale values for the sweetness of
sucrose and fructose abtained by McBride (1982), and scale
values predicted from the data of De Graaf & Frijters (1987h)

4.3. Comparigon of JNO-scales of glucose and fructose and_the
category scales for glucose and fructosse as obtained by
McBrids_(1982).

McBride (1883) reported that a JND-scale of sucrose converged
with a category scale of sucrose. The purpose of the present analysis
is to investigate whether the JND-scale of glucose and fructose
developed previously (section 2. of this Chapter) converges with the
category scales of glucose and fructose such as developed by McBride
(1882).

McBride (1982) obtained the sweetness responses to 0.0971,
0.1943, 0.3885 and 0.7770 M fructomss, and to 0.150, 0.300, 0.400,
0.600 and 1.20 M giucose. The average responses to these stimuli were
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number of JNDg from 0125 M glucose
or 0.0485 M fructose.
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Figure 9, Relationship beiween scale values for the sweetness of
glucose and fructose obtained by McBride (1982), and scale
values obtained from the data of the JND-scales of glucose and
fructose, as shown in Figure 2 of the present chapter,

graphically estimated from the Figures 20 and 21 of McBride (1982).
The scale values of these stimuli on the JND scale of glucosa and
fructose were oraphically estimated from Figure 2 of this chapter.
Figure 9 shows the relationship between the number of JNDs and
the scale values of McBride (19B82). Except for the lowest point (for
0.15 M glucose) all points jie on a straight line. It iz concluded
that the JIND scale of glucose and fructose developed previously
converges with the category scales of glucoee and fructose obtained
by McBride (1982).
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4.4. Summsry

The relationship between the scale values obtained by McBride's
(1983) method of 6ategcn"y scales, and the scale valuss obtained from
the functional measurement approach of De Graaf & Frijtere is not
linear. The relationship between the category scales of McBride and
the JIND-scales of De Grasf and Frijters is In fact linear.

10.5. THE GENERALIZED BEIDLER EQUATION FITTED FOR SINGLE SUGARS
ANO EQUIRATIO MIXTURE TYPES

Beidler (1959) suggested that his fundamental taste equation
which was originally developed to describe the neural reponse to
taste stimuli (Beidler, 1954), can be a valid description for the
psychophysical function of taste substances. One of the arguments put
forward by Beidler was based on a replot of the accumulated JNO-scale
for sucrose ae constructed by Lemberger (1808). This replot of
Lembergers JND-scale appeared to converge with his fundamental taste
equation. Beldlar's suggestion was not followed by other
invegtigatore of that time, probably because of the simultaneous
development and application of Stavens method of magnituds astimation
and the subsequent formulation of the power law as the "proper”
description of any psychophysical function.

In recent publications of human psychophysical studies howaver,
Beidler's taste eguation reappears in the literature (Curtis, Stevens
& Lawless, 1984; De Graaf & Frijters, 1986; McBride 1987). McBride
(1987) suggests that Beidler taste eauation is a valid description
for the psychophysical functions of sucross, fructose, glucoss, NaCl,
caffeine and citric acid.

Beidler‘'s original taste egquation reads,

Re o )
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where R is the magnitude of the reponse, K is an association constant
reflecting the degree of affinity of a taste substance molecule to
ita receptor site, C is the concentration in mol/L, and Rmex.

rapresents the maximum response at very high stimulue concentrations.

The relationship between log-concentration and response exhibits
symmetric sigmoidal function, asymptotically approaching the maximum
response at high values of log- stimulus concentration (ssa Figure
10).

One of the critical features of thie function is that
doubling the concentration always vyields a |less than double response.
In other words, Beidler's taste equation predicte compressive
psychophysical functions over the entire atimulus range.

The iatter observation is not in agresmant with the data
obtained by Frijtersa, De Graaf and colleaques, who found that the
psychophysical functions for glucose, fructose, sucrose, Nall, and
various equiratio mixture types of these aubstances are positivaly
accelerating at low concentrations but negatively accelerating at
high concentrations. in electrophysioclogical studies of guccse and
fructose similar observation were made (Tateda & Hidaka, 1966; Morita
& Shiraishi, 1968; Hiji & Imoto, 1980). In these latter studies a
more genaral form of Beidler's taste sauation wae given. A similar
more general equation was alec formulated by Bsidler (1978) himssif.
This equation reads

KRmax.C#¥%n

= SR —

1 + KC=%n

The difference between eguation 1 and equation 2 liee in the
exponent n, i.e. the Hill coefficient (Hill, 1910). According to
Beidler, the exponent n reflects the number of molecules that must be
adsorbed at a receptor site before a response is selicited. In the
cage of sucroee the value of n would be one indicating a

monomolecular interaction between etimulus molecule and receptor

@
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Figure 10. Log-linear plots of the generalized Beidler equation (see
equation 2 in text), one for a function with an exponent of 1
(the original Beidler equation), and one for a function with an
expanent of 2, The values of the other parameters (K, and
Rmax.) are suppcsed to be equal,

aite, Figure 10 illustrates the difference between predictions from
eaquation 1 and predictions from &quation 2 when n has an assigned
value of 2. This Figure shows that the slopa of the function having
the value of n = 2 is steaper than the siope of the function having
no exponent (or one might say that the expoment has a value of 4).
Eauation 2 predicts that at low concentrations the peychophysical
functions are positively accelerating, whereas at high concentrations
the paychophysical functions are negatively accelerating. This
prediction is in lin@ with the cbservations of Frijters and De Graaf.
For a more thorough and theoretical treatment of fitting the
generalized taste equation the reader is referred to Mses (1085).
Equation 2 can be ueed to fit psychophysical functions for
single substances as wsll as for eaquiratio mixture typss. This
provides a potentlal poasibility for reparametrization of the
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equiratie- mixture model developed by Frijtere & Oude Ophuis (1983).
This mods! provided excellent predictions for the prediction of the
sensory response to binary and physically more complex mixtures of
sugars. The equiratio mixture model i8 an S-R model in which it ie
assumed that the power function as developed by Stevens is a valid
description of -the relation betwesn concentration and response.
Although this assumption may be wvalid it is clear that the relation
between concentration and taste intensity iz not a power function.
Power functions with an expanent unequal to one are either
compressing or expanding over the entire atimulus range. The data of
the previous studies suggest that thie is not the casa.

Equation 2 was fitted through the data aobtained by De Graaf,
Frijters & Van Trijp (1887), De Graaf & Frijters (1887b) and De Graaf
& Frijters (1987c). Bauation 2 was aleg fitted through the data of De
Graaf & Frijters (1987e) and the data on the accumulated JND-scales
of glucose and fructose. The estimated parameters obtained from thess
latter anslyses however had such a large standard error that thay
could not be considerad to yield any meaningful interpretation. The
results of these latter analyses are therefore nout given herse. Al
equations were fitted with an iterativea non-linear regreesion
procedure using the Gauss-Newton method (SAS, 1988).

The results of the present analyses must be interpreted with
caution. The three estimated parameters are based on five points
only. Five points in fact is too low to vield refiable estimates.
Another reason for caution with the interpretation of the results of
this analysis ig that the estimates for the different parameters are
not independent of each other. The estimated value of K for Bxample
has a drastic influence on the estimated value of n. It appsared that
over the Iterations in each analygis that the estimated wvalues for
each of the three psrameters showed correlations close to + 1 or -
1.

Tabie 3 shows the estimated parameters for the fitted equations
for the data obtained by De Graaf, Frijters & Van Trijp (1987).

The results given in Table 3 show that for glucose, fructose and
the three equiratio mixturees types, thg values of the exponent n and
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Table 3, Estimated values af the parameters of equation 2,
using the scale values cbtained hy De Graaf. Frijters,
& Van Trijp (1987).

Stimulus type

Glucose C1Fr.75/.25 GiFr.5/.5 GIFr,25/.75 Fructose

exponent n 1,53 1.44 1.51 1.39 1.44
constant K ©,88 1.28 1.81 1.73 2.3
Rmax 157 143 135 140 135

the maximum responses do not differ to any great extent. The value of
n lies between 1 and 2 In all cases. The parameters N and Rmex. Of

the mixturee do not lie in between the parameters of the urmixed
substances. The response to 2.00 M fructose in this study was about
415, which 8 about 85 % of the estimated maximum response. The
response to 2.00 M glucose was 104 which i8 about B8 % of the
estimated maximum response.

The main difference betwesn the paramsters of the different
stimulus types is the value of the association constant K. The vaiues
of K of the mixtures lis between the values of the unmixed compounds.

From these results however it 18 not clear whether the
parameters of the mixturss can be predicted from the parameters of
the unmixed compounds. From this observation it is concluded that it
is not straightforward to reparametrize the aquiratip mixture modet
on the basis of the generalized taste equation.

As mentioned above, Beidler (1878) noted that the wvalue of n
reflacts the number of stimulus molscules which must be adsorbed
before a response is elicited. These rasulte may indicate that the
adeorption of glucose and fructose to receptor sitea is not a simple
monomsicular process. This result is in agreement with the
conclusions of other investigators (Hiji & Imoto, 1980; Morita &
Shfraiahi, 1968; Tateda & Hideka, 1968). De Graaf & Frijteras (1986)
suggested that glucose and fructose have additional eecondary binding
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Table 4. Parameter estimations of n and K of equation 2 for
the psychophysical function of fructose as determined
from the data of De Graaf & Frijters {(1987c).

scale values from scalé values from
difference response log-transformed ratio
matrix respocnse matrix
exponent n 1.65 1.684
constant K 2.15 2.53
Rmax 141 4.2

mechanisms. The preeent resulte are slso in line with this
hypothesis.

Teble B shows the estimated parameters for the
poychophysical functions of fructose using the scale values obtained
by De Graaf & Frijters (1887c). The parameters were estimated for the
ecale values derived from the "difference” response matrix and for
the scale values derived from ths log-transformed “ratio” response
matrix. In this study water was not included so all scale valuee
represented sweetness intensities on an interval scale without a
epecified zero point. In this case the responee to water was
estimated by inclusion of an additive conatant in eguation 2. The
astimated value of the intercept (i.e. the estimated value of the
additive constant) represented the estimated response to water. The
estimated values of Rmax, @re given as the distance to the estimatsd
acale value of water.

Table 4 showe that the estimated value of n obtained from the
difference responss matrix ie similar the value of n obtained from
the log-transformed ratio response matrix. The obtained values of
1.64 and 1.B85 are slightly higher than the valus of n = 1.44 obtained
from the data of De Graaf, Frijters, & Van Trijp (1887). The wvalue of
K of 215 for "differences™ differs somewhat from the value of K of
253 for log "ratios”. The satimated value of K = 2.33 obtained from
the data of De Graaf, Frijtere, & Van Trijp lies in between these two




-227-

Table 5. Estimations of the parameters of equation 2 for
fructose, sucrose and the SucFru .50/.50 mixture,
using the scale values of De Craaf & Frijters (1987h)

Stimulus type

fructose SucFru ,50/,.50 sucrose
exponent n 1.40 1.27 1.05
Constant K 1.71 2.08 1.22
Rmax 08 113 144

aestimates.

The difference between the estimated response to wster and the
response to 2.0 M fructose, was sbout 90 X% of the difference of the
egtimated reponse to water and the estimated maximum response. The
value of 90 % apelied for both "differences” and log "ratios”. This
percentage is similar to the percentage abtained from the data of
Frijters, De Graaf, & Van Triijp (1887). where 2.00 M fructoss was
estimated to account for about 85 X of the maximum responsse.

Table 5 shows the sstimated parameters for the psychophysical
functions of sucrose, fructose, and the SucFru .50/.50 equiratio
mixture type. This tabie shows that the estimated valus of n for
sucrose is 1.05. This value is close to ons and indicates that the
psychophysical function of sucrose concurs with the simplest form of
Beidler's taste eauation, representsd by Equation 1. This obsarvation
concurs with the conclusions of various electrophysiological studies
(Oe Graaf & Frijtera, 1986).

The value of n for fructose i8 1.40 which is similar to the
estimated value of n = 1,44 as obtained from the data of De
Graaf, Frijters & Van Trijp (1987) (see Table 6). The response to
2,00 M fructose was about 80 which is about 82 % of the estimated
maximum response to fructose. This percentage concurs with the

corresponding percentages obtained from the two previous analyses.
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The estimated values of n and Rmex. OF the sucrosa/fructoss
50/.50 mixture fies In between the values of n and Rmax. for unmixed
sucrose and unmixed fructoss.

The value of K of 1.71 for fructoee is slightly lower than the
estimated values for K in the Tables 3 and 4. Surprisingly the value
of K for sucrose is substantially lower than the value of K for
fructose. As sucrose is sweeter than fructose on a molar basis it was
sxpected that the value of K for sucrose would be higher than the
value of K for fructose. Probably the sstimated wvalues of K ars
interrelated with the estimated values of n and Rmax. Another
unexpected result is the high value of K for the mixture. This value
exceeds the eetimated valuse for the unmixed components.

In conciusion, it can be said that the estimated wvalues of n,
Bmax.. and K for unmixed fructose show a large variation. it is most
probable that more data-points must be known befaore any reliable
estimates can be abtained with thie procedurs. On the basis of the
prasent rasults it makes jittle to apply the rationale of the
eauiratio mixture modsel, to psychophysical functions having the form
of the generalized Beidler sauation form.
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CENERAL DISCUSSION
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In thies thesis, the parception of taste substance mixtures
was studied with reference to three central issues.

The firet iseua is the concept of aquiratio taste substance
mixtures which is to be considered as new paradigm which makes it
pogsible to construct mixtures in an unprecedented way. This
thesis pursues the consequences of the concept of equiratic taste
substance mixtures in the study of taste interaction phenomena.

The second issue concerns rules currently in use regarding
the comparigon of the taste intensity of a mixture to the taste
intensities of the mixture’s unmixed compounds. This thesis
investigates the consequences of application of theee rules for the
theories and hypotheses about the taste intersction in mixturas.

The third issue concermns fundamental measurement of taste
intensities of mixtures and mixture's components. A recant
structure for measuring mental states is functional measurement
(Anderson, 1984). This research methodology incorporates specific
rules and prescriptions to check the psychometrical status of
verbal ratings.

it appears that the concept of equiratio taste substance
mixtures i8 a powerful tool in the study of the taste interaction
in mixtures. One of the main features of this concept is that it
enables the physical dimension of stimulus concentrstions in
mixtures to be manipulated in a similar way as it is done for
unmixed substances. This allows for the determination of
peychophysical functions of taste substance mixtures.

Frijters & Oude ﬁphui (1983) showed that the eauiratio taste
mixture model provided excelient predictions for the responses to
the sweetnese intensity of giucose-fructose mixtures. Frijters,
De Graaf., & Koolen (1984) showed that the equiratio taste mixture
model can also be applied for the prediction of the responses to
the sweetness intenasity of sucrose-sorbitol mixtures. This model
was succesfully axtended to predict the sensory responses to
complex mixtures of sugers and sugar slcoholes (Frijters & De
Graaf, 1887). Frijters & Stevens (198E6) showsd that this model

can alsp bs used for the prediction of the responses to the
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sourness of binary egquiratio acid mixtures. Results of future
studies must decide whether or not the equiratio taste mixture
madel will also be succesful in predicting the sensory responses
to other types of mixtures.

The concept of squiratio taste substance mixtures aiso
provided the basis for assessing the taste interaction according
to the "equimolar comparison rule”, which is described in the
Chapters Fou and Six. Application of this rule to the results of
various other studies (Chapter Four)} suggests that the taste
interaction in all binary sugar mixtures follows two general
principles. The first principle is that the sweetness intensity
of a binary sugar mixture lies between the sweetness intensities
of its components, when each is tasted alone at at the same total
molarity as the mixture (Chapter 4). The second principle is that
the sweetness intensity of a binary sugar mixture approaches of
the sweetness intensity of the sweetest unmixed compound, when
the proportion of the sweetest compound in the mixture increases.

It is clear that emuimplar comparison rule provided an
excellent tool for assessing the taste interaction in binary
sugar mixturea, However, application of this comparison rule 18
not so straigthforward in the case of the taste interaction In
mixtures of sugars and intensive sweeteners. it is not feasable
to compare the sweetness intensity of sugars, intensive
sweeteners, and mixtures of intensive sweeteners and sugars st
equimoiar concentrations. Future studies must show whether or not
the equimolar comparison can be adjusted to describe the taste
interaction in mixtures of sugars and Intensive sweeteners.

When the taste interaction between intensive sweeteners and
sugars is considered, application of the two other comparison
rules to assass the taste interaction, i.e.. the summated
response comparison rule and the factorial plot comparison rule,
I8 straightforward. The concentrations of a sugars and intensive
sweeteners can be manipulated according ta a factorial mixture
design, and the taste interaction can be specfied according to
these comparison rules. However, when assessing the taste
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interaction according to the factorial plot or the summated
regsponsa comparison, there is one additional issus that must be
considered, i.e., the psychometric properties of the response
acale.

Az was shown in Chapter Five, the psychometric properties of
the response scale have a drastic influence on the conclusions
that are drawn on the basis of the summated response comparison.
The same applies for conclusions about the taste interaction when
using the factorial plot comparison rule. When the taste
interaction is being assessed according to the factoriai pilot
comparison rule, the taste intensities must be assessed on a
interval scale, and when the summated response comparison is
applied the taste intensities must be assessed on a ratio scale.

The results of the studies of this thesis suggest that the
applied psychophysical scaling method, i.e., a functional
measurement approach in combination with a two stimulus
procedure, vielded interval scales of perceived taste intensity
(Chapters Five., Six, Seven and Nine). The resuits of sach of these
axperimente showed that the judoment function was linear in each
study. The additional cgritical analyses in Chapter Ten of this
thesis show that the interralationships among the scale values
obtained from different studies, concur with the hypothesise that
the scale values represent taste intsneities measuwed on a ratio
scale.

The additional analyses in Chapter Ten showed that
the scale values obtained from the functional measurement
approach in combination with two stimulus procedure are not
linear with the scale values on tha category ecale of McBride
(1982, 1986). The JND scales of glicose and fructuse as
developed in Chapter Ten are alsc not lingar with the scals
values obtained from the functicnal messurement approach.
However, the JNO scales of glucose and fructose converge with the
category scales of glucose and fructose sB obtained by McBride
(1982). A JND scale for sucross also concurred with the category

scale for sucrsose, according to McBride (1983).
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To summarize, JND scales for glucose, fructoee, and sucrose
concur with category scales for glucose, fructose and sucrose as
obtained by McBride (1982, 1983a.b, 1986). However, the category
scales and JND scales are not linear with the scale values
obtained from the functional measurement approach. These latter
scale values were shown to represent interval scales of perceived
taste intensity. These scale values aiso concur with testable
predictions for a ratio scale.

The gusstion now arises as to which scale is linear with
perceived taste intensity, the JND and category scales. or the
scale values obtained from the functional measurement approach 7

McBride (1983a,b) claims that the scales that he obtained
are interval scales of perceived taste intensities. He uses
two arguments, i.e, 1) the category scale-JND scale convargsnce
{McBride, 1883b), and 2) the agreemant between category scales
and matching data (McBride, 1983a). Both arguments are
invalid. With respect to the first argument. it is noted, that
when both the category scale and the JND-scale are not linear
with perceived taste intensity. it may well be that the
relationship between these two is in fact linear. Both tvpes of
scales may be nonlinear in the same way.

The second argument is invalid too. In Chapter Six of this
paper, it was shown that the data obtainaed by functionat
measurement agree with the matching data obtained in Chapter
Three. in Chapter Ten it was shown that the magnitude estimation
data obtained by Frijters & Oude Ophuie (1983) also agree with
the matching data in Chapter Three. Az the data of McBride
(1983b) are aiso in agresment with the matching data, we are now
faced with at least three types of scales (McBride, 1983b;
frijters & Oude Ophuis, 1983; Chapter Six), which =rse alt in
agreement with matching dats. However, these scales are
interrelated in a non-lingar way. Thus, the argument that a
particular scale agrees with matching data is no evidence for a
linear scale.

it I8 argued that the scale values obained by the functional
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measurement approach are linear with perceived taste intensity.
The paraslellism in the factorial piote in the Chapters Five, Six,
Seven, and Nine show that the judgment function in each of these
studise was linear. On the baeis of the theory of information
integration of Anderson (1981), it can thus be inferred that the
derived scaie values are linear with perceived taasts intensity.
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SUMMARY
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CHAPTER ONE

The thesis desls with the human perception of taste
substance mixtures. This subject matter is studied with refersnce
to three central issues. 1) the concept of ewquiratio taste
substance mixtures, 2) the way how the taste intensity of a
mixture is compared to the taste intensitias of the mixture's
components, when tasted independently, and 3) the psychomstric
properties of the rasponse scale.

CHAPTER TWO

Thizs chapter gives a review of the literature on the perception

of taste substance mixtures untit 1980. This review does not
account for recent developments in psychophysical taste mixture
regearch, and results in @ description of the state of knowledge
on the perception of taste substance mixtures as it existed at
the end of the 1970’s.

The study of the perception of taste substance mixtures
is divided in two main areas i.e. the perception of
qualitatively similar tasting substances and the perception of
qualitatively dissimilar tasting substances.

The results of studies on the perceived taste intensity of
mixtures of qualitatively similar tasting szubstances, showed that
the intensity of a mixture exceeds the sumn of the taste
intengities of the mixture's unmixed components. However, most of
these results can be explained on the basis of s model of
Bartoshuk & Cleveland, which relates the taste interaction betwsen
substances to the forms of the psychophysical functions of the
mixture's unmixed components.

The study of the taste interaction in mixtures of
qualitatively dissimilar tasting substances focuses on two
issues i.e. the perceived taste guality, and the perceived tastse

intensity.
One of the questions concerning the taste quality of
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mixtures wae already rescived in the middie of the nineteenth
century. The taste qualitiee of the mixture's components can

be identified in mixtures. For exampie, particular mixtures

of sucrose and NaCl taste both sweet and salty. Another question
concerning the taste quality of mixtures is whether or not new
taste qualities smerge. The diecuesion on this issue started at
the end of the nineteenth century, and contimues unti! the
present day. This guestion is still not resolved.

Whether or not the specfic taste intensity of a particular
taste substance is altered by the presence of another digsimilar
tastant, has been investigated in a iarge number of studies.
There appears to be little agreement between the results of

various studies.
CHAPTER THREE

Beldler formulated his taste mixture eguation to describe
the neural response to taste substance mixtures, of which the
molecuies of the components compete for adsorption at the same
receptor gites. Later, this saquation was gereralized to a
psychophysical level. The purpose of this chapter was to show that
Beidler's mixture model can be tested appropriately with indirect
psychophysical methods. Using the method of constant atimuli,
concentrations of fructose, and thres equiratio mixture types of
ghucose and fructose were matched in perceived sweetness
intensity to five glucose standard concentrations. The results
showed that Beidler's mixture equation describes accurately the
taste interaction between glucose and fructose at low sweetness
leveis. At high sweetness igvels the taste system operated in a
more efficient way than could be expected on the basis of Beidier's
mixture equation, because the experimentally determined mixture
concentrations were lower than those predicted by this model. The
findings suggest that glucose and fructose share common
receptors, but that either one or both have additional secondary

binding ‘mechanisms.
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CHAPTER FDUR

This chaptor diecusses two rules currently in use for the
assaessment of the taste interaction in binary mixtures of
qualitatively similar tasting substances. Usually, the taste
interaction is assessed by comparing the response to a mixture to
the sum of the responses of the mixture's components (i.e. "the
summated response comparison rule”). The second rule discussed is
the "equimolar comparison ruie”. When this rule I8 applied, the
taste intensity of mixtures and single substances are compared at
those concentrations where the mixtures and single compounds have
equal molarities. The results of ssven published studies were re-
analyzed in order to enable application of the equimciar
comparison rule. The results showad that the taste intaraction in
binary sugar mixtures follows two principles. The first principie
is that the sweetness intensity of a binary sugar mixture lies
between intensities of its components, when each is tasted alone
and at the same total molarity as the mixture. The sscond
principle is that the sweetness intensity of a binary sugar
mixture gets near the sweetness intensity of the sweetest
component, tasted alone and at the same molarity as the mixture,
when the proportion of the swestest component in the mixtura

increases.

CHAPTER FIVE

In this chapter it is argued that the taste interaction in
taste substance mixtures can only be studied properly by
application of a paychophysical methodology, which separates the
sensory processes from the judgmental proceeses. This is
achieved by a functional measurement approach in combination
with a two stimulus procedure. In this study, solutions of
glucose, fructose, and three equiratic mixtures of glucose and

fructose, were compared with glucose solutions for perceived
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swestness intensity. Paralellism in the obtained factorial plote
showed that the judgment function was linear. From this result it
wae inferred that the marginal mesne of the response matrices
represent perceived sweetness intensities on an interval scale.
The results showsd that the psychophysical functions of the three
equiratio mixtures of glucose and fructose lie in betwean the
paychophysical functions for unmixed glucose and fructose.

CHAPTER SIX

In this chaptar It I8 discussed how the taste interaction
between two oualitatively similar tasting substances in mixtures
can be assessed. The taste interaction can be assessed using the
"equimolar comparison rule”, the "factorial plot comparison
rule”, or the "summated response comparison rule”. These rules
were applied on the results of an investigation on the sweetnoss of
sucrose, fructose, and sucrose-fructose mixtures. Each comparison
rule arrived at a similar description of ths taste interaction
between sucrose and fructose, except for one phenomenon. From the
results of the equimoiar comparison rule it became apparent that
the swestness Intensity of sucrose-fructose mixtures liea In
between the swestnees intensities of unmixed sucreosse and
fructose. This was not evident from the reeults of the other
comparison rules., The taste interaction between sucrose and
fructose could be explained to a large extent, although not
completely, by the apparent taste interactions within sucrose and
within fructopse. It 8 also argued that the taste interaction in
binary sugar mixtures is synergistically at low sweatness levels,
additive at intermediate sweetness levels, and suppresasive at
high sweetness levels.

CHAPTER SEVEN

In this chapter it ie Investigated, whether or not subjects
use one comparative operation between the absolute sweetness
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intensities elicited by a pair of fructose stimuli, irrespective
whather they are instructed to judge "ratiog” or "differences” in
perceived sweetness intensities. The pairs of fructoss stimuli were
constructed on the basis of a factorial judgment design. The
rasults showed that judgments of "ratios” and judgments of
"differences” wera monotonically related. The marginal means of
the log-transformad ratio responses were a linear function of the
marginal meana of the difference response matrix. These results
indicate that subjects use only one comparitive operation
between perceived swestness intensitiss. This comparative
operation i8 to be described by algebraic subtraction.

CHAPTER EIGHT

This chapter concerns concentrations of sucrose and NaCl
which are equal in perceived taste intensity. In some studies it
was suggested that sucrose and NaCl have equal perceived taste
intansities when their molar concentrations are about equal.
Results of other studiee suggest that sucrose and Nall taste
eaquslly strong, when the molar sucrose concentration is 1.5-1.75
times the molar NaC) concentration. This iseus was pursued in an
experiment, where NsCl concentrations were matched in perceived
taste intensity to five sucrose solutions (and vice-versa), using
the method of constant stimuli. The resuits concurred with
previous observations that sucrose and NaCl have an egual
percelved taste intensity, when the molar concentration of

sucrose Iis 1.5-1.75 times the molar concentration of NaCl,

CHAPTER NINE

Thie chapter concerns the interrelationships among the
swegtnees, saltiness and total taste intensity of unmixed
sucrose, unmixed NaCl and sucrose/NaCl mixtures. Thase
relationshipe are Investigated according toc a conceptual
framework. The psychophysical scaling method used in this study
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wae agimilar to the method applied in the Chapters Five and Six,
The results showed that the psychophysical functions for the
sweetness of sucrose, and the saltiness of Nall are expansive at
low concentrations and compressive at high concentrations. The
sweetness of sucrose was similar to the total taste intensity of
sucrose, and the saltiness of NaCl was similar to the total tasts
intensity of NaCl. Sucrose/NaCl mixtures were sweeter than the
corresponding unmixed sucrose solution, when both the Nal! and
sucrose concentrations werse low. When aither the sucrose
concentration or the NaCl concentration was high, sucrose/NaCl
mixtures were perceived as less sweet than unmixed sucrose. The
saltiness of sucrose/Natl mixtures was lower than the saltiness
of unmixed NaCl. The total taste intensity of sucrose/NaCl
mixtures could be well predicted by the square root of the sum of
the sguared total taste intensities of the mixture's components
when tasted alone. The total taste intensity of sucrose/NaCl
mixtures was about equal to the sum of the mixture’'s sweetnass
and saltiness intensity.

CHAPTER TEN

In this chapter some additional anaiyses were carried out.
It appears that accumulated JIND-scales of glucose and fructose,
constructed on the basis of the results of Chapter Three are
internally consiastent. A comparison between the results of
the Chapters Five, Six, Seven and Nine, shows that the scale
values obtained in each of these studies differ with a
multiplicative constant only. The scales obtained in these
Chapters are not linear with the scales obtained by McBride. This
chapter concludes with some attempts to fit a generalized Beidier
function to the scale values obtained in the Chapters Five, Six.
and Seven.



-245-

CHAPTER ELEVEN

In the general discussion it is noted that the paradigm of
equiratio taste substance mixtures appeared to be a powerful
instrument in the study of taste interaction phenomena. The
equiratio taste mixture model provided excellent predictions for
the sensory responses to binary and complex mixtures of sugars
and sugar-alcohols, and for binary mixtures of acids. The
equimolar comparison showed that the taste interaction in binary
sugar mixtures follows two general principles. Future studies
must show whether or not the equimolar comparison rule can atso
be applied to mixtures of sugars and intensive sweseteners. This
chapter concludes with a discuseion on the psychometric
properties of the scales obtained by McBride, and the scales
obtained in thie thesis. It i8 concluded that the scales obtained
in this thesis are linear with perceived taste intensity. whereas
the scales obtained by McBride are not linear with perceived

taste intensity.
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CHAPTER THIRTEEN

{(HOOFDSTUK DERTIEN)

SAMENVATTING

(SUMMARY IN DUTCH)
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HOOFDSTUK EEN

Oit proefechrift handelt over de perceptis van smaakstoffean
mengseis. Hierbij komen met name drie centrale kwesties aan de
orde, 1) het concept van squiratio semaskstoffen mengsesis, 2) de
wijze waarop de smaskintensiteit ven sen mengsel wordt vergeleken
met de smaskintensiteiten van de ongemsngde componenten van het
mengsel, en 3) de psychometrische eigenschappen van de respons
schaal.

HOOFDSTUK TWEE

Dit hoofdstuk geeft een overzicht van de literatuur over de
perceptie van smaakstoffen mengsels tot 1980. Oit overzicht gaat
nist in op recente ontwikkelingen, en resulteert in @en
beschrijving van de kennis op het gebied van de perceptie van
mengsels van smaakstoffen, zoals deze bestond aan het einde wvan
de zeventiger jaren.

De studie naar de perceptie van mengesls van smaakstoffen is
verdeeld in twee hoofdgebieden, de perceptie van mengsels van
kwalitatief gelijksmakande stoffern, en de perceptie van mengsels
van kwalitatief ongslijkemakende stoffen.

De resultaten van studies naarr de waargenomen
smaakintensiteit van mengsels van Kkwalititief gelijkesmakends
stoffen lieten zien, dat de smaakintensiteit van sen mengsel
groter is dan de som wvan de smasakintensiteiten van de ongemengde
componenten van het mengsel. Het grootste deel van deze
resuitaten kan echter verklaard worden op grond van sen model
van Bartoshuk & Cleveland, dat de smask-interactie in mengssls in
verband brengt met de vorm van de psychofysische functies van de
ongemengde componentern.

De studie naar de smask-interactie in mengsels van
kwalitatief ongelijksmakende stoffsn richt zich op een twestal
kwasties, namelijk, de waargenomen smaakkwaliteit, en de

waargenomen smaaskintensiteit.
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Een van de vragen over de smaskkwalitait van mengsele van
‘kwalitatief ongelilk smakende substanties is reeds beantwoord in
het midden van de negentiende eeuw. De individuele
amaskkwaliteiten kunnen in een mengsel geidentificeerd worden.
Bijvoorbesld, bepaalde mengsels van tafeisuiker en keukenzout
smaken zoweal zoet als zout. Een andere vrasg over de
smasakkwaliteit van mengsels is of er een nieuwe smaakkwalitait
ontstaat. De discussie hierover begon aan het einde van de vorige
eeuw, en zet zich voort tot de dag ven vandaag. Deze vraag is nog
steaeds niet bsantwoord.

Of de specificke smaskintensiteit van een smaskstof beinvioed
wordt door de sanwezigheid van ean andere kwalitatief ongelijk
smakende stof, is het onderwerp gewesst van vele studies. Het
blijkt echter dat er weinig overeenstemming bestaat tussen de
resultaten van de verschillende studies.

HOOFDSTUK DRIE

Beidler formuleerde zijn meng-vergelijking voor de
beschrijving van de neurale respons op mengssels van smaskstoffen,
waarvan de moleculen van de componenten competitie plegen
voor adsorptie @an dezelfde receptor plaatsen. Later werd deze
mengvergelijking gegensrallsesrd naar psychofysisch niveau. Het
doel van dit hoofdstuk was aan te tonen, dat Beidier‘s mengmodel op
een adequate manier getoetst kan worden met behuip van indirecte
psychofysische methodes. Gebruik makend van de methode van
conatante stimuli, werden concentratiee van fructose, en drie
equiratio mengsels van glucose en fructose, gematchad in
waargenomen zoetheidsintensiteit tot vijf standsard glucose
oplossingen. De resultaten lieten zien dat Beidler's mengmodel de
smaskinteractie tussen glucose en fructose accuraat beschriift op
lage zostheidenivesus. Echter, op hoge zoetheidsnivesus opereert
het smaskzintuig efficienter dan men op grond van Beidler's
mengformule had kunnen verwachten. De experimentsel bepaalde

mengsel concentraties waren lager dan de concentraties zoals het




-249-

model ze voorspelde. De bevindingen suggereren dat glucose en
fructose dezeifde receptoren hebben, maar dat sen of beaide nog

additionesle bindingsmechanismen hebben.
HOOFDSTUK VIERA

In dit hoofdstuk worden twes regeis besproken die gebruikt
worden om de smaakinteractie in mengsels van kwalitatief
gelilksmakends stoffen vast te stellsn. Gewoonlijk wordt de
smaakintensiteit vastgesteld door de respons op het mengasl te
vergselilken met de som van de responsies op de ongemengde
componenten (de "gesommesrde respons vergeliking”). De tweede
regel die wordt besproken is de "equimolaire vergelifking”.

Wanneer deze regel wordt toegepast worden de smaakintensiteiten
van mengsels en ongemengde componenten vergeleken bij die
concentraties, waarbii de ongemengdes stoffen en de mengssais
gelijke molaritaiten hebben. De resultaten van zeven

gepubliceerde studies werden opnieuw geanalyseerd, zodanig dat de
smaskinteractie vastgesteld kon worden met behulp van de
equimolaire vergslijking. De resuitaten van deze heranalyse

toonden aan dat de smazkinteractie in tweewaardige sukermengsels
verioopt volgens twee senvoudige principes. De eorste regel is
dat de zoetheidsintensiteit van sen tweewsardig suikermengsel
tussen de zoetheden ligt van de componentean, wammeer elk van de
ongemengde componenten en het mengssel bij een gelijke molariteit
geproefd worden. De tweede regel is, dat wanneser de proportie van
de zoetste suiker in het mengesl toenaemt, dat de zvetheid van
het mengsel de zpetheid van de zoetste componsnt bsnadert.

HOOFDSTUK VIR

In dit hoofdstuk wordt betoogd dat de smaskinteractis in een
mengseal van smaakstoffen alleen maar goed bestudeerd kan wordsn
door de toepassing van een psychofysische methodelogie. diea de
sensorische procegsen scheidt van de becordelingsprocessen. Deze
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scheiding wordt bewerkatelligd door de toepassing van een
“functional measurement” benadering in combinatie met een twes-
stimulus procedurs. In deze studie werdsen oplossingen vean
fructose, en drie saquiratic mengsels van glucose en fructose
vergsleken met betrekking tot waargenomen zoetheidsintensitsit
met esn santal glucose oploesingen. Paralsliteit in de verkregen
factorigle plots liet zien dat de respons functie lineair was.

Uit dit reeultaat werd afgseleid dat de marginale gemiddeldes van
de respons matrices, wasrgenomen zostheidsintensiteiten op een
interval schaal reprasenteren. De resultaten toonden evensens aan
dat de psychofysische functies van equiratio mengssls van glucose
en fructose tussen de psychofysische functies van ongemengde
glucose en ongemengde fructose liggen.

HOOFDSTUK ZES

In dit hoofdstuk wordt besproken hoe de smaakinteractie in
mengsals van kwalititatief gelijksmakende stoffen vastgestsald kan
worden. De smaakinteractie kan worden vastgesteld met behulp van
de "gesommeerde respons vergslijking”, de "factoridle plot
vergeliking”, sn de "equimolaire vergelijking”. Deze
vergelikingsragela werdan toegepast op de resultaten van een
onderzoek naar de zoethsid van saccharose, fructose, en saccharose-
fructose mengsels. Elka vergelijkingsregsl resulteerde in aen
gelijksoortige beschrijving van de smaakinteractie tussen sacchaross
en fructose. Echter, één fenomeen kwam alleen maar nesr voren door
de toepassing van de equimolaire wvergelijking en niet door
toepassing van de andere vergelijkingsregels. Dit was het
verschijnsel dat de zoetheldsintensiteit van saccharosse-fructose
mengsels tussen de zoetheidsintensiteitsn van de ongemengde
componenten ligt. De smaskinteractie tussen saccharose en fructose
kon voor een grbot gedeelte, ofschoon niet helemaal, verkiaard
worden door de "blljkba‘a" smaakinteractie binnen saccharose Bn
fructoss als ongemengde stoffen. Er wordt betcogd dat de
smaakinteractie binnen ek suikermengsel synergistisch is op lage
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zoetheid niveaus, additiaf ie op gemiddeide zoetheidsniveus, en
onderdrukkend is op hoge zpetheideniveaus.

HOOFDSTUK ZEVEN

in dit hoofdstuk wordt onderzocht of proefpersonan al dan
niet één vergslilkkende operatie gebruiken, om twes sbsoluts
Zoetheidsinteneiteiten (opgewekt door paren fructose stimuli) te
vergelijken, ongeacht of ze nu gevraagd wordsn om “verschillen”
of "verhoudingen"” te beoordelan. De paran van de fructose stimuli
werden geconatrueerd op basiz van een factorieel beoordelings-
schema., De resultaten lieten zien dat de bseoordslingen van
"verhoudingen” een monotorne functie waren van de "verschil”
beoordelingen. De marginale gemiddeldes van da
log-getransformeerde ratio responsmatrix waren een lingaira
functie van de marginale gemiddeldes wvan de respone matrix van
verschil beoordslingen. Deze resultaten suggereren dat
prosfpersonen slechts één vergelijkende operatie gebruiken,
wanneer zij twee zoetheideintensiteitan met elkaar vergslijken.
Deze vergelilkende operatie wordt baschreven door algebraische
subtractie.

HOOFDSTUK ACHT

Dit hoofdstuk handelt over concentraties van saccharose
(tafelsuiker) en NaCl (keukenzout) die sen gelijke
smaakintensiteit opwekken. in sommige studies is gesuggereerd dat
saccharose en NaCl oplossingen even sterk smaken, wanneer de
molaire sucrose concentratie gelijk is aan de molaire NaC!
concentratie. De resuitaten van andere studies suggerersn dat
sucrose en NaCl oplossingen even sterk smsken als de molaire
sucrose concentratie 1.5-1.76 keer de molaire NaCl concentratie
Is. Deze kwestie is uitgewerkt in een sxperiment, waarbij NaCl
concentratles in smaakintensiteit gematched werden tot vijf

sucrose oplogsingen, en vice versa. Het matchen werd uvitgevoerd
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met behulp van de methode wvan constante stimuli, De resulaten
kwamen overeen met de observaties van eerdere studies, namalijk
dat sucrose sn NaCl oplossingen even sterk smaken, warneer de
molaire sucrose concentratie gelijk is aan 1.5-1.76 keer de

molaire NaCl concentratie.

HODFDSTUK NEGEN

In dit hoofdstuk wordt nader ingegasn op de onderlinge
relatles tussen de zoetheid, zoutheid, en totale
emazkintensiteit van ongemengde sucrossa, ongemengde NaCl en
sucrose/NaCl mengsels. Deze relaties worden bestudeerd aan de
hand van sen conceptusel schema. De psychofysische schaalmethode
die in dit expariment is gebruikt is geslijk aan de methode zoals
gebruikt in de hoofdstukken vijf en zes. Deze studie liet zien
dat sucrose/NaCl mengsels zoeter smaken dan ongemengde sucrose
oplossingen, indien zowel de sucrose als NaCl concentratie laag
is. Wanneer of de sucrose concentratie of de Nall concentratie
hoog is, dan wordt een sucross/NaCl mengsel ais minder zoet
waargenomen dan de ongemengde sucrose oplossing. De zoutheid van
sucrose/NaCl memgsels is |lager dan de zoutheid van ongemengde
NaCl. De totale smaakintensiteit van een sucrose/NaCl mengsel kon
goed worden voorspeld door de wortel te nemen uit de som van de
gekwadratesrde intensiteiten van de ongemengde componsnten. De
totale smaskintensiteit van sen sucrose/NaCl mengsel was ongeveer

gelijk aan de som van de zostheid en zoutheid van het mengsel.

HODFDSTUK TIEN

In dit hoofdstuk worden enkele additionele analyses
uitgevoerd, Het blijkt dat geaccumulserde JND-schalen (JNO = Just
Noticable Difference) van glucose en fructose intern consistent
zijn. Deze schalen werden geconstrueerd op basis van de
resultaten van hoofdstuk drie. Een vergelijking van de resultaten
van de hoofdstukken vijf, zes, zeven en negen liet zien, dat de
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schaalwaardes die in ek van deze studies zijin verkregen, alien

met san multiplicatieve constante van elkaar verschillen. De
verkregen schalen zijn niet lineair met de schalen die door

McBride verkregen zijn. Tenslotte worden enige pogingen gedaan om
de parameters van een gegeneraliseerde Beidler vergeliking te
schatten met bshuip van de schaalwaardes verkregen in de
hoofdstukken vijf. zes en zeven.

HOOFOSTUK ELF

in de algemene discussie wordt opgemerkt dat het paradigma
van equiratio smaskstoffen mengsels een krachtig instrument is om
de verschijnselen die optreden in mengsels van smaakstoffen te
bestuderen. Het equiratio mengmodei voorzag in uitstekende
voorspellingen voor de sensorieche respons op da waargsnomen
intensiteit van tweewaardige en complexe mengsels van suikers en
sulkeraicoholien en tweewaardige mengseie van zuren. De
equimolaire vergslijkingsragel liet zien dat de smaakinteractis
in tweewaardige suikermengsels baschreven kan worden door twee
esnvoudige principes. Toekomstige studies zullen moeten uitmaken
of de eaquimolaire vergelijking aok kan worden toegepast op
mengsels van suikers an alternatisve zoetstoffen. De algemens
discussie wordt afgesioten met sen bespreking van de
psychometrische eigenschappen van de schaal zosls dis door
McBride is ontwikkeld, en de schaal zpals die in dit proefschrift
is ontwikkeld. Gekonkludeerd wordt dat deze laatste schaal
lineair is8 met waargenomen amaakintensiteit en dat de schalen
door McBride zijn ontwikketd niet lineair zijn met waargenomen

smaakintensiteit.
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