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FOREWORD

The ACS Symposrum Series was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ADVANCES
v CHEMISTRY SERIES except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. Papers are re-
viewed under the supervision of the Editors with the assistance
of the Series Advisory Board and are selected to maintain the
integrity of the symposia; however, verbatim reproductions of
previously published papers are not accepted. Both reviews
and reports of research are acceptable since symposia may
embrace both types of presentation.
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PREFACE

Over the past two decades scientists in many disciplines have become
increasingly interested in mechanisms of smell. Researchers from
physics, chemistry, biology, psychophysics, and animal behavior have
focused their attention on the relation between behavior and chemical
structure, each using the techniques of his or her discipline. We still lack
an understanding of why chemicals smell the way they do. However, with
refined methods of physical and sensory measurement, researchers are
beginning to ask the proper questions.

This book presents contributions from a diverse group of researchers
interested in the relation between chemical structure and both odor quality
and odor intensity. As such, it presents one of the first volumes devoted
solely to research in structure—activity relationships, and is a key resource
for serious investigators and other interested individuals.

The reader perusing this book, or the researcher using the information
for hypothesis building, will notice the variety of interests and focal points
represented. Scientists have approached the structure-activity problem from
numerous directions. Chapters in this book range from evaluating the
contributions of specific characteristics of individual chemicals, to the analy-
sis of different, naturally occurring chemicals, to the development of models
for human reactions to odor mixtures. These studies presented in one
volume should provide a good launching ground for future research in
olfactory science.

HowARrDp R. MoskowITZ CRAIG B. WARREN
Weston Group, Inc. International Flavors
60 Wilton Road and Fragrances, Inc.
Westport, CT 06880 1515 Highway 36
Union Beach, NJ 07735

October 13, 1980.
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Characterization of Odor Quality Utilizing
Multidimensional Scaling Techniques

SUSAN S. SCHIFFMAN
Department of Psychiatry, Duke Medical School, Durham, NC 27710

Research in olfaction has been impeded by a lack of knowl-
ege concerning the physicochemical properties of molecules which
lead to specific olfactory qualities. A diverse range of theo-
ries exists which have related quality with physicochemical pro-
perties. Factors such as molecular size and shape (1,2), low
energy molecular vibrations (3), molecular cross-section and de-
sorption from a lipid-water interface into water (4), proton,
electron, and apolar factors (5,6), profile functional groups
(7,8), gas chromatographic factors (9), and interactions of the
weak chemical type (10) have all been implicated as variables
related to olfactory quality. Although research investigating
each of these factors has deepened our knowledge of the relation-
ships between odor quality and relevant physicochemical para-
meters, a strictly predictive model has yet to be achieved.

In the absence of the knowledge of the organizing principles
underlying quality, a technique called "multidimensional scaling"
has proven to be a useful means for studying the organization of
psychophysical and neural data in olfaction. Multidimensional
scaling (MDS) is a mathematical technique which can systematize
data in areas where organizing concepts and underlying dimensions
are not well developed. MDS can represent the similarities of
objects spatially as in a map by utilizing a set of numbers which
expresses all or most combinations of pairs of similarities with-
in a group of objects. Objects judged experimentally similar to
one another are arranged in a resultant spatial map by multidimen-
sional scaling procedures at points close to each other. Objects
judged to be dissimilar are represented at points distant from
one another.

Multidimensional scaling techniques have been successfully
applied to data in color vision. Multidimensional scaling of
both psychophysical data on similarities between colors (ll) as
well as spectral absorption data for single cones in the goldfish
retina (12) have produced a color circle. Multidimensional scal-
ing techniques (MDS) have also been helpful in understanding the
full range of the gustatory realm (13-18). Results from such

0097-6156/81/0148-0001$05.25/0
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2 ODOR QUALITY AND CHEMICAL STRUCTURE

studies suggest that the taste realm extends beyond the tradition-
al sweet, sour, salty, bitter range and is best characterized as
continuous rather than subdivided into four specific groups.

In this paper two sets of psychophysical olfactory data to
which multidimensional scaling techniques were applied are de-
scribed. 1In the first study (19,20) (which is based on data from
Wright and Michels (21)) 50 olfactory stimuli, 5 of which were
duplications, were compared with 9 odorant standards, which ranged
widely in quality. The 50 odorants were correlated across the
standards with the assumption that odorants which are highly cor-
related should have similar smell quality. This 50 x 50 correla-
tion matrix was analyzed by the Guttman-Lingoes' general nonmet-
ric multidimensional scaling technique (22,23). Figure 1 illu-
strates the two-dimensional space achieved by the Guttman-Lingoes'
method for Wright and Michels' psychophysical olfactory data. The
olfactory stimuli fall roughly into two groups with the larger,
more pleasant subset on the left and an affectively less pleasant
group on the right. Stimuli located near one another in this
space are expected to have more similar olfactory gquality than
stimuli located distant from one another. That is, benzeldahyde
and vanillin would be expected to smell more similar to one anoth-
er than benzaldahyde and pyridine.

It should be noted here that multidimensional scaling pro-
cedures attempt to achieve minimum dimensionality. Because of
this feature, the case just described is problematic because there
are only two major clusters. Nonmetric multidimensional scaling
procedures will tend to drive the groups apart and flatten them
out, causing internal relationships within a single cluster to be
lost. For this reason, the two clusters were reanalyzed individu-
ally so that any internal relationships which might have been lost
in the arrangement in Figure 1 can be regained in a reanalysis.
The reanalysis of the affectively more pleasant group of stimuli
is shown in Figure 2a, while the reanalysis of the affectively
unpleasant stimuli is shown in Figure 2b.

The spaces were examined with regard to the olfactory quali-
ties traditionally associated with these stimuli utilizing Mon-
crieff (24) and Merck Index (25) as references for quality de-
scriptions (see Figures 3a and 3b). An examination of the spaces
with regard to traditional qualities indicates that there are no
distinct classes as proposed by many early classifiers of odor
quality. Rather, there appear to be gradual qualitative shifts
in these spaces from one side to the other. For example, in Fig-
ure 3a, which corresponds to the stimuli in Figure 2a, qualitative
changes appear to be from a fruity or flowery smell on the right
to a more spiritous or resinous smell on the left. From top to
bottom the quality seems to increase in sharpness or spiciness.

In Figure 3b it is more difficult to find trends because of the
nebulous verbal descriptions given to unpleasant odors. In gener-
al, these two figures, 3a and 3b, point out the difficulties en-
countered in trying to organize olfactory dimensions by means of
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Multidimensional Scaling Techniques
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Figure 1.

Two-dimensional solution, achieved by Guttman-Lingoes’ method (22,
23) for Wright and Michels’ psychophysical olfactory data for 50 stimuli.

Substances found by Wright and Michels to be highly correlated are located proximate

to one another in this space and are expected to have similar olfactory quality. The

more pleasant stimuli are located in the subset on the left, while the more unpleasant
stimuli are located in the subset on the right. See Refs. 19 and 20.
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Two-dimensional arrangement achieved by reanalysis by Guttman—

Lingoes’ method (22, 23) of (a) the left-hand, more pleasant cluster in Figure 1
and (b) the right-hand, more unpleasant cluster in Figure 1 (19, 20)
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Figure 3. The olfactory qualities traditionally associated with (a) the stimuli in
Figure 2a and (b) the stimuli in Figure 2b.
For example, the descriptor “cloves spicy” in the lower right-hand corner of Figure 3a

pertains to eugenol, falling in the lower right-hand corner of Figure 2a (19, 20). It can
be seen that descriptors for unpleasant smelling stimuli 1tend 10 be vague (19, 20).

In Odor Quality and Chemical Structure; Moskowitz, H., etal.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1981.



6 ODOR QUALITY AND CHEMICAL STRUCTURE

adjective ratings. 1In general, people can't articulate olfactory
quality with precision. In addition, there are individual dif-
ferences in perception as well as in the use of the same words

to mean different things. Application of multidimensional scal-
ing to similarity judgments does not require any a priori assump-
tions about the dimensions and therefore circumvents the problem
of characterizing olfactory stimuli with adjectives alone. The
use of quantitative experimental measures based on nonverbal
similarity judgments for input to multidimensional scaling pro-
cedures is a far more effective means of ordering stimuli to
examine physicochemical dimensions than one based on words (ver-
bal/adjective descriptors).

The molecular formulae associated with the stimuli in Fig-
ures 2a and 2b are shown in Figures 4a and 4b, respectively. It
can be seen that there are some trends in shape and size with
olfactory quality, but these do not confirm Amoore's specific
shapes (1,2) and thus suggest that stereochemical properties do
not provide the whole answer for predicting olfactory quality.
Several interesting relationships can be seen in these spaces in
Figures 4a and b. In Figure 4a, benzene, cyclopentane, and cy-
clohexane group together. In Figure 4b, pyridine, cyclopentene,
and cyclohexene group together. The relationship among the three
compounds in Figure 4a is maintained when nitrogen is substituted
into the benzene ring, and when double bonds are added in the
cases of cyclopentane and cyclohexane to yield cyclopentene and
cyclohexene. These changes radically alter olfactory quality
from pleasant to unpleasant.

The spatial arrangements were examined with regard to func-
tional groups on the odorant molecule. Figure 5a corresponds to
the spatial arrangement in 2a; Figure 5b corresponds to the spa-
tial arrangement in Figure 2b. It can be seen that the aldehydes,
esters, alcohols, ethers, halogens, phenols, and ketones fall
into more pleasant space in Figure 5a. The lightweight carboxy-
lic acids, nitrogens (not associated with oxygen), and sulfurs
fall into less pleasant space in Figure 5b. Thus, although there
are trends in the relationship of functional group to olfactory
quality, functional group alone, like stereochemical properties,
does not provide the entire answer for predicting olfactory qual-
ity.

Next the distribution of molecular weights among the stimu-
1i were examined, as shown in Figures 6a and 6b. It can be seen
that the more flowery, fruity odors on the right tend to have
higher molecular weights than the more spiritous odors on the
left. In addition, the molecular weights in the unpleasant space
in Figure 6b have a tendency to be lower than those in Figure éa.

The relationship of other physicochemical properties to
these spaces was examined as well. All of the stimuli were ether
soluble, suggesting that fat (ether) solubility may be a neces-
sary requirement for olfactory stimulation to occur. No specific
trends were found for the number of double bonds, dipole moments,
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Figure 4. The molecular formulae associated with the stimuli in (a) Figure 2a and
(b) Figure 2b (19, 20)
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10 ODOR QUALITY AND CHEMICAL STRUCTURE

water solubilities, or freezing points with olfactory quality.

A relationship was found for Raman spectra, however. Examination
of Raman spectra from 100 em™1 to 1000 cm_i was done to de-
termine if molecules with similar vibrational frequencies have
similar odor quality as suggested by Wright (3). For the stimuli
here, it was found that vibrational frequencies in this range
were highly predictive of the "goodness" or "badness" of the odor
but they were not helpful in further differentiations of the
quality.

The discussion above illustrates that no single physicochemi-
cal property is useful on an individual basis in predicting ol-
factory quality. However, the physicochemical properties dis-
cussed above are predictive to some degree in the aggregate when
they are weighted mathematically by a method developed by Schiff-
man et al. (26). By weighting the physicochemical parameters
shown in Table I, this method was used in an attempt to regener-
ate the space in Figure 1. The correlation between the spatial
arrangement in Figqure 7, that is, the theoretical distances
achieved by weighting physicochemical variables, and the origi-
nal distances shown in Figure 1, which is based on psychophysical
measures, is ,76. It can be seen that the variables utilized
here do not produce a perfect regeneration, and therefore some
of the variables necessary to predict olfactory quality must
necessarily be missing from the list in Table I.

Thus, this methodology can be useful in discovering physico-
chemical variables relevant to olfactory quality in that it
strictly relates guantitative psychophysical measures with quan-
titative psychophysical chemical measures.

Study 2

In a second experiment (27), 19 odorants were arranged in a
two-dimensional space by ALSCAL (28), another nonmetric multi-
dimensional scaling procedure which can utilize similarity judg-
ments for deriving spaces to map psychological odor quality. The
spatial arrangement for this set of stimuli is shown in Figure 8.

After all the similarity judgments were obtained, each of
the stimuli was rated on a series of adjective scales. It was
found that some of the scales could be related to the space by
regression techniques, and this is illustrated by the vectors
which extend through the space corresponding to the adjective
scales burning, sharp, good, fragrant, putrid, and foul. The
projections of the stimuli on the vectors in Figure 8 are highly
correlated with the mean adjective ratings for subjects on these
scales (see small numbers in parentheses).

A predictive relationship of low energy molecular vibrations
to olfactory quality utilizing a similar range of Raman spectra
as in the previous example was found for this set_of stimuli.

The range was divided into 12 intervals of 75 em™1l each. when
the mean intensities for all 12 intervals were weighted mathe-
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Figure 1 (19, 20).
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12 ODOR QUALITY AND CHEMICAL STRUCTURE

Table I

Weights which were applied to standard scores for physicochemical

variables to achieve the regenerated space in Fig. 7. Means and

variances for these variables are also given. Functional groups

are coded according to their number in a molecule; thus, benzal-

dehyde is coded "1" and the mean number of aldehyde groups for

all the molecules in Fig. 7 is 0.10. Cyclic compounds are coded
"1" while noncyclic compounds are coded "0."

Physicochemical variable Mean Variance Weight
Molecular weight 116.57 1788.64 6.24
Number of double bonds 0.74 0.55 0.51
Phenol 0.13 0.11 2.33
Aldehyde 0.10 0.09 3.21
Ester 0.05 0.05 0.24
Alcohol 0.26 0.19 2.54
Carboxylic acid 0.13 0.11 5.50
Sulfur 0.08 0.07 3.44
Nitrogen 0.08 0.07 3.15
Benzene 0.33 0.27 -0.14
Halogen 0.03 0.02 -0.34
Ketone 0.03 0.02 -0.19
Cyclic 0.31 0.21 4.56
Mean Raman intensity
Below 175 cm~l 0.51 3.14 0.01
176-250 cm~1 2.36 9.30 3.57
251-325 cm™ 1 1.65 7.10 -0.75
326-400 cm™ 1 1.56 5.74 3.81
401-475 cm™1 2.10 7.23 1.65
476-550 cm~ ! 1.54 5.22 -3.63
551~625 cm~1 2.07 7.09 -0.69
626-700 cm~ L 1.07 5.14 -1.16
701-775 cm™ 1 2.36 11.01 0.07
776-850 cm™ 1 4.36 13.84 3.04
851-925 cm~1 3.44 15.77 0.24
926-1000 cm~1 2.06 8.29 0.36
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Figure 8. Two-dimensional space achieved from experimental measures of simi-
larity among 19 stimuli utilizing ALSCAL (28).

Stimuli located near one another are more similar in odor quality. Adjectives were pro-

jected through the multidimensional space by regression techniques. The numbers in

parentheses reflect the correlations between the mean adjective ratings for each of the

stimuli on a semantic differential scale and the projection of the stimuli on the adjective
dimensions (see Ref. 27).

In Odor Quality and Chemical Structure; Moskowitz, H., etal.;
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matically by the same procedure as referred to in the first
study, a correlation of .69 was found between the psychological
distances in Figure 8 and the distances derived from weighted
spectra shown in Figure 9. Thus Figure 9 illustrates the ar-
rangements of stimuli in a space regenerated from weighting Raman
frequencies in an attempt to reproduce the psychological space in
Figure 8., The weights that were applied to the standard scores
for mean Raman intensities to achieve this regenerated space are
given in Table II.

Weights were also applied to standard scores for parameters
developed by Laffort (c.f. 5 and 6) to achieve the regenerated
space in Figure 10. Acetic, formic, and pentanoic acids were
excluded in the calculations because data were incomplete for
these stimuli. The weights utilized to achieve the space in
Figure 10 are given in Table III.

The correlation between the space regenerated from weighting
Raman intensities with the space in Figure 8 is .69. The cor-
relation utilizing the Laffort parameters between the space in
Figure 10 and that in Figure 8 is .40. It can be seen from this
and the previous study that at present we still do not have a
thorough understanding of the physicochemical variables required
to totally predict olfactory quality for stimuli which include
a wide range of odorants.

Multidimensional scaling has been applied to a wide range
of problems in the chemical senses (13-20, 27, 227§§). The di-
rection of research in the author's Egboratory is presently
focused in three directions to most effectively exploit the power
of MDS. First, spatial arrangements are being limited to narrow
ranges of stimuli, such as selected pyridyl ketones or substi-
tuted pyrazines. Second, intensity dimensions are being intro-
duced to determine qualitative changes with concentration. Third,
the physicochemical parameters are being expanded to parameters
dealing with biological interactions with membranes. Both by
narrowing our scope in the type of spatial arrangements used and
expanding the physicochemical parameters used for prediction,
the methodology of multidimensional scaling may ultimately be
useful in helping us to better understand the relationship be-
tween olfactory quality and physicochemical dimensions.

In Odor Quality and Chemical Structure; Moskowitz, H., etal.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1981.
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l,3,5—TF§METHYLBENZENE

®2-ETHOXYETHYLACETATE

® PENTANOIC ACID

@SALICYLALDEHYDE

ANISOLE®
©3-HEPTANONE @ 1-NITROPROPANE
®BUTANOL
PROPYL
SULFIDE BUTANETHIOL
L ] L ]
®ACETONE OMETHYL ACETATE
OFORMIC ACID

2-PENTANONE
L4 ®ETHYL ACETATE

L ] o
PROPYL ACETATE 1,2-DICHLOROETHANE

®TER-BUTANOL

ACETIC ACID®

Figure 9. Two-dimensional space regenerated from weighting Raman frequencies
shown in Table II in an attempt to reproduce the psychophysical space in Figure 8
(27).
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Table II

Weights that were applied to the standard scores for mean Raman
intensities to achieve the regenerated space in Figure 9 in
Experiment 2

Raman range Weight
Below 175 cm~1 1.31
176-250 cm~1 6.33
251-325 cm™ L 2.49
326-400 cm 1 2.58
401-475 cm ! 6.86
476-550 cm™} 2.28
551-625 cm~1 2.28
626-700 cm™t 1.71
701-775 cm™ 1 1.89
776-850 cm™1 -1.13
851-925 cm~ ! 3.67
926-1000 cm~ 3.19

In Odor Quality and Chemical Structure; Moskowitz, H., etal.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1981.
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Table III

Weights that were applied to the standard scores for Laffort's

parameters in Experiment 2 to achieve the regenerated space in

Figure 10. Acetic, formic, and pentanoic acids were excluded in

the calculations because complete data were unavailable for these
stimuli

Weight

Alpha 9.18
(an apolar factor which is proportional to molvolume;
relates to van der Waals forces and perhaps surface
area of the molecule)

Rho 4.37
(a proton receptor factor which is relatively high
for nitriles and oxydenated and nitro compounds)

Epsilon 12.46
(an electron factor which is relatively high in
cyclic compounds, compounds with double and triple
bonds and containing divalent sulfur, bromides,
and iodides)

Pi 0.96
(a proton donor factor which is high in alcohols,
two chlorides, and probably primary amines)

In Odor Quality and Chemical Structure; Moskowitz, H., etal.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1981.
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Figure 10. Two-dimensional space regenerated from weighting Laffort’s parame-

ters shown in Table 11l in an attempt to reproduce the psychophysical space in

Figure 8. Three acids, acidic, formic, and pentanoic, were not included because
Laffort’s parameters were not known for these stimuli (27).
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Psychophysical Scaling and Optimization of
Odor Mixtures

HOWARD R. MOSKOWITZ
Weston Group Inc., 60 Wilton Road, Westport, CT 06880

This paper concerns the study of odor mixtures, and their relation to
the underlying odor components. Traditionally, chemists, physiologists
and psychologists try to relate the quality of an odorant to its chemical
structure and to its molecular properties. This paper presents an
alternative method, which transcends that stage. It creates mixtures with
known constituents, and determines the mixture qualities from the
qualities of the components. Thus, this paper presents another direction
in the search for the relation between odors and qualities. It espouses a
pragmatic approach. Not knowing how molecular structures correlate
with odor, it builds in known underlying qualities by mixing together
simple chemicals, whose odors by themselves are well defined and can be
quantified. The mixture odor quality becomes analogous to the quality of
the molecule. The simple odor quality parallels the contributions of the
components of a single molecule.

Previous studies of odor mixture have often reported rules for the
addition of odor intensities, which conform to a vector model, at least in
binary mixtures (1,2,3,4). Higher order mixtures may or may not 2c;enerofe
a total odor intensity which conforms to a vector model (Mixture “= A2: B2
+ 2AB cosé; A = odor intensity of component A, B = odor intensity of
component B, Mixture = odor intensity of the mixture, cosa= cosine of the
angle separating these vectors). Laffort and Dravnieks suggested another
("U") model of additivity which seems more tractable (5).

The quality and hedonics of a mixture seem less amenable to
empirical investigation. Dravnieks et al in this symposium present an
elegant approach which relates the complexity of description of a mixture
to the complexity of description of the mixture components, evaluated
separately. Moskowitz et al (6) attempted to relate the quality of
components of binary mixtires to separate physical intensities, and
Moskowitz (7) attempted with some success to relate the quality of

components in binary mixtures to component attribute intensities.

0097-6156/81/0148-0023$08.25/0
© 1981 American Chemical Society
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24 ODOR QUALITY AND CHEMICAL STRUCTURE

The approach of this study comprises these stages:

e Development of binary mixtures of odors, with either similar or
dissimilar odors, and evaluations of the odorants at different levels alone
and in mixture.

e Presentation of the odors, in unmixed and mixed form, by means
of an air dilution olfactometer, which maintains constant stimulus con-
centration over long periods of time, independent of the stimuli being
smelled or not. The Dravnieks mixture olfactometer provides this
capability, and has been previously described (6).

e Scaling of the simple odors and their binary mixtures on a variety
of characteristics, including measures of overall odor strength, odor
liking/disliking, odor mixture complexity, and |2 additional descriptor
characteristics appropriate for the particular odorants studied.

The analytic portion of the study followed this sequence:
e Obtain and average the ratings from the panelists

e Develop a data base, showing odor intensity levels and average
magnitude estimate ratings of odor attributes from the panel. (8) The
magnitude estimation method is an accepted, very sensitive method which
has been previously used to provide the reliable data on the quantitative
relations between concentration and perception.

e Develop linear equations relating attribute perception levels and
odor concentrations. The equations appear schematically as:

Attribute Intensity = ko+ k1(Odorant A) + K 2(Odorant B)

Goodness of fit of the equations to the data was indexed by the multiple
correfation (R), whose square x 100% gives the percentage of the
variability in ﬂ'f ratings accounted for by the equation. (e.g., an R of 0.8
means that 0.8 x 100% or 64% of the variability can be accounted for by
variations in the levels of the two components).

e Develop non-linear equations (i.e., parabolic equations) to relate
overall liking/disliking of odor to the concentrations of the components.
The equation is:

Liking = k oy k1 (Odorant A) + k ,(Odorant A) 2,k 3(Odorant B) +
ka(Odoron'r B)“+ k ;(Odorant A)(Odorant B)

Goodness-of-fit of the equations was again indexed by the multiple
correlation.

In Odor Quality and Chemical Structure; Moskowitz, H., etal.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1981.
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e Optimize overall acceptability by maximization of the non-linear
liking equation, using standard statistical methods. The optimum com-
bination of odorant levels for odorants A and B was determined, subject to
specific constraints:

- The odorant concentrations remained within the 0-64 relative unit
ranges tested in the actual experiment. The sensory attributes could act
as constraints. For instance, one goal was determination of the optimum
acceptability level, with the perception of overall odor intensity lying
between prescribed limits of intensity.

e Optimize the closeness of a predicted quality profile to a desired
quality profile specified by the experimenter. In concrete terms, the
experimenter specified a sensory profile to be achieved (goal profile).
The optimum here represents that specific combination of components,
within the tested limits, which generates a sensory profile as close as
possible to the predesignated goal profile.

Data Base Development

Tables I, I, 1ll and IV show the data base for the four sets of
experiments reported there. Note that in each experiment a group of
non-expert panelists evaluated each of the sets of odor mixtures twice,
using magnitude estimation scaling. Thus, the tables each  present
numbers which are averages of approximately 32-36 ratings, depending
upon the particular study. Furthermore, note that in Tables I-IV, the
panelists profiled each stimulus on a variety of sensory characteristics.

Validity of the Ratings

The first analysis of the ratings concerns their validity. Can
panelists actualiy scale the relative sensory impressions of these odor
stimuli by magnitude estimation? Correct scaling of overall odor intensity
provides a validating measure of the panelist's sensory capabilities in this
complicated study. Since panelists had the opportunity to scale unmixed
odorants as well as the odor mixtures, and since the unmixed odorants
comprised a graded intensity series (albeit presented at random in the set
of 24 stimuli) it becomes a straightforward matter to determine whether
panelists could pick out the 4 levels of each unmixed odorant, and scale
them in the correct order of concentration. Panelists should do so. Table
V shows linear and log-log (viz., power functions) relations between odor
concentration in air, and rated overall odor intensity, for each pair of
odorants in each study. Linear and power functions fit the data
adequately. For power functions, the exponents are less than 1.0,
confirming previously reported results in the literature. (Z, 2)

Quite often researchers in the aroma and fragrance industries claim
that panelists cannot possibly evaluate more than just a few odorants, for

In Odor Quality and Chemical Structure; Moskowitz, H., etal.;
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EXPI

EXP II

EXP III

EXP IV

ODOR QUALITY AND CHEMICAL STRUCTURE

TABLE V

LINEAR AND POWER FUNCTIONS RELATING
SENSORY ODOR INTENSITY AND CONCENTRATION

Amyl Acetate

Iso Amyl Acetate

Methyl Salicylate

Ethyl Salicylate

Ethyl Salicylate

Amyl Acetate

Amyl Acetate

Heptyl Acetate

Linear
Power
Linear

Power

Linear
Power
Linear

Power

Linear
Power
Linear

Power

LInear
Power
Linear

Power

Mult R

0.37(C) + 18.1
10.96(C)0'34
0.69(C) + 11.13

5.1(C)0°67

0.55(C) + 14.4
10.11(C)0'37
0.44(C) + 9.76

8.46(C)0'34

0.43(C) + 16.9
10.26(c)%+37
0.44(C) + 9.2

5.13(C)0'49

0.58(C) + 17.59
12.01(c)%-3°
0.12(C) + 6.7

6.41(C)0'15

In Odor Quality and Chemical Structure; Moskowitz, H., etal.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1981.
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.96
.92
.98

.95
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these panelists surely adapt and lose their sensitivity to odor stimuli. The
present results belie that claim. Panelists evaluated a total of 24
samples, varying extensively in odor intensity from weak to strong, in
totally random order. The key to adequate sensitivity may lie in a
combination of motivated panelists (who can participate for extended
periods of time), and a testing regimen which allows panelists sufficient
inter-stimulus time (e.g., 3 minutes or so) to recover their sensitivity.
With such a procedure no doubt the enterprising researcher can test far
more than 24 stimuli in a session, without substantial changes in panelist
sensitivity. The sessions here each lasted about 2 hours, with approxi-
mately 4 minutes between samples. This testing regimen promotes
sensitivity.

Linear Functions for Attributes

Prior to optimization, we first develop a set of linear functions to
relate attribute intensities to a linear combination of the two odorants.
The general form of the linear function is:

Attribute Intensity = ko+ k lA +k ,P

The concentrations of the two odorants are expressed in commensurate
terms (in terms of relative ameunts in vapor). Thus the coefficients k and
k 2indicme the relative importance and directionality of each component
as it affects the intensity of the specific attribute.

Table VI (A-D) showsthe coefficients of the four sets of linear
equations, one set per experiment. Next to each set of coefficients is the
partial correlation which shows how much the specific odorant in the pair
contributes to explaining the variability of the attribute ratings. Each
equation generates a multiple correlation, as an index of goodness of fit.

Linear equations model some of the attributes quite well, but fail to
model other attributes, for at least two possible reasons:

e The data requires a more complicated function to model it, such
as a quadratic function (with or without cross terms). Liking/disliking
ratings often require a quadratic function.

e The data defy modelling, because the numbers scatter apparently
at random. This outcome occurs when panelists have no concept of the
meaning of a specific attribute. One panelist may rate a specific stimulus
‘high' on that characteristic, whereas another panelist may rate the same
stimulus 'low' on the same characteristic. Quite often inappropriate
attributes for the specific odor stimuli generate such random appearing
functions, with relatively low slopes, and low correlations.

Linear functions are important for modelling odor quality. They
provide the researcher with a numerical measure of how odorant concen-

In Odor Quality and Chemical Structure; Moskowitz, H., etal.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1981.
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TABLE VI (A)

Amyl Acetate and Isoamyl Acetate

Linear Regression Equations

Partial
Correlation
Isoamyl Amyl Mult.
Inter- Ace- Ace- Corre- Isoamyl Amyl
cept tate tate lation Acetate Acetate

Intensity 18.52 .46 .38 .88 .68 .55
Liking 14.70 -.24 -.07 .82 -.79 -.20
Complexity 11.34 .16 .14 .83 .62 .54
Banana 17.54 .21 .20 .77 .56 .52
Sweet 11.60 .10 .09 .68 .50 .45
Fruity 14.12 .17 .20 .73 .46 .56
Heavy 9.82 .39 .33 .91 .69 .58
Flowery 2.90 .04 .03 .55 .45 .30
Aromatic 9.25 .17 .10 .79 .68 .39
Fragrant 10.87 -.02 .00 .18 -.18 .02
Rotten .86 .02 .03 .87 .58 .64
Winey 1.04 .01 .02 .59 .26 .52
Green .43 .03 .03 .92 .60 .68
Herbal 1.93 .15 .11 .91 .74 .52
Fermented 1.58 .04 .08 .84 .36 .75

In Odor Quality and Chemical Structure; Moskowitz, H., etal.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1981.
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Table VI (B)

Methyl Salicylate and Ethyl Salicylate

Linear Regression Equations

Partial
Correlation

Methyl Ethyl Mult. Methyl Ethyl
Inter- Salicy- Salicy- Corre- Salicy- Salicy-

cept late late lation late late
Intensity 14.68 .44 .35 .96 .74 .59
Liking 23.93 .05 .00 .37 .37 -.01
Complexity 24.02 .06 .09 .63 .33 .52
Carnation 9.57 -.00 -.02 .33 -.06 -.33
Floral 8.54 -.02 -.02 .51 -.41 -.30
Green 6.51 .07 .06 .82 .61 .53
Spicy 9.03 .17 .12 .94 .77 .54
Minty 15.21 .26 .20 .88 .69 .53
Sharp 8.75 .21 .18 .94 .71 .60
Wintergreen 16.92 .39 .24 .92 .78 .46
Medicinal 7.91 .10 .14 .91 .53 .74
Heavy 8.00 .11 .14 .90 .55 .70
Flowery 7.91 -.01 -.01 .47 -.31 -.34
Peppermint 11.41 .21 .15 .92 .74 .53
Fruity 9.74 .03 .03 .54 .39 .36

In Odor Quality and Chemical Structure; Moskowitz, H., etal.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1981.
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Intensity
Liking
Complexity
Fruity
Fragrant
Minty
Banana
Sweetness
Aromatic
Pear
Flowery
Heavy
Spearmint
Winey
Herbal

Amyl Acetate and Ethyl Salicylate

ODOR QUALITY AND CHEMICAL STRUCTURE

TABLE VI (C)

Linear Regression Equations

Partial

Correlation

Amyl Ethyl Mult. Amyl Ethyl

Inter- Ace- Salicy- Corre- Ace- Salicy-
cept tate late lation tate late
17.32 .25 .47 .90 .42 .79
19.5 .07 .04 .28 .23 .15
30.05 .12 .03 .56 .54 .15
19.42 -.15 .49 .81 -.25 .78
.29 .05 .08 .89 .47 .74
14,27 .05 .25 .73 .14 .71
5.10 .38 -.09 .86 .84 -.21
5.08 .00 .08 .65 .~01 .65
14.89 .14 .22 .74 .38 .63
3.92 .26 -.01 .85 .85 ~-.05
10.18 .11 .18 .77 .37 .66
6.40 .14 .30 .94 .38 .85
12.33 ~-.00 .32 .82 -.03 .82
2.10 .07 .05 .83 .68 .46
.35 .04 .13 .95 .25 .91

In Odor Quality and Chemical Structure; Moskowitz, H., etal.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1981.
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Intensity
Liking
Complexity
Banana
Sweetness
Fruity
Heavy
Flowery
Aromatic
Fragrant
Pear
Winey
Rotten
Herbal

Green

ACS Symposium Series; American Chemical Society: Washington, DC, 1981.
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TABLE VI (D)
Heptyl Acetate and Amyl Acetate
Linear Regression Equations
Partial
Correlation
Heptyl Amyl Mult. Heptyl Amyl
Inter- Ace- Ace- Corre- Ace- Ace-
cept tate tate lation tate tate
15.78 0.14 0.61 0.88 0.18 0.87
21.48 -0.64 -0.10 0.60 -0.21 -0.58
28.14 0.07 0.06 0.46 0.35 0.28
21.33 0.02 0.48 0.78 0.01 0.78
15.98 0.03 0.21 0.55 0.06 0.55
14.79 0.11 0.42 0.77 0.19 0.74
9.18 0.11 0.52 0.88 0.16 0.85
4.26 0.11 0.05 0.25 0.04 0.25
9.00 0.14 0.38 0.86 0.28 0.81
10.81 0.05 0.21 0.79 0.17 0.76
11.30 0.03 0.11 0.44 0.12 0.42
3.15 0.01 0.19 0.95 0.02 0.95
1.94 0.03 0.11 0.90 0.22 0.87
5.14 -0.11 0.04 0.31 -0.08 0.30
2.37 -0.02 ~0.01 0.69 -0.67 -0.17

In Odor Quality and Chemical Structure; Moskowitz, H., etal.;
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tration impacts on the perceptions, and they show the relative impact of
the two odorants. Furthermore, the linear equation can be used to model
overall odor intensity, and to see whether or not the odor mixture
intensity smells as strong on the average, as the arithmetic sum of the
component odor intensities. (By and large it does not. The mixture odor
intensity almost always smells weaker than the arithmetic sum of the
odor intensities of the components).

Reversing The Equations - Fitting A Profile

Linear equations conveniently summarize how concentrations of
odor components relate to the mixture intensity of specific character-
istics. Given the component concentrations, even at intermediate, non-
tested levels, one can estimate the profile of perceptions expected from
that mixture by using the equations in Table VIA-VID.

Let us turn the problem around, 180 degrees, and reverse the
question. Let us specify a profile of sensory perceptions, and estimate
what concentrations of the two components which, in concert, produce
the goal profile perceptions, or at least come as close as possible to doing
S0,

By reversing the regression procedure, using the method of multiple
objective programming, one can ascertain the specific concentrations of
mixture components which come as ciose as possible to reproducing a
desired sensory profile. Of course, in order to get meaningful data, the
investigator must make sure that:

o The equations relating sensory characteristics and odorant ingre-
dient levels provide at least a reasonably good set of predictors with good
multiple correlations (e.g., around 0.80 or so for each equation, although
some equations will be better predictors than others).

e The desired levels of the sensory attributes lie within achievable
ranges, rather than lying outside of the range spanned by the actual
stimuli. One cannot create a combination of odorants which generate
unusually high or fow levels of specific sensory characteristics, if none of
the stimuli generate sensory magnitudes near the high level desired.
Furthermore, since we deal with linear equations, rather than with
quadratic or other non-linear equations, seeking an unduly high level of a
sensory characteristic forces the level of odorant concentrations to 'pin’
at the highest allowable or at the lowest allowable concentration.

Table VI shows some hypothetical "desired" sensory profiles for
these experiments, as well as the expected sensory profile one could
empirically obtain, along with the combination of odorants which come as
close as possible to generating that desired profile (as obtained from the
multiple objective programming method). To generate these specific
profiles, one often must use intermediate levels of each odorant not

In Odor Quality and Chemical Structure; Moskowitz, H., etal.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1981.



2. MOSKOWITZ Psychophysical Scaling of Odor Mixtures 37

directly evaluated. Since, however, the researcher has equations in Table
VI which relate component concentrations of perceptions of attributes, it
becomes a straightforward matter to estimate the likely sensory profile
of the mixture.

One can extend the goal profiling method to situations in which one
investigates several different odorants (or complex perfumer or flavorist
subs) in mixtures, in order to simulate more real world conditions. The
technique does not apply solely to two components, but can be generalized
in a straightforward manner to mixtures comprising 3,4,5 and even 6 or
more components.

Discussion of Profile-Fitting

The foregoing data suggests that it is possible to develop odor
mixtures which reproduce a sensory profile if the components possess
their specific odor characteristics Four observations are in order,
however.

First, the approach shows that one can engineer a mixture with
specific sensory characteristics, by mixing together consitutents which
already possess some degree of those characteristics. Rarely can this
system accomodate the unique instance of an entirely new odor quality
arising from the mixture. The system is synthetic, but not creative,

Second, the system is testable. One can construct the mixtures in
order to evaluate their sensory profile. In that respect a mixture system
for odor qualities presents the opportunity for further test and validation,
which some other methods do not provide.

Third, the approach requires a tradeoff between different desired
profile attributes. Sometimes one may specify a combination of attri-
butes impossible to satisfy. The mixing and profile fitting system outlined
above will the generate a combination of odorants which achieves certain
profile levels, but leaves other attribute levels unsatisfied.

Fourth, the approach bears on the issue of the psychology of odor
description and perception. Let us hypothesize the existence of two
individuals, each participating in a scaling experiment involving odors.
Each individual smells the odorants, scales his or her perceptions of each
of the 24 odorants on specific characteristics and then describes the
desired odor in terms of the same scales and the same attributes used to
profile the actual set of 24 stimuli. Let us suppose that the individuals do
not share any language at all. One individual speaks English only, and the
other individual speaks only Tagalog (a Philipino dialect). The words in
English were translated for the benefit of the Tagalog Speakers, but these
two individuals have no other contact. Further assume that each of these
two individuals assign an ideal profile based upon some common odor
concept (e.g., description of an object) or smell another odor stimulus, and
rate this odor stimulus (the 25th) in the same way that they rated the 24

In Odor Quality and Chemical Structure; Moskowitz, H., etal.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1981.
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TABLE VII (A)

Profile Fitting to a Predesigned Sensory Profile

Attribute

(A)
Intensity

Banana

(B)
Intensity

Banana

(C)
Intensity

Banana

(D)
Intensity
Banana

Fruity

Desired
Level

20
40

40
40

60
40

20
40
20

Experiment I

Obtain-
able
Level

20
18.3

40
28.7

60
37.9

29.4
23.2
20.0

CONCENTRATION OF

Isoamyl Amyl
Acetate Acetate

0 3.92

0 56.9

37.9 64.0

0 28.9

In Odor Quality and Chemical Structure; Moskowitz, H., etal.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1981.
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Attribute

Intensity
Floral
Spicy
Sharp

Attributes

(&)
Intensity

Banana

(B)
Intensity

Banana

Psychophysical Scaling of Odor Mixtures 39

TABLE VII (B)

Experiment II

Obtain-
Desired able
Level Level
25 25.0
40 8.0
25 13.07
40 13.74

TABLE VII (C)

Experiment III

Obtain-
Desired able
Level Level
20 20
20 21.8
40 40
40 40

CONCENTRATION OF

Ethyl

Methyl Salicy-
Salicylate late
23.45 0.00

CONCENTRATION OF

Amyl Heptyl
Acetate Acetate
0 29.71
1.79 39.23

In Odor Quality and Chemical Structure; Moskowitz, H., etal.;
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Optimum )
Liking

Stimulus Level

Figure 1. Relation between the physical concentration or the perceived sensory
intensity of an odorant or fragrance (abscissa) and the rated overall liking of the
odorant (ordinate) as exemplified by a linear equation and by a quadratic equation.

The linear equation requires that liking increase with increasing concentration, and not
reach a bliss or optimal point in the middle of the concentration range (beyond which
further increases in concentration or in sensory intensity only diminish liking). The para-
bolic, second-order equation allows liking first to increase with intensity, reach a peak
level or bliss point, and then diminish with further increases in concentration. The
parabolic equation, rather than the linear equation, captures the empirical relation be-
tween liking and physical concentration found in these studies. It also reflects the general
behavior of liking vs. intensity for other sensory continua as well.

In Odor Quality and Chemical Structure; Moskowitz, H., etal.;
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test stimuli. This 25th stimulus is not a member of the set. It could be an
ideal profile, or a profile representing some object common to the two
cultures, or even an actual odor stimulus presented to the two culturally-
different individuals.

Given the set of 24 odorants, the researcher can develop a separate
set of equations for each person. The equation relates quality character-
istics to a linear combination of the two test odorants, much the same as
in Table VI. We expect the equations to differ from one person (the
English speaker) to the other (the Tagalog speaker). Each person will have
a different conception of what the descriptor terms mean. Furthermore,
since the individuals use their descriptive terms differently, we expect
them to profile the 25th stimulus differently as well, whether this
stimulus be a conceptual ideal, or the profile assigned to an object in a
picture (e.g., the smell of a familiar animal, or the actual odor stimulus).
Furthermore we do not know what, in fact, each descriptor term of the 15
means either to the U.S. panelist of the Tagalog-Speaking Panel. In
effect these represent simply verbal statements whose meanings are left
up to the individual.

Despite the differences in profiles and equations, we may well end
up with the same set of odor concentrations which in concert produce that
ideal profile. Although the individuals differ in their language and their
scales, nonetheless it is quite possible that the net combination of
ingredients, or the "odorant" recipe could be identical for each person.
This test has not been carried out for odor mixtures, but it has been
carried out for mixtures of rye flour and sugar, in a study on bread
texture (9). Panelist who were experts in the use of the Texture Profiling
Method (10), and consumer panelists each evaluated 12 samples of rye
bread, profiling the samples on different textural characteristics. After-
wards, each group profiled its "ideal" rye bread, on the same character-
istics. The linear equations and the ideal profile differed from group to
group, but the physical formulation corresponding to the ideal was
remarkably similar from group to group.

Odor Acceptability

A centry ago, the German psychologist Withelm Wundt (11) specu-
lated that as any stimulus increased in sensory intensity, it changed
hedonic tone. Beginning at neutral, the stimulus first increased in
acceptability, going towards a bliss point, where it maximized. As the
stimulus intensity, and thus the sensory intensity further increased, liking
diminished from that bliss point, going downwards towards neutrality, and
then onto the region of 'dislike’. Figure | shows a schematic of the
hypothesis.

Wundt's scheme characterizes some odors, but not others. (7,12,13)
In many instances odor liking vs concentration does not describe an
inverted U or V shaped function. Rather, for the more noxious odorants,
liking diminishes almost immediately as the odor intensity increases,
going from neutrality (at no odorant level) into disliking.

In Odor Quality and Chemical Structure; Moskowitz, H., etal.;
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Wundt's scheme applies to foods, and to complex perfumes as well as
to simple chemical stimuli (13). We now wish to assess whether or not
Wundt's scheme applies to mixtures, to determine the following:

e The nature of the hedonic function for odor mixtures

e The existence of interactions in mixtures which may modify the
concentration of the bliss point

e The bliss point for the odors

e The optimization of [iking in odor mixtures, subject to engineering
specific sensory characteristics to lie within pre-specified values
(e.g., maximize liking, with overall odor intensity lower than a
prespecified level).

For some, but not all of the odor mixtures, the relation between
overall liking vs concentration can be improved if one uses the non-linear
quadratic equation, discussed previously (Equation 2). This non-linear
equation allows liking of the odor mixture to increase, peak at an
intermediate 'bliss point' of concentrations, and then to drop back down
with further increases in concentration.

Table VIl presents the non-linear equations, for the four sets of
data. Note that the non-linear equations always fit the results better
than the linear equations do, in part because the more predictors one can
use in the equation the higher will be the multiple correlation coefficient
(muttiple R). On the other hand, the equations also contain some
significant non-linear (square) and occasionally significant interaction
terms, suggesting that odor hedonics, like other taste and food hedonics,
conform to a non-linear function of concentration, with a potential set of
intermediate bliss points.

For these data, liking generally peaks in a middle concentration,
rather than peaking at the extremes. This implies that some odorants, but
not all odorants, show bliss points at intermediate levels.

Nature of the Acceptability Curve For An Odorant

We can also inquire as to the sensitivity of odor hedonics to changes
in the concentration. Do all odorants, despite their different qualities,
behave similarly with respect to hedonics as they change concentration?
Does a [0 unit increase or decrease in concentration beyond the bliss
point generate the same change in overall liking for each of the odorants.

In order to answer this question, one needs first to develop the non-
linear equations as shown in Table VilIl. One can now extend the
concentrations outwards, by increasing or decreasing the concentration of
each odorant, by a constant amount, keeping the other odorant at a fixed
level near the bliss level. Table IX (A) shows this change in liking from
the bliss level for one experiment, assuming various changes in concen-
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tration. The theoretical part of the analysis uses the partial derivative of
liking with respect to each odorant level (Table IX (B)).

As Table IX shows, overall liking of the odorants varies as a function
of the specific odorant. Each odorant shows a unique function relating
concentration and liking, with this function often involving concentrations
of the other odorant.

Constrained Optimization

Overall liking can be constrained in several different ways. The
previous section concerned constraints in terms of concentration levels;
namely, the odorant concentrations could not exceed the concentrations
tested, because of possible extrapolations beyond the regions tested into
regions where no data exist.

One can also constrain the odorant mixtures to maximize accep-
tance, while at the same time maintaining a perceptual characteristic
within pre-set boundaries. Recall that overall liking or acceptability grew
according to a quadratic function of odor cogmbinations, of the form:

Liking = k + k A + k A%+ k B +k 4BZ+ k ;AB

Furthermore, recall that the sensory characteristic can often be repre-
sented by a simple linear equation of components of the form:
Sensory characteristic = k0+ k lA +k 2B

In order to optimize acceptance, subject to constraints on sensory levels,
we turn the problem into a straightforward optimization problem: Maxi-
mize a quadratic function (viz., liking) subject to ingredient constraints on
the concentrations, and subject to linear constraints (viz., sensory char-
acteristics).

Table X shows some typical optimization results obtained when
constraining specific sensory characteristics of each mixture to lie within
specified boundaries. Not all constraints work, however. The chemist,
perfumer or fragrance developer must be sure that the constraints are
compatible with the mixture. It does little good to constrain the sensory
characteristics to lie in a region that is never reached by any feasible
mixture of the odorants.

Discussion of Acceptance Optimization

These data reveal that acceptability of specific odor characteristics
varies with concentration. They also reveal that the interactions of odor
ingredients play a smaller role in generating acceptance of chemical
mixtures than one might think. In at least the case of pairwise odor
mixture, most of the variability in acceptance ratings comes from the
concentration level, somewhat less from the square of concentration
(allowing for an intermediate bliss point), and far less from the pairwise
interaction of the odors. The contribution made by interaction might be

In Odor Quality and Chemical Structure; Moskowitz, H., etal.;
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TABLE IX (A)

Sensitivity of Liking to Levels of Iso-Amyl
and Amyl Acetate

Isoamyl Acetate Amyl Acetate Liking
10.40 23,70 15.99
12.40 23.70 15.84
14.40 23.70 15.66

6.40 25.70 16.31
8.40 25.70 16.21
10.40 25.70 16.09
12.40 25.70 15.93
14.40 25.70 15.75
8.40 27.70 16.15
6.40 27.70 16.28
10.40 27.70 16.38
12.40 27.70 15.98
14.40 27.70 15.79
6.40 29.70 16.40
8.40 29,70 16.30
10.40 29.70 16.16
12.40 29.70 15.99
6.40 23.70 16.19
14.40 29.70 15.79
6.40 31.70 16.39

8.4 31.70 16.27
10.40 31.70 16.13
12.40 31.70 15.95
14.40 31.70 15.74

In Odor Quality and Chemical Structure; Moskowitz, H., etal.;
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TABLE IX (B)
Sensitivity of Acceptance Function to Changes in Odorant Level

Experiment 1 (Isoamyl Acetate and Amyl Acetate)

Illustration of Theory

Liking = 11.k2 +0,163(Isoamyl Acetate)-0.000(Isoamyl
Acetate)?@
+0.287 (Amyl Acetate) -0.002 (Amyl
Acetate)?2

-0.005 (Isoamyl Acetate) (Amyl Acetate)

3(Liking)
3(Amyl Acetate) = 0.257 =0.004 (Amyl Acetate) -0.005 (Iso-
amyl Acetate)

(Liking)
3(Isoamyl Acetate) = 0.163 =-0.012 (Isoamyl Acetate) ~C.0G5
(Amyl Acetate)

3(Liking)
QZComponents) = Rate of change of liking per unit change
in odor coriponent level

Amyl Acetate more important in changing liking than iscamyl ace-
tate when

3(Liking) or
3(Isoamyl Acetate)

3(Liking)
3(Amyl Acetate)

10,287 -0.00k (Amyl Acetate) -0.005 (Isoamyl Acetate)} >
[0.163 -0.012 (Isoamyl Acetate) =0.005 (Amyl Acetate)]

or

in the simplest case:
(Amyl Acetate) - 7 (Isoamyl Acetate) > 12k

(3 = partial derivative)

American Chemleca
Soclety Library

In Odor Quality emlcap&{ié Pe*ﬂogbwnz H.,etd,;
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higher, given complex odor stimuli, in which the subs replace single
chemicals.

The data also brings up another interesting point. Odors vary widely
in acceptability, as a function of type of odorant, and as a function of
concentration. When researchers test acceptance/rejection of an odorant
they often do so at a single concentration, without fully exploring the
possibility that odors can vary in acceptance, peaking in acceptability at a
middle or low range.

Another outcome of these studies is the ability to optimize accept-
ability, while at the same time controlling in part the sensory "qualities
profile” of the mixture. One can accomplish this by formally representing
odor quality as a weighted linear combination of components, for the
pairwise odor mixtures (or a weighted linear combination of more than the
2 components, for more complex mixtures). Mathematically, the con-
version of odor quality of specific notes to a linear combination of
concentration provides the researcher and the chemist with a means of
manipulating concentrations to generate desired levels of those charac-
teristics. Furthermore, within the same framework, the researcher and
chemist can develop highly acceptable mixtures, with specific sensory
characteristics, by constraining the sensory characteristics to lie within
certain predesignated levels. The mathematical representation of odor
quality in actual numerical terms makes this manipulation possible.

On The Interaction of Odor Constituents for Liking

One of the surprising outcomes of these sets of studies is the failure
to find more significant interactions terms between odorants, in terms of
the size of the coefficient for the interaction term, and the value of the
partial correlation of the interaction term. This suggests that in such
simple binary odor systems interactions may not add as much to overall
liking ratings as one might expect. Rather, in the evaluation of liking the
panelists assign ratings which suggest that they react to the components
separately, treating each one as if it obeyed its own separate quadratic
equation. The interaction term emerges, but contributes relatively little
additional predictive power over and above the linear and square terms
for each concentration. One would probably expect a similar under-
representation of interaction terms as partial predictors of such odor
qualities, such as floralness, mintiness, complexity, for binary mixtures of
single chemicais. These characteristics can be fairly well modelled by
means of linear equations (see Table VI). The addition of quadratic terms
to each concentration will add a little more predictability. More often
than not the combination of linear and square terms totally preempts the
additional information to be gained by putting in yet an additional cross-
term to represent the pairwise interactions of the components. Perhaps
more significant pairwise interaction terms would emerge in either higher
odor mixtures of 3 or more chemicals, or in truly complex mixtures, such
as combinations of perfumer's subs. (i.e. mixtures which have a rose or
floral quality).

In Odor Quality and Chemical Structure; Moskowitz, H., etal.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1981.



2. MOSKOWITZ Psychophysical Scaling of Odor Mixtures 51

It is challenging to speculate as to just precisely what occurs in the
individual's mind as he or she makes the acceptance judgments. Do
panelists separate out the components, and rate those components,
integrating the ratings in a particular way? The panelists must be doing
other things as well. Their ratings of overall acceptability often cannot
be modelled as well as one can model ratings of intensity or other, more
salient characteristics, even with non-linear predictors. The poorness of
fit occurs with pairs of the more acceptable odorants. The goodness of fit
improves when one tests combinations of an acceptable and an unaccept-
able odorant. Perhaps it is easier to judge a mixture of a simple pleasant
odor and an unpleasant one than to judge two odorants in combination
which are both pleasant, but which in context may smell too intense.

Components in Mixtures - Does The Same Chemical Behave Similarly In
Different Contexts?

This set of experiments investigated several odors in different pairs.
For example, Experiment | paired isoamy! acetate with amy! acetate.
Experiment 3 paired amyl acetate with ethyl salicylate. One can inquire
as to how amy| acetate behaves in the present of a similar smell (iso amyl
acetate) vs how it behaves in the presence of a dissimilar odor (ethyl
salicylate). How effective is amyl acetate in introducing its specific odor
notes or changing liking when combined with iso amyl acetate as
compared to combinations of amyl acetate with ethyl salicylate.

In order to answer this question let us consider the concept of
relative importance of the odorant. Relative importance refers to the
rate at which a sensory characteristic or a liking rating changes, per unit
change in odorant concentration. In order to estimate this rate of change
of characteristic per unit concentration change, one must compute the
partial derivative of the sensory characteristic with respect to each
odorant. (See Table IX (B)) The partial derivative is the slope, or rate of
change at a point. For a linear equation, the partial derivative is a fixed
number, and is given by the coefficient in the linear equation:

E.g.,s If Intensity = ko+ k lA +k 2B

then the partial derivatives (or the rates of change of intensity with
respect to A and B, respectively) are:

AlIntensity) -k A Intensity -k
> A ! 3B 2

By comparing these partial derivatives (or in effect comparing the
coefficients) for different mixtures comprising the same chemical against
different background odors, one can determine the relative role which the
same chemical plays in different mixture contexts.

Table XI| compares the partial derivatives for common chemical
components and attributes tested in the different experiments. Such

In Odor Quality and Chemical Structure; Moskowitz, H., etal.;
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TABLE XI (A)

*
Relative Importance Values (Partial Derivatives)

For udorants Tested Against Different Background

Amyl Acetate Intenstiy Complexity Banana Flowery

vs Isoamyl Acetate 0.38 0.14 0.20 0.03

Vs Ethyl Salicylate 0.25 0.07 0.38 0.11

vs Heptyl Acetate 0.61 0.09 0.60 0.06
Sweet Winey Herbal Fragrant

vs Isoamyl Acetate 0.09 0.02 0.11 0.00

vs Ethyl Salicylate 0.00 0.07 0.04 0.05

vs Heptyl Acetate 0.21 0.90 0.09 —-——
Heavy Aromatic Fruity

vs Isoamyl Salicylate 0.33 0.10 0.20

vs Bthyl Salicylate 0.14 0.14 -0.15

vs Heptyl Acetate 0.73 0.66 0.55

In Odor Quality and Chemical Structure; Moskowitz, H., etal.;
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TABLE XI (B)
Ethyl Salicylate Intensity Complexity Minty Heavy
vs Methyl Salicylate 0.35 0.09 6.20 0.14
vs Amyl Acetate 0.47 0.03 0.25 0.30
Flowery Fruity
vs Methyl Salicylate -0.01 0.03
vs Amyl Acetate 0.18 0.49

* The relative importance value = coefficient in the linear

equation

In Odor Quality and Chemical Structure; Moskowitz, H., etal.;
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attributes include odor intensity, liking, banana (for the acetates), minty
(for the salicylates), etc. They reveal that the rate of change of a sensory
characteristic or liking with respect to physical concentration of the
odorant depends, to a great extent on the other odorant that is present.

This differential contribution depending on context means that when
modelling qualities or liking ratings of odors in mixtures, the interaction
modifies the base contribution of each odorant to the overall mixture.
One cannot superimpose independent equations relating overall intensity
or quality notes, for two odors each evaluated separately, and then add to
that pair of independent equations an additional factor (viz., the cross
term) which accounts for the mixture. This suggests that an algebra of
odor mixture, with which to develop new qualities, cannot begin as an
alphabet would, comprising a set of letters, which add in a simple manner,
and which then entrain a third term of account for the unique pairwise
interactions. Rather, the shapes and meanings of the letters or the
"notes" of the component odorants change in combination, as compared to
these evaluated. An odor will generate a different contribution in one
odor mixture than in another. This finding bears upon the nature of the
ultimate algebra of odor quality mixtures, suggesting that it will not be a
simple linear one.

Discussion and Conclusions

This paper has concerned an alternative method for generating odors
of specific quality profiles and acceptability levels, by mixing together
simpler odorants in known concentrations. The results suggest that it may
be possible to synthesize some particular mixtures, if and only if the
components in that mixture produce the smell. This paper discusses
mixing rules to generate predesignated sensory profiles. The profile-
matching method cannot generate a new odor ab initio, unless the odor
quality pre-exists in one of the mixture components.

Although not meant as a replacement for other research on odor
quality, this paper suggests a possible approach to a synthesis of pre-
designed odor profiles by means of mixtures of simple chemicals. The
study was geared towards two component mixtures. Future studies must
use a wider range of mixtures, perhaps beginning with a basic set similar
to those proposed by John Amoore in his earlier work on the stereo-
chemical theory of olfaction. (14) Amoore had suggested 7 primaries.
Mixed together by experimental design methods (to avoid the many
thousands of mixtures), these 7 basic odors might exhibit a much wider
variety of qualitative nuances than can two odors ever possibly show.
Statistical methods, such as the central composite design, would allow for
as few as 2 %+ 2 x 7 + | = 143 mixtures. A full scale evaluation of those
mixtures on attributes, coupled with profite-fitting and acceptance opti-
mizations might produce much greater insight into the possibility of
synthesizing predesignated odor profiles by mixing chemical components.
That experiment waits for the adept chemist and psychophysicist.
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Development of Fragrances with Functional
Properties by Quantitative Measurement of
Sensory and Physical Parameters

C. B. WARREN
International Flavors and Fragrances, Inc., 1515 Highway 36, Union Beach, NJ 07735

Man s blessed with the sense of smell, taste, touch,
vision, and hearing. Three of these senses (touch, vision,
hearing) are referred to as the physical senses and are used for
detection of mechanical, thermal, photic, and acoustic energy.l
The other two, the chemical senses, are used for the detection of
volatile and soluble substances. The stimuli that excite the
physical senses can be measured by both physical and psychophysi-
cal means. The volatile and soluble substances that excite the
chemical senses can be defined but the stimuli caused by these
substances can only be measured by psychophysical means.2s3,4
For all practical purposes these stimuli cannot be expressed as
some unit of energy, instead they have to be expressed 1in the
dimensions of quality, intensity, duration, and 1like and dis-
like.

It s this lack of a physical method of measurement for
substances that excite the chemical senses that makes the flavor
and fragrance industry unique. Perfumes and flavorists are
needed for the creation of its products and expert sensory panels
are needed for quality control of the starting ingredients and
finished formulae. Although organic and analytical chemistry are
used to provide the starting ingredients and analyze finished
products these disciplines cannot be used to judge quality and
esthetics. There are no “iron noses" or "microprosessor
tongues”.

In the past five years, the quantitative measurement of
quality, intensity, duration and hedonics of flavors and fra-
grances has become important. The measurements are used both for
comparison of new products to those on the market and for
substantiation of performance claims. For this last measurement
the use of naive panels which reflect the opinions of the
potential consumer becomes important. Examples of the types of
measurements needed are: a) odor and flavor dintensities of
ingredients and finished products, b) substantivity of fragrances
on skin and ¢) the effect of solvent on the odor intensity of a
fragrance. Although the discipline of physical chemistry can be
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used as a gquide for some of these measurements it cannot replace
the human nose. Physical techniques can describe absorption
phenomena but not odor intensitites.

This paper addresses the quantitative measurement of odor
properties using naive panels and presents methods for their
selection and training. In particular, we will show how naive
panelists are trained to use a magnitude estimation scale along
with some typical results generated by a panel of this type.

Selection of Panelists for Magnitude Estimation Panels

Prior to admission to the training sessions all panelists
are screened for their ability to perceive odor differences over
a reasonable range of odors. In this way individuals with poor
odor perception, those who might be partially anosmic, or those
who do not care (poor motivation), are eliminated before they
become members of the magnitude estimation panel. The test
method used is a modification of the one developed by Gustave
Carsch.?  The test 1is made up of eight groups of blotters with
three blotters in each group. Within each group two blotters may
be the same, three may be the same, or all three may be
different. There are five possible combinations for each group.
The panelist is presented a ballot containing eight triangles.
The apex of each triangle is didentified by a letter which
corresponds to a blotter containing the same letter. A typical
example might be blotter group G,H,I, shown below where blotters
G and I are Temon and H is lime. The panelist is instructed to
put an equals sign on the leg of the triangle that connects
similar smelling blotters and an “X* if the blotters are
perceived to smell different. The panelist obtains one point
for

each Tleg of the triangle that is incorrect1§ marked. If the
panelist correctly discriminates between all odors he receives a
zero score; if he incorrectly discriminates hetween all odors he
receives a score of 24. K!‘ panelists receiving a score of nine
or more are rejected.

The difficulty of the test can be adjusted by the choice of
the odorants. In the extreme case, the test could be adjusted to
measure the discrimination skills of a perfumer. This, however,
was not our objective and the odorants chosen (see Table 1), were
those that a panelist untrained in perfumery might have come in
contact with previously.
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Magnitude Estimation Panel Training

Training starts with the magnitude estimation of the area of
a series of shapes which are presented in an 18-page booklet
containing a randomly sorted collection of six rectangles, six
circles, and six triangles. Each page contains one figure and a
5-digit code number. The rectangles, circles, and triangles are
of different sizes. The following instructions, which were
adapted from a similar training exercise developed by Dr.
Moskowitz,8,7 are given to the panelists.

"Please Took at the first shape in your training hooklet.
Do not Took through the booklet, instead, pay attention only to
the first shape. you are going to assign numbers that show how
Targe the shapes you will see in the booklet seem to you. Give
the first area any number you wish, write this number on the
ballot sheet, along with the code number for the area. Remember,
you will be using this first number to compare the size of the
first shape to the size of other shapes which could be larger,
smaller, or the same size as the first shape. Therefore, there
are no upper limits to the size of the number you use but the
number should not be so small that you cannot easily divide it
into smaller portions, (smaller than 10, for instance). Now turn
to the next page in the booklet. Give a number which represents
the area of the shape on this page. If you give a number of 30
to the first shape and the second shape seems to the same size,
give it a 30. If the second shape seems to be only one-half as
large as the first shape give it a 15; if it appears to be three
times as Tlarge, give it a 90. Now work through the booklet and
evaluate the rest of the shapes."”

Generally, this first exercise takes about 15 minutes to
complete. panelists are helped if they do not understand the
instructions. However, panelists who continue throughout the
entire training session to not understand the instructions are
rejected from the panel. Such a rejection is very rare. Table
IT presents a typical set of results obtained from an area
estimation exercise.

Training next proceeds to estimation of hedonic tones (1ike
and dislike). The scale for 1ike and dislike is twice as Tong as
that for intensity. The zero point on the scale is neither 1ike
or dislike of the stimulus, the positive side of the scale
denotes Tike, and the negative side denotes dislike.

To obtain practice in the use of this bipolar scale the
panelists are asked to magnitude estimate their 1ike or dislike
of the following words: flowers, sun, hate, worm, kiss, puppy,
pollution, money, New York City, mud, perfume, murder, sex,
cigar, spaghetti, rattlesnake, and Tgve. This particular choice
of words was developed by Moskowitz 5,7 to cover a dynamic range
of Tike and dislike. Words denoting types of foods or odors also
work well.
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TABLE I
MATERIALS USED FOR OLFACTORY TEST
Blotter
Letter
A South American Petitgrain Oil
B Distilled Italian Bergamot Qil
C Distilled Mexican Lime 0Qil
D Fixateur 404, obtained from Firmenich
£ Grisalva and isomers
F Fixateur 404, obtained from Firmenich
G California Lemon 0il
H Distilled Mexican Lime 0il1 (same as C)
1 California Lemon 0il (same as G)
K Spanish Rosemary 0il
L Terpineo]l
OH

M Sauge Sclaree, French
N California Orange 0il
0 California Orange 01l
p Grapefruit 0il
Q Spearmint 0il
R Spearmint 011
S Natural Peppermint 0il
T Bay 0il
U Spearmint 0i1
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TABLE 1
MATERIALS USED FOR OLFACTORY TEST (con't)

Blotter
Letter

W Terpeneless Lavandin

X Distilled Mexican Lime 0il

Y Distilled Italian Bergamot 0il

YA Distilled Mexican Lime 0il
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TABLE II
MAGNITUDE ESTIMATION OF AREAS 2

Areg Estimated D Standard €
Shape (cMe) Area Error
Circle 7.1 7.8 1.11
19.7 10.0 1.07
43.0 31.1 1.05
91.6 52.2 1.05
145.3 69.5 1.05
216.4 106.9 1.04
Triangle 2.0 4.7 1.04
7.4 10.7 1.11
24.8 22.5 1.07
64.9 49,7 1.04
104.0 65.4 1.04
322.0 92.4 1.03
Square 10.1 13.2 1.10
17.9 18.8 1.07
72.4 47.6 1.03
123.0 68.5 1.03
123.0 69.5 1.03
203.0 97.4 1.02

a. The sequence of the areas presented to panelists was random.
The results were sorted by shape and size for this table.
Twenty two panelists were used for this exercise.

b. Estimated areas were normalized by the averaging method.
The values presented in this table are geometric means.

c¢. The standard error is for the geometric mean and equals 1 +
percent errors.
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The following set of dinstructions adapted from those of
Moskowitz are used to introduce the hedonics training session.

"As another exercise we would 1like you to express your
1iking or disliking of different words. Using the bipolar scale
discussed previously, show how you feel about each word. If you
like a word write an L next to it. If you dislike the word,
write a D next to it. Then indicate how much you either like or
dislike the word by also writing in a number. A large "L" number
means you like it a lot, while a 1large "D' number means you
dislike it a lot. On the other hand, a small "L" number means
you like it a little, while a small "D" number means you dislike
it a little. If you feel indifferent or neutral about a word,
give it a zero (0). As an example, suppose you gave the first
word an "L 10" to show how you felt about it but you Tike the
second word twice as much. The second word should receive a
score of "L 20", If you dislike the third word, you should give
it a "D" and a number to show how much you dislike it. If you
dislike it a Tot you might give it a "D 100". Remember that the
particular scale you use is your own. There are no limits to the
size of the scale and no one's scale is more right than any one
elses.”

Table III presents a typical training panel's hedonic scores
for the 17 words discussed previously. Although the panel was
asked to use "L" and "D" to denote 1ike and dislike, the scale is
actually positive numbers for 1like and negative numbers for
disTike. Our experience has shown that the panelist can use L
and D with much Tess difficulty than plus and minus.

The final task of the training session is the tasting or
smelling of samples. The choice of the samples generally depends
on the first evaluation task to be carried out by the newly
trained panel. Thus, the panel that evaluated hydrolyzed vege-
table protein tasted a concentration series of glucose solutions
for their training session. Whereas, the panel that self-
evaluated underarm odor smelled a concentration series of synthe-
tic body odor in their training session. Table IV presents
glucose flavor intensities and hedonics obtained during a train-
ing session by the same 22-member panel that provided the shape
and word evaluations presented previously.

So far over 100 members of the R&D staff at International
Flavors & Fragrances have been trained to magnitude estimate
odors and flavors. The complete training session takes about one
and one-half hours and has been used to train secretaries,
engineers, managers, chemists, maintenance workers and clerks.
The data presented in this paper were obtained by these people.
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TABLE III

MAGNITUDE ESTIMATION OF THE LIKE AND DISLIKE
FOR A SERIES OF WORDS.2

HEDONIC STANDARD
WORD SCORE ERROR
Sex 138 15.8
Love 126 10.1
Kiss 84 8.9
Money 82 7.0
Sun 73 6.8
Flowers 58 7.0
Puppy 47 6.1
Spaghetti 41 6.7
Perfume 37 5.1
New York City 0 13.7
Worm -5 6.4
Mud -25 4.0
Cigar -31 12.8
Rattlesnake -40 11.4
Pollution -72 6.9
Hate -81 10.9
Murder -140 17.3

a. The words presented in Table III have been sorted on a
like-dislike scale. The sequence of the words presented to
the panel was in random order. The results presented here
were obtained with a 22-member panel.
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TABLE IV
FLAVOR INTENSITY AND HEDONICS OF GLUCOSE SOLUTIONS.

CONCENTRATION STANDARD STANDARD
IN WATER (%) | INTENSITY ERROR HEDONICS ERROR

2 5.8 1.2 1.6 2.3

4 14.5 2.0 5.1 3.2

8 32.7 3.0 8.4 6.6

16 58.5 4.7 -1.0 6.5

32 112.3 4.5 -30.7 10.2

Analysis of Magnitude Estimation Data.

As you remember, panelists were told only to choose numbers
so that the ratios of the numbers reflected the ratios of their
perceptions. The choice of the particular range of numbers was
left up to the panelist. In order to eliminate the variance due
to scale differences magnitude estimation data need to be
normalized.8

Normalization 1is a technigue in which each panelist's
evaluation is multiplied or divided by a factor which transforms
it to a common scale. This paper presents an averaging and an
internal standard method of calibration which was used for the
data presented herein. Also commonly used 1is an external
calibration method which is described in ref. 6.

Averaging Method

This method can be used for normalization of hedonic as
well as intensity data. The first step is the determination of
the magnitude of the scale used by each panelist by summing the
absolute values of all of his or her evaluations for a particular
panel session.

Panelist's Scale Magnitude =} ‘Xij‘

Xij = the numerical evaluation
for the ith panelist.

over the j evaluations.
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The second step 1is the calculations of the scaling factor
for the particular panel session by summing the absolute values
of all evaluations of all panelists and dividing by the number of
panelists.

n
Panel Scaling Factor = 3L |Xij
i

i
J
n

panelist index
evaluation index
number of panelists

The correction factor for each panelists is calculated with
the equations presented below.

Panelist's Scale Magnitude
Correction Factor = Panel Scaling fractor

Internal Standard Method

This type of normalization procedure works well for measure-
ment of odor intensities. We have chosen the use of 270
parts-per-million of n-butanol in water as the internal standard
for odor intensity evaluations.? The current procedure is to
place three butanol-in-water standards into a typical sample set
made up of 20 samples. Standards and samples contain b5-digit
random number codes, the sequence in which each panelist smells
the samples and standards is completely random. The correction
factor for a particular panelist is the constant that will adjust
the average of the perceived intensities for the butanol samples
to 30. The sample intensities obtained by this panelist are then
normalized by multiplication by the correction factor:

Example:
Panelist's Scale Magnitude = X; (butanol)

where X; (butanol) is the average intensity
for the three butanol samples for the ith panelist

Correction Factor = f; = 30/Xj (butanol)

X‘ij = X'ij . fi

where Xjj = the normalized intensity of sample j for
panelist i,
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Use of Magnitude Estimation Results.

Dose Response Curves.

Some 25 years ago S. S. StevenslO found that sensory data
generated on a magnitude estimation scale could be fitted to a
power function such as the one presented below.

Magnitude Estimation = a (stimulus)b

Two examples of this fit are shown below for the area and the
glucose intensity data presented previously in this paper.

2.77 (Area)0.66

Estimated Area

r? = 0.99

Estimated Glucose sweetness = 3.7 (concentration)l-05
r’ = 0.99

Dose-response curves have been used by the fragrance indus-
try to describe odor intensities of aroma chemicals and perfumes
in the concentration range of their use. The curves have been
valuable for the comparisons of the relative odor intensities of
aroma chemicals in the same odor class and for measurement of the
effect of solvent on odor intensity. Examples of some compari-
sons are presented in Table V, chemical structures are presented
in Table VI, Galaxolide and indisan, for example, have slightly
flatter intensity curves than Musk Ambrette or Sandiff. These
data suggest that galaxolide or 1indisan will have higher odor
intensities at lower concentrations than will the corresponding
odorants. Knowledge of the complete equation allows one to
calculate odor dntensities at any concentration within the
concentration range of the measurements. Table VII shows the
dose-response exponents for three fragrances and two aroma
chemicals in diethyl phthalate and in a less polar solvent.
These data suggest that the less polar solvent tends to flatten
the intensity curve, that is, the solvent swallows up the
fragrance. Another interesting aspect of the data is the
decrease of rZ for galaxolide and 1indisan in the new solvent.
This indicates that only about 60 to 70 percent of the variation
of the perceived odor intensity is due to its variation in
concentration suggesting that the solvent is donating part of the
odor.

Correlation of Physcial With Phychophysical Measurements.

In general, a psychophysical measurement is more expensive
and more tedious to obtain than a physical measurement. Compare,
for example, the time and expense required to measure quantita-
tively an odor recognition threshold for a particular molecule vs
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TABLE V
DOSE-RESPONSE CURVES EXPONENTS FOR VARIOUS AROMA
CHEMICALS.3,b

Compound Exponent 33
Musk Odorants:

Galaxolide .27 .95

Musk Ambrette .34 .93
Sandalwood Odorants:

Indisan .30 .94

Sandiff .44 99
Some Other Odorants:

Methyl Ionone, Gamma A 17 .96

Lyral .24 .93

Cinnamalva .34 .99

Isocyclemone E .47 .96

a. All materials were dissolved in DEP and measured in a
concentration range of 0.2 to 20%.

b.  Structures are presented in Table VI,
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STRUCTURES OF MOLECULES USED FOR DOSE-RESPONSE CURVES.

COMPOUND

STRUCTURE

69

Galaxolide

Musk Ambrette

Methyl Ionone, Gamma A

Lyral

Cinnamalva

Isocyclemone E
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TABLE VII
USE OF DOSE-RESPONSE CURVES TO COMPARE SOLVENTS.

DEP b LESS POLAR SOLVENT €
MATERIAL2 Exponent T2 Exponent r

FRAGRANCE A .26 .92 .12 .98
1trus, Coumarinic
Woody and Sweet)

FRAGRANCE B .33 .90 .16 .91
[Heavy, Woody, Floral
with strong patchouli note)

FRAGRANCE C .43 .93 .14 .96
(Spicy, floral) '

GALAXOLIDE .27 .95 A1 .63

INDISAND .30 .94 .11 .70

a. Concentration range for dose-response curves was 0.20 to 20%.
b. DEP is diethyl phthalate.
c. This solvent is less polar than DEP.

d. Indisan is the product name for a complex mixture which has a
sandalwood odor.
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the time and effort to obtain the infrared absorption spectrum
for the molecule. The former measurement requires the time of 10
or more panelists, the preparation of a number of solutions of
the molecule at different concentrations and the work-up of the
data. The latter measurement requires one solution, one person,
and about 10 minutes for the scanning of the infrared spectrum.
This difference in time and money has led us to develop physical
methods of measurement that compliment the psychophysical
methods.

One such area was the measurement of the detergent powder
fragrance retained by cloth at the end of a laundry wash cycle.
There are two ways to perform such a requirement. One can use
sensory panels to measure the retention of either a finished
fragrance or individual aroma chemicals on cloth, or one can
develop a physical method for measurement of the concentration of
aroma material on the fabric surface. We have developed methods
for such a measurement by use of partition coefficients and
Tables VIII and IX present some representative data. The
physical meaning of the partition coefficients presented in these
tables is the following:

Cloth Concentration of Aroma Chemical
K = Wash bath Concentration of Aroma Chemical

A partition coefficient of zero indicates that none of the
aroma chemical is on the cloth. A partition coefficient of one
indicates equal distribution between cloth and wash-bath. The
larger the partition coefficient the higher the affinity of the
material for the cloth. Both Tables present partition co-
efficients vs odor intensitities of the aroma chemical or
fragrance: 1) on the detergent powder, 2) above the wash water
during the wash cycle, 3) on the cloth after two rinse cycles,
and 4) on the cloth after two rinse cycles and hot air drying.
Analysis of the partition coefficients versus the perceived odor
intensities presented in TableVIII suggest the following:

1)  Acetophenone has a high odor intensity and a 1low
partition coefficient, thus it will have a high odor
intensity on the detergent powder but a relatively low
odor intensity on cloth since it prefers to stay with
the aqueous phase.

2)  Musk Ambrette has a low odor intensity and a high
partition coefficient, thus it will have a relatively
low odor intensity on the detergent powder and a high
odor intensity on the wet and dry cloth.

In Odor Quality and Chemical Structure; Moskowitz, H., etal.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1981.



72

ODOR QUALITY AND CHEMICAL STRUCTURE

TABLE VIII
COMPARISON OF PERCEIVED ODOR INTENSITIES
WITH PARTITION COEFFICIENTS.

‘ODOR
INTENSITIES R

WET DRY
MOLECULE Ka POWDER WATER CLOTH CLOTH
ACETOPHENONE o5 126 17 9 5
CINNAMALVA 3.3 118 8 7 5
METHYL IONONE
GAMMA A 8.7 68 18 38 13
ISOCYCLEMONE E 11 31 12 24 7
MUSK AMBRETTE 17 37 12 29 12

de

b.

K is the partition coefficient which equals concentration of
aroma chemical on cloth divided by concentration of aroma
chemical in the wash bath.

Powder = represents the odor intensity of the molecules on
the detergent powder.

Water is the odor intensity of the molecule above the aqueous

wash bath.

Wet Cloth is the odor intensity on the cloth after two
rinses.

ggx.c1oth is the odor intensity on cloth after two rinses and
rying.
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TABLE IX
USE OF PARTITION COEFFICIENTS TO CREATE
SUBSTANTIVE FRAGRANCES.
INTENSITIES b

WET DRY
FRAGRANCE K POWDER WATER CLOTH CLOTH
PARTITA 1 1-4 107 23 10 5
PARTITA 2 5 - 11 70 19 32 13
PARTITA 3 5-11 60 23 36 16
PARTITA 4 - 12 92 27 35 20
a. K is the partition coefficient and is defined in Table VIII,
b. Powder, Water, Wet Cloth, and Dry Cloth are defined in Table

VIIT,.
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Table 1IX presents the practical applications of the
partition coefficient concept; that is, fragrances created from
aroma chemicals with Tlarger partition coefficients show higher
odor intensities on both the wet and dry cloth. This is easily
seen by comparing the partition coefficients and odor intensities
for the fragrance called partita 1 to those for partita 4.

The sensory observations obtained for this detergent work
were normalized by the internal standard method against 270 ppm
butanol in water. Thus, odor intensities of 30 are moderate and
intensities of 60 are strong.

Odor Masking.

One of the largest uses of fragrance is to mask malodors of
personal and household products. Also, the general_area of odor
masking_and blending is very important commerciallyl: and academ-
jcally.L 1In spite of the large amount of work in this area the
literature did not contain a simple quantitative method for
measurement of the masking ability of a fragrance. One solution
to this problem was to magnitude estimate the odor intensity and
hedonics of the fragrance plus base at several concentrations of
the fragrance. Some typical examples are presented in Table X.
The indication that the fragrance is either masking or improving
the quality of the odor is shown by a significant increase in
hedonics; accompanied by a small increase in odor intensity.
(The best possible situation would be a significant increase in
hedonics accompanied by a decrease in odor intensity). Table X
shows that fragrance 1 is better than fragrance 2 for the latex
paint while fragrance 3 provides no significant masking of the
oil-base paint odor.

The Future of Magnitude Estimatjon (ME).

At present, the use of ME ratio scaling is both in a state
of expansion and critical evaluation. The technique has been
found to serve well for attitude evaluations (such as the impact
of an advertisement). ME in combination with a response surface
experimental designlZ has been used for optimization of food
products. Ratio scaling 1is still experimental in that a best
normalization method has not been found, nor has the method
received a critical comparison to the more popular category
scaling method. Both of these questions are now being addressed
by the American Society for Testing and Materials (ASTM) Committ-
ee E-18 - Sensory Evaluations of Products and Materials.

Proponents of ME claim the method to be easy to teach to
naive panelists, very sensitive for measurement of intensities in
the supra-threshold region and very efficient for measurement of
product preference relative to some bench mark. The future of
the method will depend on how it stands up to a critical
comparison with category scaling methods.
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TABLE X
MEASUREMENT OF ODOR MASKING.

FRAGRANCE
MATERIAL CONCENTRATION (%)  HEDONICS INTENSITY
Latex Paint &
Fragrance #1 0 3 9
0.0032 6 1
0.01 12 13
0.032 23 17
Latex Paint &
Fragrance #2 0 3 9
0.0032 3 14
0.01 7 29
0.032 5 40
0il-base Paint &
Fragrance #3 0 -17 45
0.030 -18 60
0.10 -16 55
0.32 -14 75
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Sensory Structure of Odor Mixtures

ANDREW DRAVNIEKS!, FREDERICK C. BOCK, and FRANK H. JARKE
IIT Research Institute, Chicago, IL 60616

An ultimate objective in the resolution of relations between
odors and odorant structures is to predict odor from chemical
identities and concentrations of odorants in air containing mix-
tures of odorants.

Even the first step, prediction of odor quality from the
molecular structures of single odorants, is as yet uncertain.
Some odor/structure relations have emerged gradually from studies
by many researchers, but a comprehensive coherent theory of the
structural basis of odors does not yet exist. Wherever relation-
ships appear to exist, they are far from applicable to mixtures
of odorants.

However, the relationship between the odors of single odor-
ants and their mixtures can be investigated without regard to the
molecular structures of these odorants. The sensory structures of
the odors of single component odorants can be characterized, e.g.,
by multidimensional scaling. The sensory structure of an odorant
mixture can also be characterized by some means, and then rules
can be explored which tie the odor of the mixture to the odor of
components.

As an example, if odorants with similar level of spicy note
are mixed, what will be the spicy level of the mixture?

This approach was studied using vapor mixtures of 28 odor-
ants, with up to 4 odorants per mixture.

Experimental
Odorants. Twenty-eight odorants covering a large variety of

odor character notes and a broad hedonic tone range (from isoval-
eric acid to vanillin) were used:
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Initially Considered Initially Considered
Essentially Pleasant Essentially Unpleasant
A Amylbutrate 3 Ammonia
B Benzaldehyde R 1-Butanol
C Eucalyptal Y Butyric
J Cinnamaldehyde F 2,4-trans-trans
W Citral Decadienal
K Coumarin D Diacetyl
E Eugenol Z 2-Ethyl1-3,6-dimethyl-
G Guiacol pyrazine
N Limonene Q Ethylsulfide
L Linalool H 1-Hexanal
M Methanol 2 Hydrogen sulfide
X Musk, pentadecanolide I Isovaleric acid
U +y-Undecalactone 0 2-Octanone
V Vanillin P Phenol
S Propylmercaptan
T Trimethylamine

Statistical Design. To keep the complexity of mixtures man-
ageable, only binary, tertiary, and quaternary mixtures were con-
sidered, assuming that the quaternary complexity should begin to
reflect rules operative in multicomponent mixtures.

A fractional factorial statistical design known as balanced
imcomplete blocks with separable replicates were utilized. In
each session, four odorants at a time are evaluated:

4 odorants separately

6 (all possible) binary mixtures

4 (all possible) ternary mixtures

1 (in duplicate) quaternary mixtures

In a block of 7 sessions, each odorant is used in one of the
sessions. Nine blocks (63 sessions) would include each odorant 9
times, each possible pair once, and include 1/13 of all possible
ternary and 1/325 of all possible quaternary mixtures. Because of
practical limitations, only 4 blocks could be completed, covering
168 binary, 112 ternary and 28 quaternary mixtures, with a dupli-
cation of each quaternary mixture in the same session. The design
permits statistical analysis of separate blocks.

Apparatus. Figure 1 represents the mixture olfactometer used
in the study. The apparatus consists of 16 stimuli mixing mani-
folds. Air at 0.5 L/min to each manifold is supplied through
stainless steel capillary tubings from the air distributor mani-
fold; the 17th capillary branch serves to monitor the air supply
rate.
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The 1iquid odorants are supplied by vaporizing these in the
saturators into dry nitrogen stream. In each saturator assembly,
part of the nitrogen by-passes the saturator; another part, con-
trolled by calibrated stainless steel capillary C, passes over the
odorant, becomes saturated with its vapor, and mixes with the by-
pass nitrogen before flowing to the mixing manifolds.

For some odorants, the needed dilution cannot be easily
reached by dilution in the by-pass system alone. For these,
an attenuator shown in the insert at lower right was used.

Three of the odorants (ammonia, hydrogen sulfide, and tri-
methylamine) were gases. Their dilutions were prepared in thick
wall collapsible 18-L containers, injecting by syringe the needed
amount of the odorant gas and filling with air. The dilutions
were prepared one day before their use, to allow time for a sta-
bilization after adsorption on the walls. The diluted vapors were
then supplied to the mixture olfactometer by a peristaltic pump.

Stimuli prepared in the mixing manifolds were supplied by
Teflon tubing lines to glass sniffing ports which had 25 mm x
35 mm elliptic opening. The ports were hung randomly along the
walls in three adjoining well-ventilated rooms. The first left
and last right manifold, Figure 1, supplied the same four-compon-
ent mixture, for evaluating the reproducibility of the judgements.

Selection of Dilutions. A Butanol-vapor odor intensity
scale (1) was used to estimate the odor intensity of stimuli
consisting of single odorants. The dilutions were empirically
adjusted to match the odor intensity of butanol vapor in the
50 to 100 ppm (v/v) concentration range, but in actual tests
some values fell somewhat outside this range. The corresponding
intensity was sufficient for clearly discerning the odor character.

Procedure. In each session, 9 panelists were used, drawn
from a pool of 15, since in this several month long experiment
a constant panel composition was impractical. However, in each
session, all 16 stimuli were evaluated by the same panelists,
so that differences between panelists, as far as odor of mixtures
vs. odor of components are concerned, were not a directly compli-
cating factor.

The mixture olfactometer was set in operation 1-2 hours before
the panel session. Panelists circulated among the sniffing ports
and characterized the odor quality of the stimuli using a 136-des-
criptor multidimensional scale, described elsewhere (2); it is an
extended Harper's scale. (3)

After the session,the olfactometer was flushed with air for
1-2 days, to remove adsorbed traces of odorants.

Reproducibjlity. There were 28 quaternary mixtures tested in
duplicate. These duplicates were evaluated the same session.
Twelve descriptors were selected for testing the reproducibilities;
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sour, oily, putrid, rancid, stale, burnt, sharp, bitter, herbal,
ethereal, sweet, and fragrant.

For each descriptor a Chi-square test was designed. Descrip-
tor scores were grouped in 3 classes; 0, 1 +2, and 3 +4 + 5,
and distribution of panel responses by classes for the first and
the second presentation of the quaternary stimulus, over the en-
tire set of 28 quaternary, was compared. Chi-square values were
obtained that showed a high similarity of distributions, consider-
ably in excess of 10 percent probability. Thus, duplicate quater-
nary mixtures produced well-correlated descriptor responses, at
Teast for the 12 descriptors selected for this test.

Differences in the odor of pairs of stimuli were also esti-
mated by using a method based on coefficients of association
between individualized (by panelists) multidimensional profiles.(2)
The negative natural logarithm of this coefficient was previously
found to correlate to the sensory distance between two profiles.

In the present study, the 28 quaternary mixtures were evalu-
ated in duplicate. Most sensory differences within duplicates had
-2n (coeff. assoc.) below 1. Most differences between single odor-
ants (168 pairs) were above this value. When the value of 1 was
experimentally taken as the dividing datum between "same" and
"different" odor, the separation of these groups, by a Chi-squared
test, was highly statistically significant. Thus, odor differences
between duplicated quaternaries were at most only as large as for
odorants with odors that appear to a not-highly-trained perfumer
somewhat alike (citral/limonene; butyric/isovaleric acids; hydro-
gen sulfide/ethyl sulfide; trimethylamine/butyric acid?).

Results and Discussion

The objective of the data analysis was to discover how odors
of mixtures related to the odors of components. This may be pos-
sible by comparisons of entire multidimensional profiles of mix-
tures and components, but such an approach requires assumptions
on the appropriateness of selecting some specific profile compari-
son method. The complexity of rules that seem to govern the odor
qua]{ty 2{ even simple mixtures has been pointed out by Moskowitz,
et al. (

Instead, a method was selected in which scores for specific
descriptors for the components and mixtures were compared. A fre-
quency-of-use histogram for the descriptors indicated that for the
28 odorants selected, and their mixtures, 30 descriptors were most
commonly used. These descriptors are listed in Table 1.

Further data analysis was confined to these 30.

Classification of Mixing Effects. For each of the descrip-
tors, the score for a mixture can be compared to the scores of the
components (concentrations of components are essentially the same
for single components and these components in the mixture). Three
benchmarks can be derived from the component scores: the lowest

In Odor Quality and Chemical Structure; Moskowitz, H., etal.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1981.



ODOR QUALITY AND CHEMICAL STRUCTURE

84

w43pMod, 8 ,34BiL, Buipn|ox3

60°0 vL0 uoj3ejAaQ
pdepuels
1ol w89°¢ wue3y
LRqQUaH/Pay “xel/a|R3S/JuRabeay £5°0 L£°0 (08°0) (0°¢) 4647
Lequay/Adeos/Aaapmod /3uang 19°0 1S°0 99°0 8°¢ Am=Mu_uv
34044
*Pay “xeW/AJULW/(SN43 D) A3pnag/Ad4ds $9°0 §5°0 (€0° L) (€°¢€) Kaapmog
P}4Ind/ | BqUBH/3 | RIS/Fuang 19°0 £5°0 09°0 8°¢ uowd
A110/31235/3u4ang/piaand £9°0 15°0 £9°0 L€ Leu}dLpaN
LRU} I PAN/4N0S/333MS/ " PaY " XBY 970 L£°0 09°0 L€ Lequal
423318/pouRy/33Ms/ *pay ‘Ul 99°0 (4°0 8L°0 L€ K3eamg
Adeos/ys}4ay33/pi43nd/Apooy 8v°0 6€°0 28°0 8¢ juey
-23ju}s g
(49y30) A3pnaj/A3uiW/ pPay “xew/anos 15°0 #9°0 09°0 6°¢ aro|)
399M5 /3| R3S/A| }0/3A01D 95°0 05°0 96°0 L€ (43y30)
A3pnag
3A09/p}43Ind/uoud/uang 0s°0 1%°0 18°0 L€ Adeog
o}3ewoay/Ao4ds/ pay °xew/juang €5°0 1v°0 19°0 6°¢€ AJup
PiaInd/A3eamg/uoway/ (sna3d) A3pnag S5°0 15°0 vL°0 8°¢ ysiaay33
uowa(/ (43y30) A3pnaj/Aupn/-pay ‘xey €L°0 S9°0 9.°0 €€ Jueabedy
433318/P143Nd/2}3RWOAY/JURIIBSULS L] £v°0 1£°0 99°0 8°¢ Apooy
Judang/33amMs/pouRy/ pay ‘uil 89°0 15°0 $9°0 L€ Pi4INg
(43y30) A3ynaj/AAvan/ pay “xen/aAol) 95°0 o 09°0 8°¢ £ads
1343Yy33/A 10/ 1 ©q43H/ (43Y30) A3}nag 09°0 25°0 9.°0 L€ Juang
3URIIBULS |0/ LRAIAYII/PAY XBl/Juang £8°0 £9°0 Lo S°€ 1003
uowa /K1 40/393MS/ Pay Ul 1L°0 95°0 SL°0 L€ ppouRy
judng/jueabedj/a|e3s/ pay °xey 89°0 09°0 2L°0 ‘9°¢ 3}3RWO04Y
4nog/-pay *xew/Apoom/ano|) S5°0 9%°0 18°0 S'€ wiey
L®343Yy33/waep/00)/P3Y “UjW 19°0 150 ¥8°0 A 433318
(43Y30) A34na3/ppaInd/AL10/ P3Y “UIN (570 8v°0 19°0 9°¢ ales
L®QuaH/BujuaxdS/333MS/ pay Uil ¥9°0 25°0 £9°0 9°€ anos
4nos/A 140/ Pay °xeW/100) (VAL 09°0 SL°0 p°€ J99MS
Py “UIW/ PAY ‘Xel/3I3MS/3| R3S 6v°0 1%°0 £€9°0 L€ A110
3Y617/19QU3H/ LRULD |PAN/ "PAY ‘U 2L°0 85°0 99°0 9°¢ Bupuayd}s
AaapMod/ | Ra43yq3/3yb41/ pay “ulW £9°0 56°0 Lo 9'¢ Aavay
YS}49Y33/493319/399MS/° Py UK 85°0 80 19°0 9°¢ darys
S318VIYVA AUVIGISBAS J0 S3WVYN | NOILVNIWY3L3Q | NOILVNIWY3L3Q | 3d07S | 1d3J¥3INI
40 33493 40 33¥93 4014139530
03qay S318yYIYYA AYYIAISENS y¥nod HLIM 1300W JMaGamzaH:wumaug WIS
S¥01dI¥IS3a A8 S3Y0IS LNINOWOI 40 NV3W OL 3Q02 123343 ONIXIW 40 NOILVI3Y ¥04 S13G0W I 318Vl

i

Moskowitz, H., et al.

In Odor Quality and Chemical Structure;
ACS Symposium Series; American Chemical Society: Washington, DC, 1981.
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panel mean score, the highest panel mean score, and the arithmetic
mean of the component scores.

In principle, in some cases, the score for the mixture may be
higher than the highest component score. Some form of the odor
note additivity or a promotion by other different notes originat-
ing in the other components of the mixture may then be suspected.
In the other extreme, the score for the mixture may be lower than
the Towest component score, and a suppression or a dilution of the
descriptor-characterized note by other notes offered by the other
components may have occurred. For the inbetween cases, less pro-
nounced effects of a similar type may have occurred.

The phenomenology of the mixing effects was inspected using
the histograms in Figure 2. The mixing effect codes were as fol-
lows:

2 = score for the mixture is equal or lower
than for the component with the lowest
score.

3,4 = score for the mixture is higher than
the Towest component score, but lower
than or equal to the mean score of
the components.

5,6 = score for the mixture is higher than
the mean component score, but lower
than or equal to the highest compon-
ent score.

7 = score for the mixture is higher than
the highest component score.

For orientation:

(a). all cases with code 6 or below (left of
arrows) demonstrates either suppression
or at most non-impairment (if scores of
mixture equal to highest component score)
of the odor note upon mixing.

(b). all blackened bars indicate cases where
mixing reduced the scores to values below
the mean score of the components (or, in
rare cases, kept it at the mean score
level),

An inspection of Figure 2 leads to the following conclusions:

(1). There are only a very few cases where
mixing might have enhanced an odor note

In Odor Quality and Chemical Structure; Moskowitz, H., etal.;
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(2).

(3).

(4).

(5).

of that component which was the highest
in this odor note--see low frequency of
occurrence of Code 7 effect.

There is only one case (clove) where
mixing brought the note below the level
occurring in the component with the
lowest level of this note.

Overall, the scores for the mixtures
gravitate around the mean score of the
components.

Two types of contrasting behavior and a
third one of the intermediate type seem
to appear. In one, (10 left histograms),
the odor notes are retained on mixing,
remaining higher than the mean score
level. In the other, most of 10 histograms
on the right, the odor notes appear to

be more susceptible to a degradation by
mixing. “Light" is the extreme example
of the latter behavior, but it is easily
understood since this is more of an odor
intensity than quality descriptor, and
the odor will be stronger and "heavier"
as other components are added.

Superficially, less specific descriptors
appear to belong to the first group, and
descriptors for more specifically recog-
nizable odor notes belong to the second
group.

Thus, the principal effect upon mixing appears to be a reduc-
tion of scores for various odor notes from the level of the score
for the most highly scored component. Odor notes also appear to
differ in their resistance to such degradation. Apparently,
introduction of other odor notes on mixing usually weakens the
level of the odor notes of the components in an analogy to the
role of an auditory noise in sound recognition.

Simple Mathematical Model for Odor Mixtures. Since the data

in Figure 2 indicated the mean of scores of the components may
serve as a crude benchmark for deriving the score for the mixture,
a mathematical model was devised for a more refined relation
between the component and mixture odor notes. The model is based
on a linear regression:

[CODE VALUE] = [INTERCEPT] + [SLOPE] [MEAN COMPONENT SCORE]

In Odor Quality and Chemical Structure; Moskowitz, H., etal.;
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Such equations were sought for all 30 of the most frequently
occurring descriptors: Table I lists the values of intercepts,
slopes, and coefficients of determination (a measure of the good-
ness of fit to the obtained equation).

Typically, about 50 percent of variance was accommodated by
such a simple equation. For most descriptors, the intercept and
slope coefficients do not vary much with the descriptor. Coeffi-
cients for "light" and "powdery" are different from those for
other descriptors. If these are disregarded, and the mean values
of the coefficient taken, the following equation results:

[CODE VALUE] = 3.7 + 0.71 [MEAN COMPONENT SCORE]

Improvements to the Model. Since other odor notes undoubted-
ly influence the scores of some selected odor notes, additional
variables were added to the simple regression model above on a
multiple stepwise regression analysis was conducted. For each
odor note, the other candidate variables were all other 29 des-
criptor scores, and the hedonic tone of the hedonically lowest
(1east pleasant or most unpleasant) and highest components. (5)
Only 4 subsidiary variables were allowed to enter the equation.

The last two columns illustrate the performance of the im-
proved model. The degrees of determinations are significantly
higher, but in the best case were at 0.7 level (fragrant, sick-
ening, sweet, rancid). The four subsidiary variables for each
descriptor are listed in the last column.

Procedure for Estimating Score for Mixtures; Example. Three
odorants, A, B, and C, are mixed in the vapor phase. Their scores
(mean panel values) for some selected descriptor are 1.8, 2.6, 3.2.
The 1.8 is the lowest, corresponding to Code 2. The mean 2.53,
corresponding to Code 4. The highest is 3.2, corresponding to
Code 6. These three points are plotted in Figure 3.

The estimated code value for the mixture is, from the regres-
sion equation above (generalized form):

(CODE VALUE] = 3.67 + 0.71 x (2.53) = 5.47

Reading back from the code value 5.47 via plot of Figure 3,
the best estimated score for the mixture, for this descriptor, is
3. Note that the standard deviation for the simple regression
equations of Table I typically is 0.5 on the code values.

Summary and Conclusions

Odor quality (character) of 336 mixtures of 28 odorants, up
to quaternary in complexity, was evaluated wusing multidimensional
scaling and compared with that of the component odorants.
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For 30 most frequently encountered {in this work) odor notes,
the odor note scores for mixtures were most frequently lower than
for the component with the highest score, and most typically were
close to the mean of the component scores. An enhancement of an
odor note by mixing was infrequent. A suppression of an odor note
to, or below the Towest component score was also infrequent. Those
notes which were more specific seem to be more susceptible to
degradation mixing.

Linear regression equations anchored to the mean of the com-
ponent scores typically accounted for 50 percent of variance.
Introduction of other odor notes and hedonic data to expand these
by 4 additional variables increased the accounted for variance by
about 10 percent; occasionally more or somewhat less.
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Abstract

Presumably, the relations of odor quality (character) of
single odorants to their molecular properties will be eventually
well-understood. However, most real odors are evoked by odorant
mixtures; thus, a gap will remain in understanding how the odors
of mixtures relate to the combined molecular properties of their
components. The simplest way to bridge this gap is to learn how
odors of the mixtures relate to the odors of their components. To
investigate these relations, odor qualities of vapors of 28 odor-
ants, diluted to yield about the same odor intensities, and of
their 168 binary, 112 ternary, and 28 quaternary mixtures were
characterized using Harper's scale expanded from 44 to 136 des-
criptors. The odorants ranged from very unpleasant (isovaleric
acid) to very pleasant {vanillian). The source levels for those
30 descriptors that were used most frequently were analyzed sta-
tistically. The scores for the mixtures tended to gravitate
toward the arithmetic mean of the component scores. A simple
linear regression equations was found for an approximate calcul-
ation of descriptor scores of mixtures from those of their com-
ponents. Cases of enhancement of depression from this value,
were observed.
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1. Introduction

The nature of the receptor-sites responsible for odorous
interactions has not yet been elucidated. Some experiments suggest
the presence of specific proteinaceous receptors (l,g), whereas
other data indicate the involvement of more non-specific lipidic or
proteinaceous receptor moieties (3,4,5,6).

Homologous series of aliphatic n-alcohols and -fatty acids
are useful to test the latter possibility, since numerous studies
on membranes involve such compounds (e.g. 7,8). Previous studies
using alcohols and fatty acids indicated that olfactory and
gustatory thresholds for these compounds are closely related to
chemotactic thresholds (L,5). The purpose of the present study
is to expand these findings to other membrane-interaction systems,
including numerous olfactory and gustatory threshold data supplied
by various authors. Moreover, the implications of the present
findings will be related to threshold measurements in general.

2. Procedure

There are several physico-chemical variables which need to be
considered for the present study. These variables have been
obtained as described in the following paragraphs.

2.1. Saturated vapor pressures (SVP). All SVP's have been
calculated using data given by Dreisbach (9). For both n-aliphatic
alcohols and -fatty acids the log SVP is a linear function of the
number of carbon atoms (N). For both functions the following
regression equations have been obtained:

n-aliphatic alcohols: log SVP=-0.39 N-1.82 (r=0.99, t=25°)
log SVP=-0.37 N-1.57 (r=0.99, t=37g)

n-aliphatic fatty acids: log SVP=-0.49 N-2.22 (r=0.99, t=25)
log SVP=-0.46 N-2.00 (r=0.99, t=37°)

in which r is the correlation coefficient and t the temperature

in degrees celsius.
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2.2. Solubility data. Solubility data are taken from the
literature (10,11,12). Solubilities can also been calculated from
the octanol/water partition coefficient using the method of Hansch
(13) or Yalkowsky and Morozowich (14). The following relationships
have been found between the log solubility (S) and the number of
carbon atoms (N) for the n-alcohols:

1. Bell (12) log §=-0.58 N + 2.30 (t=25-30°)

2 :zgﬁzg ??_g) log §=-0.67 N + 2.68 (=37, C4-Cy)

3. Yalkowsky and
Morozowich (1k)

L. Hansch et al.
(13)

log 5=-0.59 N + 2.33 (t=30°, C4-C;5)

log S=-0.61 N + 2.26 (t=15-25°, C,-Cg)

The correlation between log S (Mol/l) and the number of carbon
atoms (N) is larger than 0.99 in all cases. For the n-fatty acids
the following relationships have been found between log S and the
number of C-atoms:

—

Bell (12) log $=-0.60 § + 2.32 (£=25-30°)
2. Seidell (11) log S=-0.65 N + 3.05 (t=20°, Cg-Cq)
3. Yalkowsky and _ _AR0
Morozowich (14) log S=-0.61 N + 2.4L (£=20", C5-Cq)
4. Ralston and o
Hoerr (15) log 8=-0.62 N + 2.77 (t=37 , C5-Cig)
As for the n-alcohols the correlation between log S and the number
of carbon atoms is larger than 0.99 in all cases.

2.3. The air/water partition coefficient (¥*/w). The air/
water partition coefficient (K2/w) can be calculated using the
following formula (16):

Ka/ - saturated vapor pressure (OK, Mol/1). (1)
solubility ( K, Mol/1l)} in water

Amoore and Buttery (17) suggest to use this formula only in cases
in which the solubility in water at 250C is smaller than 10 gram/L
For solubilities larger than 10 gram/l but not infinite they
propose the following equation:

K2 /w = |(22i5)' 0.0555 | M+1|P X 0.97 X 107°, (2)

in which sol. is the solibility in gram/l, P the SVP in mm Hg and
M the molecular weight. For both n-fatty acids and n-alcohols the
25°C values of the air/water partition coefficients have been
calculated using the solubility data from (12); for the 37°C values
the solubilities given by (10) have been used for the n-alcohols
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while for the n-fatty acids the solubilities from (15) have been
used. Calculation of the linear regression between log K*/w and
the number of carbon atoms (N) gives the following results for
the n-alcohols:

at 25°C log K¥/w = -0.195 N + 4.17 (r=0.99, C3-Cip)
at 37°C log K*/w = -0.306 N + 4.31 (r=0.99, C3-Cy,)

and for the n-fatty acids:

at 25°C log K%/w

—0.145 N + L.79 (r=0.97, Cp-Cg)
at 37°C log K*/w

4.79
-0.190 N + L4.99 (r=0.99, Cy-Cy)

2.4, Data treatment. Literature data on the efficacy of
n-alcohols and n-fatty acids in various model systems, organisms
and/or organs have been compiled and compared. The different
measures of efficacy used can be found in Tables 1 and 2 under
physiological or biophysical parameter. In the case of agueous
solutions the log-efficacy was plotted against the number of
carbon atoms and linear regressions were calculated. In the case
of gaseous dilutions the concentration in air was corrected with
the air/water partition coefficient to the concentration in water
and subsequently the linear regression was calculated. If the
correlation between the log-efficacy and the number of carbon
atoms was significant to at least 5% the data were used for
further calculation. On basis of the slopes of the regression
lines the chemical potential (Au) was calculated, assuming that
the chemicals are in equilibrium between the membrane and solution
phases. The following formula has been used (k):

cal

au(cH,) = o X 2.3 RT © /mole (1cal=0.239 J),
in which a = the slope of the regression line of log-concentration
versus the number of C-atoms, R = the gas constant and T =
temperature in °k.

3. Results

Tables 1 and 2 present the relationship between the log-
efficacy and number of carbon atoms of the n-alcohols and n-fatty
acids for the different model systems investigated. For those
cases in which the range of compounds studied exceeded Cg two
regression equations were computed. Table 3 presents the Au values
for the n-alcohols. The experiments cited have been classified in
four groups: anesthesia, chemotaxis, olfaction and taste. The
numbers refer to the data from Table 1. In order to investigate
whether there are significant differences between the mean Au
values for the four different groups t-tests between the means
were computed. The results are presented in Table L. Table 5
presents data analogous to Table 3 for the n-fatty acids.
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Table 1.

(Physiological or Biophysical Parameter) and Number of

ODOR QUALITY AND CHEMICAL STRUCTURE

The Linear Regression Between the Log-Effectiveness

Carbon Atoms for the n-Aliphatic Alcohols

Model system or
organism and/or

Physiological or

Constant Reference

organ Detection method bfophysical parameter r Range Slope
1 Red blood cell ghost Uptake Anesthetic effect -0.96  €5-C10  -0.60 1.30 (18)
-0.99  C5-C8  -0.40 0.10 (18)
2 Red blood cells Hewolys{s Inhibition of 50% -0.99  CI1-C10 -0.60 1.04 (19)
-0.99 Cl-t8  -0.58 0.99 (19)
3 Lobster axon Electrophysiology Anesthetic effect -0.99  C1-¢5  -0.59 1.37 (19
4 Frog sciatic nerve Electrophysiol ogy Anesthetic effect -0.99  C1-C5  -0.43 0.61 (19}
5 Squid axon Electrophysiology Anesthetic effect -0.96 c2-c8 -0.57 1.49 {19)
6  Tadpole Reflex Inhibition -0.99 c2-t8  -0.56 0.61 (20)
7 Escherichia coli Negative chemotaxis Thresholds -0.86% c1-c4  -1.02 0.11 (21)
8  Physarum polycephalum  Chemotactic motive Thresholds -0.99  C3-Cl0 -0.37  -0.56 (5)
force
9 Tetrahymena Chemotaxis Thresholds -0.99 ci-c10  -0.41 -1.02 5
10 Nitella sp. Chemotactic electrical  Thresholds -0.99  C3-C8  -0.64 0.87 5
response
11 Human olfactory organ‘ Psychophysical response Detection threshold -0.84 c3-C12  -0.39 -2.68 (22)
-0.97 C3-C8 -0.62 -~1.52 (22)
12 Human olfactory organ  Psychophysical response Detection threshold -0.99 3-8 -0.55  -1.79 (22)
13 Human olfactory organ' Psychophysical resnonse  Detection threshold -0.95  C3-Cl2 -0.36 -3.07 {23)
-0.96  C3-C8  -0.49  -2.41 (23)
14 Human olfactory organ® Psychophysical response Detection threshold -0.95 C1-CI0 -0.86  -0.99 (16)
-0.98  C3-C8 -0.86 -0.48  (16)
15 Rat olfactory organ Behavioral response Detection threshold -0.92 c1-C12 -0.28 ~1.10 (24)
-0.93  (1-c8  -0.42 -0.59  {24)
16 Bat olfactory organ‘ Indirect physiological Detection threshold -0.95%  cl-ce -0.54 0.44 (28)
methods
17 Human tongue Psychophysical response Taste threshold -0.98  C2-C8  -0.49 0.49 {26)
18 Human tongue Psychophysical response Taste threshold -0.97 c2-C10  -0.45 -4.90 (27)
-0.98  (2-C7  -0.55 -4.49 {27}
19 Phormia regina tarsal Inhibition proboscis Rejection threshold -0.97 C1-C8  -0.65 1.76 {28}
taste hairs taste
20 Phormia regina 8ehavioral response Rejection threshold -0.94  C1-C10  -0.65 1.48  (29)
taste -0.94  C(1-C8  -0.73 1.78
21 Gryllus assimilis Tetanic vibratory Rejection threshold -0.98  C1-C7  -0.85 3.8 (28)

ovipositor

AThese threshold values have been measured in air and are corrected with

response

taste

the air/water partition coefficient to the concentration in water.

uA]I r-values are significant at 1% except for those indicated with b, which are significant at 5%.
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