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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 prope

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. 

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

CRAIG B. WARREN 

International Flavors 
and Fragrances, Inc. 

1515 Highway 36 
Union Beach, NJ 07735 

October 13, 1980. 
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1 
Characterization of Odor Quality Utilizing 
Multidimensional Scaling Techniques 

SUSAN S. S C H I F F M A N 

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 olfactor
ries exists which have  quality  physicochemica  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 a l l 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 strict ly 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 uti l iz ing a set of numbers which 
expresses a l l 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 (11) as 
well as spectral absorption data for single cones in the goldfish 
retina (_12) have produced a color c ircle . Multidimensional scal
ing techniques (MDS) have also been helpful in understanding the 
fu l l range of the gustatory realm (13-18). Results from such 
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2 ODOR QUALITY AND CHEMICAL STRUCTURE 

studies suggest that the taste realm extends beyond the t r a d i t i o n 
a l sweet, sour, salty, b i t t e r range and i s best characterized as 
continuous rather than subdivided into four s p e c i f i c groups. 

In this paper two sets of psychophysical olfactory data to 
which multidimensional scaling techniques were applied are de
scribed. In the f i r s t study (l£,2fJ) (which i s based on data from 
Wright and Michels (21)) 50 olfactory s t i m u l i , 5 of which were 
duplications, were compared with 9 odorant standards, which ranged 
widely i n 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 χ 50 correla
tion matrix was analyzed by the Guttman-Lingoes1 general nonmet-
r i c multidimensional scaling technique (22,23). Figure 1 i l l u 
strates the two-dimensional space achieved by the Guttman-Lingoes1 

method for Wright and Michels 1

olfactory stimuli f a l l
more pleasant subset o  the l e f t and a  a f f e c t i v e l y less pleasant 
group on the right. Stimuli located near one another i n this 
space are expected to have more similar olfactory quality than 
stimuli located distant from one another. That i s , benzeldahyde 
and v a n i l l i n would be expected to smell more similar to one anoth
er than benzaldahyde and pyridine. 

I t should be noted here that multidimensional scaling pro
cedures attempt to achieve minimum dimensionality. Because of 
this feature, the case just described i s problematic because there 
are only two major clusters. Nonmetric multidimensional scaling 
procedures w i l l tend to drive the groups apart and f l a t t e n them 
out, causing internal relationships within a single cluster to be 
l o s t . For this reason, the -bvo clusters were reanalyzed individu
a l l y so that any internal relationships which might have been l o s t 
i n the arrangement i n Figure 1 can be regained i n a reanalysis. 
The reanalysis of the a f f e c t i v e l y more pleasant group of stimuli 
i s shown i n Figure 2a, while the reanalysis of the a f f e c t i v e l y 
unpleasant stimuli i s shown i n Figure 2b. 

The spaces were examined with regard to the olfactory q u a l i 
ties t r a d i t i o n a l l y associated with these stimuli u t i l i z i n g Mon-
c r i e f f (24) and Merck Index (25) as references for quality de
scriptions (see Figures 3a and 3b). An examination of the spaces 
with regard to t r a d i t i o n a l qualities indicates that there are no 
d i s t i n c t classes as proposed by many early c l a s s i f i e r s of odor 
quality. Rather, there appear to be gradual qualitative s h i f t s 
i n these spaces from one side to the other. For example, i n F i g 
ure 3a, which corresponds to the stimuli i n Figure 2a, qualitative 
changes appear to be from a f r u i t y or flowery smell on the rig h t 
to a more spiritous or resinous smell on the l e f t . From top to 
bottom the quality seems to increase i n sharpness or spiciness. 
In Figure 3b i t i s more d i f f i c u l t to fi n d trends because of the 
nebulous verbal descriptions given to unpleasant odors. In gener
a l , these two figures, 3a and 3b, point out the d i f f i c u l t i e s en
countered i n trying to organize olfactory dimensions by means of 
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1. SCHIFFMAN Multidimensional Scaling Techniques 

•S-8001 

Methyl salicylate 
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|Benzaldehyde 

•H ydroxyc it ronellol 
• Vanillin n-Oecyl 

i*Geraniol Ethyl 
• •n-Undecyl alcohol 
•Aldehyde C-14 
* f 

n-Nonyl alcohol 
Nitrobenzene mf 

^ Olphenyl methane 
Citrol 

t 
n-Hexyi acetate ua^col ' 

η-Propyl alcohol 
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, Benzene 
,Cyclopentone 
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•Turpentine 
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•Propionic acid 
• n- Butyric acid 
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• A 

• n-Capro,cocid Cyclop**™ J 

Cyclohexene · •Pyridine 

• Skotole 

Hydrogen sulfide 

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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Figure 2. 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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SCHIFFMAN Multidimensional Scaling Techniques 
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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 tend to be vague (19, 20). 
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6 ODOR QUALITY AND CHEMICAL STRUCTURE 

adjective ratings. In general, people can't articulate olfactory 
quality with precision. In addition, there are individual d i f 
ferences i n perception as well as i n the use of the same words 
to mean different things. Application of multidimensional s c a l 
ing to s i m i l a r i t y judgments does not require any a p r i o r i 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 
s i m i l a r i t y judgments for input to multidimensional scaling pro
cedures i s 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 i n F i g 
ures 2a and 2b are shown i n Figures 4a and 4b, respectively. I t 
can be seen that there  trend  i  shap d siz  with 
olfactory quality, but
shapes (1,2) and thus sugges  propertie
not provide the whole answer for predicting olfactory quality. 
Several interesting relationships can be seen i n these spaces i n 
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 i n Figure 4a i s maintained when nitrogen i s substituted 
into the benzene ring, and when double bonds are added i n the 
cases of cyclopentane and cyclohexane to y i e l d cyclopentene and 
cyclohexene. These changes r a d i c a l l y a l t e r olfactory quality 
from pleasant to unpleasant. 

The s p a t i a l arrangements were examined with regard to func
ti o n a l groups on the odorant molecule. Figure 5a corresponds to 
the s p a t i a l arrangement i n 2a; Figure 5b corresponds to the spa
t i a l arrangement i n Figure 2b. I t can be seen that the aldehydes, 
esters, alcohols, ethers, halogens, phenols, and ketones f a l l 
into more pleasant space i n Figure 5a. The lightweight carboxy-
l i c acids, nitrogens (not associated with oxygen), and sulfurs 
f a l l into less pleasant space i n Figure 5b. Thus, although there 
are trends i n the relationship of functional group to olfactory 
quality, functional group alone, l i k e stereochemical properties, 
does not provide the entire answer for predicting olfactory qual
i t y . 

Next the d i s t r i b u t i o n of molecular weights among the stimu
l i were examined, as shown i n Figures 6a and 6b. I t can be seen 
that the more flowery, f r u i t y odors on the r i g h t tend to have 
higher molecular weights than the more spiritous odors on the 
l e f t . In addition, the molecular weights i n the unpleasant space 
in Figure 6b have a tendency to be lower than those i n Figure 6a. 

The relationship of other physicochemical properties to 
these spaces was examined as well. A l l of the stimuli were ether 
soluble, suggesting that f a t (ether) s o l u b i l i t y may be a neces
sary requirement for olfactory stimulation to occur. No s p e c i f i c 
trends were found for the number of double bonds, dipole moments, 
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1. SCHIFFMAN Multidimensional Scaling Techniques 7 
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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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Figure 5. Functional groups associated with the stimuli in (a) Figure 2a and (b) 
Figure 2b (\9) 
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1. SCHIFFMAN Multidimensional Scaling Techniques 9 
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Figure 6. Distribution of molecular weights for the stimuli in (a) Figure 2a and 
(b) Figure 2b (\9) 
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10 ODOR QUALITY AND CHEMICAL STRUCTURE 

water s o l u b i l i t i e s , or freezing points with olfactory quality. 
A relationship was found for Raman spectra, however. Examination 
of Raman spectra from 100 cm"1 to 1000 cm was done to de
termine i f molecules with similar vibrational frequencies have 
similar odor quality as suggested by Wright (3). For the stimuli 
here, i t was found that vibrational frequencies i n this range 
were highly predictive of the "goodness" or "badness" of the odor 
but they were not helpful i n further differentiations of the 
quality. 

The discussion above i l l u s t r a t e s that no single physicochemi
cal property i s useful on an individual basis i n predicting o l 
factory quality. However, the physicochemical properties d i s 
cussed above are predictive to some degree i n the aggregate when 
they are weighted mathematically by a method developed by Schiff-
man et a l . (26). By weightin
shown i n Table I, this
ate the space i n Figure 1. The correlation between the s p a t i a l 
arrangement i n Figure 7, that i s , the theoretical distances 
achieved by weighting physicochemical variables, and the o r i g i 
nal distances shown i n Figure 1, which i s based on psychophysical 
measures, i s .76. I t can be seen that the variables u t i l i z e d 
here do not produce a perfect regeneration, and therefore some 
of the variables necessary to predict olfactory quality must 
necessarily be missing from the l i s t i n Table I. 

Thus, this methodology can be useful i n discovering physico-
chemical variables relevant to olfactory quality i n that i t 
s t r i c t l y relates quantitative psychophysical measures with quan
t i t a t i v e psychophysical chemical measures. 

Study 2 

In a second experiment (27), 19 odorants were arranged i n a 
two-dimensional space by ALSCAL (28), another nonmetric multi
dimensional scaling procedure which can u t i l i z e s i m i l a r i t y judg
ments for deriving spaces to map psychological odor quality. The 
spa t i a l arrangement for this set of stimuli i s shown i n Figure 8. 

After a l l the s i m i l a r i t y judgments were obtained, each of 
the stimuli was rated on a series of adjective scales. I t was 
found that some of the scales could be related to the space by 
regression techniques, and this i s i l l u s t r a t e d by the vectors 
which extend through the space corresponding to the adjective 
scales burning, sharp, good, fragrant, putrid, and f o u l . The 
projections of the stimuli on the vectors i n Figure 8 are highly 
correlated with the mean adjective ratings for subjects on these 
scales (see small numbers i n parentheses). 

A predictive relationship of low energy molecular vibrations 
to olfactory quality u t i l i z i n g a similar range of Raman spectra 
as i n the previous example was found for this set of st i m u l i . 
The range was divided into 12 intervals of 75 cm - 1 each. When 
the mean int e n s i t i e s for a l l 12 intervals were weighted mathe-
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Figure 7. Two-dimensional space regenerated from weighting the physicochemical 
variables shown in Table I in an attempt to reproduce the psychophysical space in 

Figure 1 (19, 20J. 
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Table I 

Weights which were applied to standard scores for physicochemical 
variables to achieve the regenerated space i n F i g . 7. Means and 
variances for these variables are also given. Functional groups 
are coded according to their number i n a molecule; thus, benzal-
dehyde i s coded "1" and the mean number of aldehyde groups for 
a l l the molecules i n F i g . 7 i s 0.10. Cycl i c compounds are coded 

"1" while noncyclic compounds are coded "0." 

Physicochemical variable Mean Variance Weight 

Molecular weight 
Number of double bonds 
Phenol 
Aldehyde 
Ester 
Alcohol 
Carboxylic acid 
Sulfur 
Nitrogen 
Benzene 
Halogen 
Ke tone 
Cyclic 
Mean Raman intensity 

Below 175 cm"1 

176-250 cm"1 

251-325 cm"1 

326-400 cm"1 

401-475 cm"1 

476-550 cm'1 

551-625 cm"1 

626-700 cm" 
701-775 cm' 

t" 1 

.Γ 1 

-1 776-850 cm" 
851-925 cm-1 
926-1000 cm"1 

0.74 
0.13 
0.10 
0.05 
0.26 
0.13 
0.08 
0.08 
0.33 
0.03 
0.03 
0.31 

0.51 
2.36 
1.65 
1.56 
2.10 
1.54 
2.07 
1.07 
2.36 
4.36 
3.44 
2.06 

0.55 
0.11 
0.09 
0.05 
0.19 
0.11 
0.07 
0.07 
0.27 
0.02 
0.02 
0.21 

14 
30 
10 
74 
23 
22 
09 
14 

11.01 
13.84 
15.77 
8.29 

0.51 
2.33 
3.21 
0.24 
2.54 
5.50 
3.44 
3.15 
-0.14 
-0.34 
-0.19 
4.56 

0.01 
3.57 
-0.75 
3.81 
1.65 
-3.63 
-0.69 
-1.16 
0.07 
3.04 
0.24 
0.36 

In Odor Quality and Chemical Structure; Moskowitz, H., et al.; 
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1. SCHIFFMAN Multidimensional Scaling Techniques 13 

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. 21). 

In Odor Quality and Chemical Structure; Moskowitz, H., et al.; 
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matically by the same procedure as referred to i n the f i r s t 
study, a correlation of .69 was found between the psychological 
distances i n Figure 8 and the distances derived from weighted 
spectra shown i n Figure 9. Thus Figure 9 i l l u s t r a t e s the ar
rangements of stimuli i n a space regenerated from weighting Raman 
frequencies i n an attempt to reproduce the psychological space i n 
Figure 8. The weights that were applied to the standard scores 
for mean Raman inte n s i t i e s to achieve this regenerated space are 
given i n Table I I . 

Weights were also applied to standard scores for parameters 
developed by L a f f o r t (c.f. _5 and 6) to achieve the regenerated 
space i n Figure 10. Acetic, formic, and pentanoic acids were 
excluded i n the calculations because data were incomplete for 
these s t i m u l i . The weights u t i l i z e d to achieve the space i n 
Figure 10 are given i  Tabl

The correlation betwee
Raman in t e n s i t i e s with  spac  Figur
rel a t i o n u t i l i z i n g the L a f f o r t parameters between the space i n 
Figure 10 and that i n Figure 8 i s .40. I t can be seen from this 
and the previous study that at present we s t i l l do not have a 
thorough understanding of the physicochemical variables required 
to t o t a l l y predict olfactory quality for stimuli which include 
a wide range of odorants. 

Multidimensional scaling has been applied to a wide range 
of problems i n the chemical senses (13-20, 27, 29-38). The d i 
rection of research i n the author's laboratory i s presently 
focused i n three directions to most e f f e c t i v e l y exploit the power 
of MDS. F i r s t , s p a t i a l arrangements are being limited to narrow 
ranges of s t i m u l i , such as selected p y r i d y l ketones or substi
tuted pyrazines. Second, intensity dimensions are being i n t r o 
duced to determine qualitative changes with concentration. Third, 
the physicochemical parameters are being expanded to parameters 
dealing with b i o l o g i c a l interactions with membranes. Both by 
narrowing our scope i n the type of s p a t i a l arrangements used and 
expanding the physicochemical parameters used for prediction, 
the methodology of multidimensional scaling may ultimately be 
useful i n helping us to better understand the relationship be
tween olfactory quality and physicochemical dimensions. 

In Odor Quality and Chemical Structure; Moskowitz, H., et al.; 
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1,3,5-TRIMETHYLBENZENE 
• 

• PENTANOIC ACID 

• 2-ETHOXYETHYL ACETATE 

A N I S O L E * 

• 3 - H E P T A N O N E • 1-NITROPROPANE 

• BUTANOL 

PROPYL 
SULFIDE BUTANETHIOL 

• · 

• A C E T O N E «METHYL ACETATE 
• F O R M I C ACID 

2 - P E N T A N O N E 
• · Ε Τ Η Υ ί ACETATE 

•PROPYL ACETATE , , ^ , ^ Ο Ε Τ Η Α Ν Ε 

• T E R - B U T A N O L ACETIC A C I D * 

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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16 ODOR QUALITY AND CHEMICAL STRUCTURE 

Weights that were applied to the standard scores for mean Raman 
int e n s i t i e s to achieve the regenerated space i n Figure 9 i n 

Experiment 2 

Raman range Weight 

Below 175 cm"1 1.31 
176-250 cm"1 6.33 
251-325 cm"1 2.49 
326-400 cm"1 2.58 
401-475 cm"1 6.86 
476-550 cm"1 2.28 
551-625 cm"1 2.28 
626-700 cm"1 1.71 
701-775 cm"1 1.89 
776-850 cm"1 -1.13 
851-925 cm"1 3.67 
926-1000 cm"1 3.19 

In Odor Quality and Chemical Structure; Moskowitz, H., et al.; 
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1. SCHIFFMAN Multidimensional Scaling Techniques 17 

Table III 

Weights that were applie
parameters i n Experimen
Figure 10. Acetic, formic, and pentanoic acids were excluded i n 
the calculations because complete data were unavailable for these 

stimuli 

Weight 

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

Rho 4.37 
(a proton receptor factor which i s r e l a t i v e l y high 
for n i t r i l e s and oxygenated and nitro compounds) 

Epsilon 12.46 
(an electron factor which i s r e l a t i v e l y high i n 
c y c l i c compounds, compounds with double and t r i p l e 
bonds and containing divalent sulfur, bromides, 
and iodides) 

Pi 0.96 
(a proton donor factor which i s high i n alcohols, 
two chlorides, and probably primary amines) 

In Odor Quality and Chemical Structure; Moskowitz, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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• 1-NITR0PR0PANE 

1,3,5 TRIMETHYLBENZENE 
• · BUTANOL · 

SALICYLALDEHYDE 

2-ETHOXYETHYL ACETATE 
# 1,2-DICHLOROETHANE 

• 3-HEPTANONE ·METHYL ACETATE 
• ANISOLE 

• A C E T O N E 
•ETHYL ACETATE ·τ·Γ-ΒυΤΑΝΟΙ 

2-PENTANONE · PROPYL ACETATE 

BUTANETHIOL* 

PROPYL SULFIDE* 

Figure 10. Two-dimensional space regenerated from weighting Laffort's parame
ters shown in Table III 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 (21). 
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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 concern y ,
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 generate 
a total odor intensity which conforms to a vector model (Mixture =̂ A 2 + Β 
+ 2 A B cos λ ; A = odor intensity of component A , Β = 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 a[ 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 a[ (6) attempted to relate the quality of 
components of binary mixtures 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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T h e a p p r o a c h o f t h i s s t u d y c o m p r i s e s t h e s e s t a g e s : 

• D e v e l o p m e n t o f b i n a r y m i x t u r e s o f o d o r s , w i t h e i t h e r s i m i l a r o r 
d i s s i m i l a r o d o r s , a n d e v a l u a t i o n s o f t h e o d o r a n t s a t d i f f e r e n t l e v e l s a l o n e 
a n d in m i x t u r e . 

• P r e s e n t a t i o n o f t h e o d o r s , in u n m i x e d a n d m i x e d f o r m , b y m e a n s 
o f a n a i r d i l u t i o n o l f a c t o m e t e r , w h i c h m a i n t a i n s c o n s t a n t s t i m u l u s c o n 
c e n t r a t i o n o v e r l o n g p e r i o d s o f t i m e , i n d e p e n d e n t o f t h e s t i m u l i b e i n g 
s m e l l e d o r n o t . T h e D r a v n i e k s m i x t u r e o l f a c t o m e t e r p r o v i d e s t h i s 
c a p a b i l i t y , a n d h a s b e e n p r e v i o u s l y d e s c r i b e d (6) . 

• S c a l i n g o f t h e s i m p l e o d o r s a n d t h e i r b i n a r y m i x t u r e s o n a v a r i e t y 
o f c h a r a c t e r i s t i c s , i n c l u d i n g m e a s u r e s o f o v e r a l l o d o r s t r e n g t h , o d o r 
l i k i n g / d i s l i k i n g , o d o r m i x t u r
c h a r a c t e r i s t i c s a p p r o p r i a t

T h e a n a l y t i c p o r t i o n o f t h e s t u d y f o l l o w e d t h i s s e q u e n c e : 

• O b t a i n a n d a v e r a g e t h e r a t i n g s f r o m t h e p a n e l i s t s 

• D e v e l o p a d a t a b a s e , s h o w i n g o d o r i n t e n s i t y l e v e l s a n d a v e r a g e 
m a g n i t u d e e s t i m a t e r a t i n g s o f o d o r a t t r i b u t e s f r o m t h e p a n e l . (8) T h e 
m a g n i t u d e e s t i m a t i o n m e t h o d is a n a c c e p t e d , v e r y s e n s i t i v e m e t h o d w h i c h 
h a s b e e n p r e v i o u s l y u s e d t o p r o v i d e t h e r e l i a b l e d a t a o n t h e q u a n t i t a t i v e 
r e l a t i o n s b e t w e e n c o n c e n t r a t i o n a n d p e r c e p t i o n . 

• D e v e l o p l i n e a r e q u a t i o n s r e l a t i n g a t t r i b u t e p e r c e p t i o n l e v e l s a n d 
o d o r c o n c e n t r a t i o n s . T h e e q u a t i o n s a p p e a r s c h e m a t i c a l l y a s : 

A t t r i b u t e I n t e n s i t y = k 0 + k i ( O d o r a n t A ) + K 2 ( 0 d o r a n t B ) 

G o o d n e s s o f f i t o f t h e e q u a t i o n s t o t h e d a t a w a s i n d e x e d b y t h e m u l t i p l e 
c o r r e l a t i o n ( R ) , w h o s e s q u a r e χ 1 0 0 % g i v e s t h e p e r c e n t a g e o f t h e 
v a r i a b i l i t y in t h e r a t i n g s a c c o u n t e d f o r b y t h e e q u a t i o n , ( e . g . , a n R o f 0 . 8 
m e a n s t h a t 0 . 8 χ 1 0 0 % o r 6 4 % o f t h e v a r i a b i l i t y c a n b e a c c o u n t e d f o r b y 
v a r i a t i o n s in t h e l e v e l s o f t h e t w o c o m p o n e n t s ) . 

• D e v e l o p n o n - l i n e a r e q u a t i o n s ( i . e . , p a r a b o l i c e q u a t i o n s ) t o r e l a t e 
o v e r a l l l i k i n g / d i s l i k i n g o f o d o r t o t h e c o n c e n t r a t i o n s o f t h e c o m p o n e n t s . 
T h e e q u a t i o n i s : 

L i k i n g = k Q+ k i ( O d o r a n t A ) + k 2 ( O d o r a n t A ) 2 + k 3 ( O d o r a n t B ) + 
k ( O d o r a n t B p + k . ( O d o r a n t A ) ( O d o r a n t Β) 

4 b 

G o o d n e s s - o f - f i t o f t h e e q u a t i o n s w a s a g a i n i n d e x e d b y t h e m u l t i p l e 
c o r r e l a t i o n . 
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• O p t i m i z e o v e r a l l a c c e p t a b i l i t y b y m a x i m i z a t i o n o f t h e n o n - l i n e a r 
l i k i n g e q u a t i o n , u s i n g s t a n d a r d s t a t i s t i c a l m e t h o d s . T h e o p t i m u m c o m 
b i n a t i o n o f o d o r a n t l e v e l s f o r o d o r a n t s A a n d Β w a s d e t e r m i n e d , s u b j e c t t o 
s p e c i f i c c o n s t r a i n t s : 

- T h e o d o r a n t c o n c e n t r a t i o n s r e m a i n e d w i t h i n t h e 0 - 6 4 r e l a t i v e u n i t 
r a n g e s t e s t e d in t h e a c t u a l e x p e r i m e n t . T h e s e n s o r y a t t r i b u t e s c o u l d a c t 
a s c o n s t r a i n t s . F o r i n s t a n c e , o n e g o a l w a s d e t e r m i n a t i o n o f t h e o p t i m u m 
a c c e p t a b i l i t y l e v e l , w i t h t h e p e r c e p t i o n o f o v e r a l l o d o r i n t e n s i t y l y i n g 
b e t w e e n p r e s c r i b e d l i m i t s o f i n t e n s i t y . 

• O p t i m i z e t h e c l o s e n e s s o f a p r e d i c t e d q u a l i t y p r o f i l e t o a d e s i r e d 
q u a l i t y p r o f i l e s p e c i f i e d b y t h e e x p e r i m e n t e r . In c o n c r e t e t e r m s , t h e 
e x p e r i m e n t e r s p e c i f i e d a s e n s o r y p r o f i l e t o b e a c h i e v e d (goa l p r o f i l e ) . 
T h e o p t i m u m h e r e r e p r e s e n t
w i t h i n t h e t e s t e d l i m i t s
p o s s i b l e t o t h e p r e d e s i g n a t e d g o a l p r o f i l e . 

D a t a B a s e D e v e l o p m e n t 

T a b l e s I, II, III a n d IV s h o w t h e d a t a b a s e f o r t h e f o u r s e t s o f 
e x p e r i m e n t s r e p o r t e d t h e r e . N o t e t h a t in e a c h e x p e r i m e n t a g r o u p o f 
n o n - e x p e r t p a n e l i s t s e v a l u a t e d e a c h o f t h e s e t s o f o d o r m i x t u r e s t w i c e , 
u s i n g m a g n i t u d e e s t i m a t i o n s c a l i n g . T h u s , t h e t a b l e s e a c h p r e s e n t 
n u m b e r s w h i c h a r e a v e r a g e s o f a p p r o x i m a t e l y 3 2 - 3 6 r a t i n g s , d e p e n d i n g 
u p o n t h e p a r t i c u l a r s t u d y . F u r t h e r m o r e , n o t e t h a t in T a b l e s I—IV, t h e 
p a n e l i s t s p r o f i l e d e a c h s t i m u l u s o n a v a r i e t y o f s e n s o r y c h a r a c t e r i s t i c s . 

V a l i d i t y o f t h e R a t i n g s 

T h e f i r s t a n a l y s i s o f t h e r a t i n g s c o n c e r n s t h e i r v a l i d i t y . C a n 
p a n e l i s t s a c t u a l l y s c a l e t h e r e l a t i v e s e n s o r y i m p r e s s i o n s o f t h e s e o d o r 
s t i m u l i b y m a g n i t u d e e s t i m a t i o n ? C o r r e c t s c a l i n g o f o v e r a l l o d o r i n t e n s i t y 
p r o v i d e s a v a l i d a t i n g m e a s u r e o f t h e p a n e l i s t ' s s e n s o r y c a p a b i l i t i e s in t h i s 
c o m p l i c a t e d s t u d y . S i n c e p a n e l i s t s h a d t h e o p p o r t u n i t y t o s c a l e u n m i x e d 
o d o r a n t s a s w e l l a s t h e o d o r m i x t u r e s , a n d s i n c e t h e u n m i x e d o d o r a n t s 
c o m p r i s e d a g r a d e d i n t e n s i t y s e r i e s ( a l b e i t p r e s e n t e d a t r a n d o m in t h e s e t 
o f 2 4 s t i m u l i ) i t b e c o m e s a s t r a i g h t f o r w a r d m a t t e r t o d e t e r m i n e w h e t h e r 
p a n e l i s t s c o u l d p i c k o u t t h e 4 l e v e l s o f e a c h u n m i x e d o d o r a n t , a n d s c a l e 
t h e m in t h e c o r r e c t o r d e r o f c o n c e n t r a t i o n . P a n e l i s t s s h o u l d d o s o . T a b l e 
V s h o w s l i n e a r a n d l o g - l o g ( v i z . , p o w e r f u n c t i o n s ) r e l a t i o n s b e t w e e n o d o r 
c o n c e n t r a t i o n in a i r , a n d r a t e d o v e r a l l o d o r i n t e n s i t y , f o r e a c h p a i r o f 
o d o r a n t s in e a c h s t u d y . L i n e a r a n d p o w e r f u n c t i o n s f i t t h e d a t a 
a d e q u a t e l y . F o r p o w e r f u n c t i o n s , t h e e x p o n e n t s a r e l ess t h a n 1.0, 
c o n f i r m i n g p r e v i o u s l y r e p o r t e d r e s u l t s i n t h e l i t e r a t u r e . ( 2 , 3) 

Q u i t e o f t e n r e s e a r c h e r s in t h e a r o m a a n d f r a g r a n c e i n d u s t r i e s c l a i m 
t h a t p a n e l i s t s c a n n o t p o s s i b l y e v a l u a t e m o r e t h a n j u s t a f e w o d o r a n t s , f o r 
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30 ODOR QUALITY AND CHEMICAL STRUCTURE 

TABLE V 

LINEAR AND POWER FUNCTIONS RELATING 
SENSORY ODOR INTENSITY AND CONCENTRATION 

Mult R 

EXPI Amyl Acetate 

Iso Amyl Acetat

Linear = 0.37(0+18.1 .77 
Power = 10.96(C) 0* 3 4 .96 

Power = 5.1(C)  .98 

EXP II Methyl Salicylate Linear 
Power 

Ethyl Salicylate Linear 
Power 

= 0.55(C) + 14.4 
= 10.11(C) 0 , 3 7 

= 0.44(C) + 9.76 
= 8.46(C) 0' 3 4 

.95 

.98 

.99 

.99 

EXP III Ethyl Salicylate 

Amyl Acetate 

Linear 
Power 
Linear 
Power 

0.43(C) + 16.9 
10.26(C) 0 e 3 7 

0.44(C) + 9.2 
5.13(C) 0- 4 9 

.87 

.96 

.92 

.99 

EXP IV Amyl Acetate 

Heptyl Acetate 

Linear 
Power 
Linear 
Power 

= 0.58(C) + 17.59 
= 12.01(C) 0- 3 6 

= 0.12(C) + 6.7 
^ _ , 0 . 1 5 = 6.41(C) 

.92 

.98 

.95 

.95 

In Odor Quality and Chemical Structure; Moskowitz, H., et al.; 
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2. M O S K O W I T Z Psychophysical Scaling of Odor Mixtures 31 

t h e s e p a n e l i s t s s u r e l y a d a p t a n d l o s e t h e i r s e n s i t i v i t y t o o d o r s t i m u l i . T h e 
p r e s e n t r e s u l t s b e l i e t h a t c l a i m . P a n e l i s t s e v a l u a t e d a t o t a l o f 2 4 
s a m p l e s , v a r y i n g e x t e n s i v e l y in o d o r i n t e n s i t y f r o m w e a k t o s t r o n g , in 
t o t a l l y r a n d o m o r d e r . T h e k e y t o a d e q u a t e s e n s i t i v i t y m a y l i e in a 
c o m b i n a t i o n o f m o t i v a t e d p a n e l i s t s ( w h o c a n p a r t i c i p a t e f o r e x t e n d e d 
p e r i o d s o f t i m e ) , a n d a t e s t i n g r e g i m e n w h i c h a l l o w s p a n e l i s t s s u f f i c i e n t 
i n t e r - s t i m u l u s t i m e ( e . g . , 3 m i n u t e s o r so) t o r e c o v e r t h e i r s e n s i t i v i t y . 
W i t h s u c h a p r o c e d u r e n o d o u b t t h e e n t e r p r i s i n g r e s e a r c h e r c a n t e s t f a r 
m o r e t h a n 24 s t i m u l i i n a s e s s i o n , w i t h o u t s u b s t a n t i a l c h a n g e s in p a n e l i s t 
s e n s i t i v i t y . T h e s e s s i o n s h e r e e a c h l a s t e d a b o u t 2 h o u r s , w i t h a p p r o x i 
m a t e l y 4 m i n u t e s b e t w e e n s a m p l e s . T h i s t e s t i n g r e g i m e n p r o m o t e s 
s e n s i t i v i t y . 

L i n e a r F u n c t i o n s f o r A t t r i b u t e s 

P r i o r t o o p t i m i z a t i o n
r e l a t e a t t r i b u t e i n t e n s i t i e s t o a l i n e a r c o m b i n a t i o n o f t h e t w o o d o r a n t s . 
T h e g e n e r a l f o r m o f t h e l i n e a r f u n c t i o n i s : 

A t t r i b u t e I n t e n s i t y = k _ A + k 

T h e c o n c e n t r a t i o n s o f t h e t w o o d o r a n t s a r e e x p r e s s e d in c o m m e n s u r a t e 
t e r m s ( in t e r m s o f r e l a t i v e a m o u n t s in v a p o r ) . T h u s t h e c o e f f i c i e n t s k f i n d 
k 2 i n d i c a t e t h e r e l a t i v e i m p o r t a n c e a n d d i r e c t i o n a l i t y o f e a c h c o m p o n e n t 
a s i t a f f e c t s t h e i n t e n s i t y o f t h e s p e c i f i c a t t r i b u t e . 

T a b l e VI ( A - D ) s h o w s t h e c o e f f i c i e n t s o f t h e f o u r s e t s o f l i n e a r 
e q u a t i o n s , o n e s e t p e r e x p e r i m e n t . N e x t t o e a c h s e t o f c o e f f i c i e n t s is t h e 
p a r t i a l c o r r e l a t i o n w h i c h s h o w s h o w m u c h t h e s p e c i f i c o d o r a n t in t h e p a i r 
c o n t r i b u t e s t o e x p l a i n i n g t h e v a r i a b i l i t y o f t h e a t t r i b u t e r a t i n g s . E a c h 
e q u a t i o n g e n e r a t e s a m u l t i p l e c o r r e l a t i o n , a s a n i n d e x o f g o o d n e s s o f f i t . 

L i n e a r e q u a t i o n s m o d e l s o m e o f t h e a t t r i b u t e s q u i t e w e l l , b u t f a i l t o 
m o d e l o t h e r a t t r i b u t e s , f o r a t l e a s t t w o p o s s i b l e r e a s o n s : 

• T h e d a t a r e q u i r e s a m o r e c o m p l i c a t e d f u n c t i o n t o m o d e l i t , s u c h 
a s a q u a d r a t i c f u n c t i o n ( w i t h o r w i t h o u t c r o s s t e r m s ) . L i k i n g / d i s l i k i n g 
r a t i n g s o f t e n r e q u i r e a q u a d r a t i c f u n c t i o n . 

• T h e d a t a d e f y m o d e l l i n g , b e c a u s e t h e n u m b e r s s c a t t e r a p p a r e n t l y 
a t r a n d o m . T h i s o u t c o m e o c c u r s w h e n p a n e l i s t s h a v e n o c o n c e p t o f t h e 
m e a n i n g o f a s p e c i f i c a t t r i b u t e . O n e p a n e l i s t m a y r a t e a s p e c i f i c s t i m u l u s 
' h i g h ' o n t h a t c h a r a c t e r i s t i c , w h e r e a s a n o t h e r p a n e l i s t m a y r a t e t h e s a m e 
s t i m u l u s ' l o w ' o n t h e s a m e c h a r a c t e r i s t i c . Q u i t e o f t e n i n a p p r o p r i a t e 
a t t r i b u t e s f o r t h e s p e c i f i c o d o r s t i m u l i g e n e r a t e s u c h r a n d o m a p p e a r i n g 
f u n c t i o n s , w i t h r e l a t i v e l y l o w s l o p e s , a n d l o w c o r r e l a t i o n s . 

L i n e a r f u n c t i o n s a r e i m p o r t a n t f o r m o d e l l i n g o d o r q u a l i t y . T h e y 
p r o v i d e t h e r e s e a r c h e r w i t h a n u m e r i c a l m e a s u r e o f h o w o d o r a n t c o n c e n -

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

Amyl Acetate and Isoamyl Acetate 
Linear Regression Equations 

P a r t i a l 
Correlation 

Isoamyl Amyl Mult. 
Inter- Ace- Ace- Corre- Isoamyl Amyl 
cept tat

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., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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Table VI (B) 

Methyl Salicylate and Ethyl Salicylate 
Linear Regression Equations 

P a r t i a l 
Correlation 

Methyl Ethyl Mult. Methyl Ethyl 
Inter- Salicy- Salicy- Corre- Salicy- S a l i c y -
cept 

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 
F l o r a l 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., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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TABLE VI (C) 

Amyl Acetate and Ethyl Salicylate 
Linear Regression Equations 

P a r t i a l 
Correlation 

Amyl Ethyl Mult. Amyl Ethyl 
Inter- Ace Salicy Corre Ace Salicy
cept 

Intensity 17.32 .25 .47 .90 .42 .79 
Liking 19.5 .07 .04 .28 .23 .15 
Complexity 30.05 .12 .03 .56 .54 .15 
Fruity 19.42 -.15 .49 .81 -.25 .78 
Fragrant .29 .05 .08 .89 .47 .74 
Minty 14.27 .05 .25 .73 .14 .71 
Banana 5.10 .38 -.09 .86 .84 -.21 
Sweetness 5.08 .00 .08 .65 .-01 .65 
Aromatic 14.89 .14 .22 .74 .38 .63 
Pear 3.92 .26 -.01 .85 .85 -.05 
Flowery 10.18 .11 .18 .77 .37 .66 
Heavy 6.40 .14 .30 .94 .38 .85 
Spearmint 12.33 -.00 .32 .82 -.03 .82 
Winey 2.10 .07 .05 .83 .68 .46 
Herbal .35 .04 .13 .95 .25 .91 

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

Heptyl Acetate and Amyl Acetate 
Linear Regression Equations 

P a r t i a l 
Correlation 

Heptyl Amyl Mult. Heptyl Amyl 
Inter- Ace Ace Corre Ace Ace
cept 

Intensity 15.78 0.14 0.61 0.88 0.18 0.87 
Liking 21.48 -0.64 -0.10 0.60 -0.21 -0.58 

Complexity 28.14 0.07 0.06 0.46 0.35 0.28 

Banana 21.33 0.02 0.48 0.78 0.01 0.78 
Sweetness 15.98 0.03 0.21 0.55 0.06 0.55 

Fruity 14.79 0.11 0.42 0.77 0.19 0.74 

Heavy 9.18 0.11 0.52 0.88 0.16 0.85 

Flowery 4.26 0.11 0.05 0.25 0.04 0.25 
Aromatic 9.00 0.14 0.38 0.86 0.28 0.81 

Fragrant 10.81 0.05 0.21 0.79 0.17 0.76 

Pear 11.30 0.03 0.11 0.44 0.12 0.42 

Winey 3.15 0.01 0.19 0.95 0.02 0.95 
Rotten 1.94 0.03 0.11 0.90 0.22 0.87 

Herbal 5.14 -0.11 0.04 0.31 -0.08 0.30 
Green 2.37 -0.02 -0.01 0.69 -0.67 -0.17 

In Odor Quality and Chemical Structure; Moskowitz, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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t r a t i o n i m p a c t s o n t h e p e r c e p t i o n s , a n d t h e y s h o w t h e r e l a t i v e i m p a c t o f 
t h e t w o o d o r a n t s . F u r t h e r m o r e , t h e l i n e a r e q u a t i o n c a n b e u s e d t o m o d e l 
o v e r a l l o d o r i n t e n s i t y , a n d t o s e e w h e t h e r o r n o t t h e o d o r m i x t u r e 
i n t e n s i t y s m e l l s a s s t r o n g o n t h e a v e r a g e , a s t h e a r i t h m e t i c s u m o f t h e 
c o m p o n e n t o d o r i n t e n s i t i e s . ( B y a n d l a r g e i t d o e s n o t . T h e m i x t u r e o d o r 
i n t e n s i t y a l m o s t a l w a y s s m e l l s w e a k e r t h a n t h e a r i t h m e t i c s u m o f t h e 
o d o r i n t e n s i t i e s o f t h e c o m p o n e n t s ) . 

R e v e r s i n g T h e E q u a t i o n s - F i t t i n g A P r o f i l e 

L i n e a r e q u a t i o n s c o n v e n i e n t l y s u m m a r i z e h o w c o n c e n t r a t i o n s o f 
o d o r c o m p o n e n t s r e l a t e t o t h e m i x t u r e i n t e n s i t y o f s p e c i f i c c h a r a c t e r 
i s t i c s . G i v e n t h e c o m p o n e n t c o n c e n t r a t i o n s , e v e n a t i n t e r m e d i a t e , n o n -
t e s t e d l e v e l s , o n e c a n e s t i m a t e t h e p r o f i l e o f p e r c e p t i o n s e x p e c t e d f r o m 
t h a t m i x t u r e b y u s i n g t h e

L e t us t u r n t h e p r o b l e m a r o u n d , 180 d e g r e e s , a n d r e v e r s e t h e 
q u e s t i o n . L e t us s p e c i f y a p r o f i l e o f s e n s o r y p e r c e p t i o n s , a n d e s t i m a t e 
w h a t c o n c e n t r a t i o n s o f t h e t w o c o m p o n e n t s w h i c h , in c o n c e r t , p r o d u c e 
t h e g o a l p r o f i l e p e r c e p t i o n s , o r a t l e a s t c o m e a s c l o s e a s p o s s i b l e t o d o i n g 
s o . 

B y r e v e r s i n g t h e r e g r e s s i o n p r o c e d u r e , u s i n g t h e m e t h o d o f m u l t i p l e 
o b j e c t i v e p r o g r a m m i n g , o n e c a n a s c e r t a i n t h e s p e c i f i c c o n c e n t r a t i o n s o f 
m i x t u r e c o m p o n e n t s w h i c h c o m e a s c l o s e a s p o s s i b l e t o r e p r o d u c i n g a 
d e s i r e d s e n s o r y p r o f i l e . O f c o u r s e , in o r d e r t o g e t m e a n i n g f u l d a t a , t h e 
i n v e s t i g a t o r m u s t m a k e s u r e t h a t : 

• T h e e q u a t i o n s r e l a t i n g s e n s o r y c h a r a c t e r i s t i c s a n d o d o r a n t i n g r e 
d i e n t l e v e l s p r o v i d e a t l e a s t a r e a s o n a b l y g o o d s e t o f p r e d i c t o r s w i t h g o o d 
m u l t i p l e c o r r e l a t i o n s ( e . g . , a r o u n d 0 . 8 0 o r so f o r e a c h e q u a t i o n , a l t h o u g h 
s o m e e q u a t i o n s w i l l b e b e t t e r p r e d i c t o r s t h a n o t h e r s ) . 

• T h e d e s i r e d l e v e l s o f t h e s e n s o r y a t t r i b u t e s l i e w i t h i n a c h i e v a b l e 
r a n g e s , r a t h e r t h a n l y i n g o u t s i d e o f t h e r a n g e s p a n n e d b y t h e a c t u a l 
s t i m u l i . O n e c a n n o t c r e a t e a c o m b i n a t i o n o f o d o r a n t s w h i c h g e n e r a t e 
u n u s u a l l y h i g h o r l o w l e v e l s o f s p e c i f i c s e n s o r y c h a r a c t e r i s t i c s , i f n o n e o f 
t h e s t i m u l i g e n e r a t e s e n s o r y m a g n i t u d e s n e a r t h e h i g h l e v e l d e s i r e d . 
F u r t h e r m o r e , s i n c e w e d e a l w i t h l i n e a r e q u a t i o n s , r a t h e r t h a n w i t h 
q u a d r a t i c o r o t h e r n o n - l i n e a r e q u a t i o n s , s e e k i n g a n u n d u l y h i g h l e v e l o f a 
s e n s o r y c h a r a c t e r i s t i c f o r c e s t h e l e v e l o f o d o r a n t c o n c e n t r a t i o n s t o f p i n ' 
a t t h e h i g h e s t a l l o w a b l e o r a t t h e l o w e s t a l l o w a b l e c o n c e n t r a t i o n . 

T a b l e VII s h o w s s o m e h y p o t h e t i c a l " d e s i r e d " s e n s o r y p r o f i l e s f o r 
t h e s e e x p e r i m e n t s , a s w e l l a s t h e e x p e c t e d s e n s o r y p r o f i l e o n e c o u l d 
e m p i r i c a l l y o b t a i n , a l o n g w i t h t h e c o m b i n a t i o n o f o d o r a n t s w h i c h c o m e a s 
c l o s e a s p o s s i b l e t o g e n e r a t i n g t h a t d e s i r e d p r o f i l e (as o b t a i n e d f r o m t h e 
m u l t i p l e o b j e c t i v e p r o g r a m m i n g m e t h o d ) . T o g e n e r a t e t h e s e s p e c i f i c 
p r o f i l e s , o n e o f t e n m u s t u s e i n t e r m e d i a t e l e v e l s o f e a c h o d o r a n t n o t 

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



2 . M O S K O W I T Z Psychophysical Scaling of Odor Mixtures 3 7 

d i r e c t l y e v a l u a t e d . S i n c e , h o w e v e r , t h e r e s e a r c h e r h a s e q u a t i o n s in T a b l e 
VI w h i c h r e l a t e c o m p o n e n t c o n c e n t r a t i o n s o f p e r c e p t i o n s o f a t t r i b u t e s , i t 
b e c o m e s a s t r a i g h t f o r w a r d m a t t e r t o e s t i m a t e t h e l i k e l y s e n s o r y p r o f i l e 
o f t h e m i x t u r e . 

O n e c a n e x t e n d t h e g o a l p r o f i l i n g m e t h o d t o s i t u a t i o n s in w h i c h o n e 
i n v e s t i g a t e s s e v e r a l d i f f e r e n t o d o r a n t s (or c o m p l e x p e r f u m e r o r f l a v o r i s t 
subs ) in m i x t u r e s , in o r d e r t o s i m u l a t e m o r e r e a l w o r l d c o n d i t i o n s . T h e 
t e c h n i q u e d o e s n o t a p p l y s o l e l y t o t w o c o m p o n e n t s , b u t c a n b e g e n e r a l i z e d 
i n a s t r a i g h t f o r w a r d m a n n e r t o m i x t u r e s c o m p r i s i n g 3 , 4 , 5 a n d e v e n 6 o r 
m o r e c o m p o n e n t s . 

D i s c u s s i o n o f P r o f i l e - F i t t i n g 

T h e f o r e g o i n g d a t
m i x t u r e s w h i c h r e p r o d u c
t h e i r s p e c i f i c o d o r c h a r a c t e r i s t i c s F o u r o b s e r v a t i o n s a r e in o r d e r , 
h o w e v e r . 

F i r s t , t h e a p p r o a c h s h o w s t h a t o n e c a n e n g i n e e r a m i x t u r e w i t h 
s p e c i f i c s e n s o r y c h a r a c t e r i s t i c s , b y m i x i n g t o g e t h e r c o n s i t u t e n t s w h i c h 
a l r e a d y p o s s e s s s o m e d e g r e e o f t h o s e c h a r a c t e r i s t i c s . R a r e l y c a n t h i s 
s y s t e m a c c o m o d a t e t h e u n i q u e i n s t a n c e o f a n e n t i r e l y n e w o d o r q u a l i t y 
a r i s i n g f r o m t h e m i x t u r e . T h e s y s t e m is s y n t h e t i c , b u t n o t c r e a t i v e . 

S e c o n d , t h e s y s t e m is t e s t a b l e . O n e c a n c o n s t r u c t t h e m i x t u r e s in 
o r d e r t o e v a l u a t e t h e i r s e n s o r y p r o f i l e . In t h a t r e s p e c t a m i x t u r e s y s t e m 
f o r o d o r q u a l i t i e s p r e s e n t s t h e o p p o r t u n i t y f o r f u r t h e r t e s t a n d v a l i d a t i o n , 
w h i c h s o m e o t h e r m e t h o d s d o n o t p r o v i d e . 

T h i r d , t h e a p p r o a c h r e q u i r e s a t r a d e o f f b e t w e e n d i f f e r e n t d e s i r e d 
p r o f i l e a t t r i b u t e s . S o m e t i m e s o n e m a y s p e c i f y a c o m b i n a t i o n o f a t t r i 
b u t e s i m p o s s i b l e t o s a t i s f y . T h e m i x i n g a n d p r o f i l e f i t t i n g s y s t e m o u t l i n e d 
a b o v e w i l l t h e g e n e r a t e a c o m b i n a t i o n o f o d o r a n t s w h i c h a c h i e v e s c e r t a i n 
p r o f i l e l e v e l s , b u t l e a v e s o t h e r a t t r i b u t e l e v e l s u n s a t i s f i e d . 

F o u r t h , t h e a p p r o a c h b e a r s o n t h e i s s u e o f t h e p s y c h o l o g y o f o d o r 
d e s c r i p t i o n a n d p e r c e p t i o n . L e t us h y p o t h e s i z e t h e e x i s t e n c e o f t w o 
i n d i v i d u a l s , e a c h p a r t i c i p a t i n g in a s c a l i n g e x p e r i m e n t i n v o l v i n g o d o r s . 
E a c h i n d i v i d u a l s m e l l s t h e o d o r a n t s , s c a l e s h i s o r h e r p e r c e p t i o n s o f e a c h 
o f t h e 24 o d o r a n t s o n s p e c i f i c c h a r a c t e r i s t i c s a n d t h e n d e s c r i b e s t h e 
d e s i r e d o d o r in t e r m s o f t h e s a m e s c a l e s a n d t h e s a m e a t t r i b u t e s u s e d t o 
p r o f i l e t h e a c t u a l s e t o f 2 4 s t i m u l i . L e t us s u p p o s e t h a t t h e i n d i v i d u a l s d o 
n o t s h a r e a n y l a n g u a g e a t a l l . O n e i n d i v i d u a l s p e a k s E n g l i s h o n l y , a n d t h e 
o t h e r i n d i v i d u a l s p e a k s o n l y T a g a l o g (a P h i l i p i n o d i a l e c t ) . T h e w o r d s in 
E n g l i s h w e r e t r a n s l a t e d f o r t h e b e n e f i t o f t h e T a g a l o g S p e a k e r s , b u t t h e s e 
t w o i n d i v i d u a l s h a v e n o o t h e r c o n t a c t . F u r t h e r a s s u m e t h a t e a c h o f t h e s e 
t w o i n d i v i d u a l s a s s i g n a n i d e a l p r o f i l e b a s e d u p o n s o m e c o m m o n o d o r 
c o n c e p t ( e . g . , d e s c r i p t i o n o f a n o b j e c t ) o r s m e l l a n o t h e r o d o r s t i m u l u s , a n d 
r a t e t h i s o d o r s t i m u l u s ( t h e 2 5 t h ) in t h e s a m e w a y t h a t t h e y r a t e d t h e 2 4 

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

P r o f i l e F i t t i n g to a Predesigned Sensory P r o f i l e 
Experiment I 

Attribute 
Desired 
Level 

Obtain
able 
Level 

CONCENTRATION OF 

Isoamy1 
Acetate 

Amyl 
Acetate 

(A) 
Intensity 
Banana 

20 
40 

20 
18.3 

3.92 

(B) 
Intensity 
Banana 

40 
40 

40 
28.7 

56.9 

(C) 
Intensity 
Banana 

60 
40 

60 
37.9 

37.9 64.0 

(D) 
Intensity 
Banana 
Fruity 

20 
40 
20 

29.4 
23.2 
20.0 

28.9 

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

Experiment II 

CONCENTRATION OF 

Obtain- Ethyl 
Desired able Methyl Salicy-
Level Level S a l i c y l a t e late 

25
40 8.0 
25 13.07 
40 13.74 

TABLE VII (C) 

Experiment III 

CONCENTRATION OF 

Obtain-
Desired able Amyl Heptyl 
Level Level Acetate Acetate 

20 20 0 29.71 
20 21.8 

40 40 1.79 39.23 
40 40 

In Odor Quality and Chemical Structure; Moskowitz, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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Liking 
Optimum j 

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., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 
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t e s t s t i m u l i . T h i s 2 5 t h s t i m u l u s is n o t α m e m b e r o f t h e s e t . It c o u l d b e a n 
i d e a l p r o f i l e , o r a p r o f i l e r e p r e s e n t i n g s o m e o b j e c t c o m m o n t o t h e t w o 
c u l t u r e s , o r e v e n a n a c t u a l o d o r s t i m u l u s p r e s e n t e d t o t h e t w o c u l t u r a l l y -
d i f f e r e n t i n d i v i d u a l s . 

G i v e n t h e s e t o f 24 o d o r a n t s , t h e r e s e a r c h e r c a n d e v e l o p a s e p a r a t e 
s e t o f e q u a t i o n s f o r e a c h p e r s o n . T h e e q u a t i o n r e l a t e s q u a l i t y c h a r a c t e r 
i s t i c s t o a l i n e a r c o m b i n a t i o n o f t h e t w o t e s t o d o r a n t s , m u c h t h e s a m e a s 
in T a b l e V I . W e e x p e c t t h e e q u a t i o n s t o d i f f e r f r o m o n e p e r s o n ( t h e 
E n g l i s h s p e a k e r ) t o t h e o t h e r ( t he T a g a l o g s p e a k e r ) . E a c h p e r s o n w i l l h a v e 
a d i f f e r e n t c o n c e p t i o n o f w h a t t h e d e s c r i p t o r t e r m s m e a n . F u r t h e r m o r e , 
s i n c e t h e i n d i v i d u a l s u s e t h e i r d e s c r i p t i v e t e r m s d i f f e r e n t l y , w e e x p e c t 
t h e m t o p r o f i l e t h e 2 5 t h s t i m u l u s d i f f e r e n t l y a s w e l l , w h e t h e r t h i s 
s t i m u l u s b e a c o n c e p t u a l i d e a l , o r t h e p r o f i l e a s s i g n e d t o a n o b j e c t in a 
p i c t u r e ( e . g . , t h e s m e l l o
F u r t h e r m o r e w e d o n o t k n o
m e a n s e i t h e r t o t h e U . S . p a n e l i s t o f t h e T a g a l o g - S p e a k i n g P a n e l . In 
e f f e c t t h e s e r e p r e s e n t s i m p l y v e r b a l s t a t e m e n t s w h o s e m e a n i n g s a r e l e f t 
u p t o t h e i n d i v i d u a l . 

D e s p i t e t h e d i f f e r e n c e s in p r o f i l e s a n d e q u a t i o n s , w e m a y w e l l e n d 
u p w i t h t h e s a m e s e t o f o d o r c o n c e n t r a t i o n s w h i c h in c o n c e r t p r o d u c e t h a t 
i d e a l p r o f i l e . A l t h o u g h t h e i n d i v i d u a l s d i f f e r in t h e i r l a n g u a g e a n d t h e i r 
s c a l e s , n o n e t h e l e s s i t is q u i t e p o s s i b l e t h a t t h e n e t c o m b i n a t i o n o f 
i n g r e d i e n t s , o r t h e " o d o r a n t " r e c i p e c o u l d b e i d e n t i c a l f o r e a c h p e r s o n . 
T h i s t e s t h a s n o t b e e n c a r r i e d o u t f o r o d o r m i x t u r e s , b u t i t h a s b e e n 
c a r r i e d o u t f o r m i x t u r e s o f r y e f l o u r a n d s u g a r , in a s t u d y o n b r e a d 
t e x t u r e (9) . P a n e l i s t w h o w e r e e x p e r t s in t h e u s e o f t h e T e x t u r e P r o f i l i n g 
M e t h o d (_0), a n d c o n s u m e r p a n e l i s t s e a c h e v a l u a t e d 12 s a m p l e s o f r y e 
b r e a d , p r o f i l i n g t h e s a m p l e s o n d i f f e r e n t t e x t u r a l c h a r a c t e r i s t i c s . A f t e r 
w a r d s , e a c h g r o u p p r o f i l e d i t s " i d e a l " r y e b r e a d , o n t h e s a m e c h a r a c t e r 
i s t i c s . T h e l i n e a r e q u a t i o n s a n d t h e i d e a l p r o f i l e d i f f e r e d f r o m g r o u p t o 
g r o u p , b u t t h e p h y s i c a l f o r m u l a t i o n c o r r e s p o n d i n g t o t h e i d e a l w a s 
r e m a r k a b l y s i m i l a r f r o m g r o u p t o g r o u p . 

O d o r A c c e p t a b i l i t y 

A c e n t r y a g o , t h e G e r m a n p s y c h o l o g i s t W i l h e l m W u n d t ( I I ) s p e c u 
l a t e d t h a t a s a n y s t i m u l u s i n c r e a s e d in s e n s o r y i n t e n s i t y , i t c h a n g e d 
h e d o n i c t o n e . B e g i n n i n g a t n e u t r a l , t h e s t i m u l u s f i r s t i n c r e a s e d in 
a c c e p t a b i l i t y , g o i n g t o w a r d s a b l i s s p o i n t , w h e r e i t m a x i m i z e d . A s t h e 
s t i m u l u s i n t e n s i t y , a n d t h u s t h e s e n s o r y i n t e n s i t y f u r t h e r i n c r e a s e d , l i k i n g 
d i m i n i s h e d f r o m t h a t b l i s s p o i n t , g o i n g d o w n w a r d s t o w a r d s n e u t r a l i t y , a n d 
t h e n o n t o t h e r e g i o n o f ' d i s l i k e 1 . F i g u r e I s h o w s a s c h e m a t i c o f t h e 
h y p o t h e s i s . 

W u n d t ' s s c h e m e c h a r a c t e r i z e s s o m e o d o r s , b u t n o t o t h e r s . (2>I_i>L_) 
In m a n y i n s t a n c e s o d o r l i k i n g v s c o n c e n t r a t i o n d o e s n o t d e s c r i b e a n 
i n v e r t e d U o r V s h a p e d f u n c t i o n . R a t h e r , f o r t h e m o r e n o x i o u s o d o r a n t s , 
l i k i n g d i m i n i s h e s a l m o s t i m m e d i a t e l y a s t h e o d o r i n t e n s i t y i n c r e a s e s , 
g o i n g f r o m n e u t r a l i t y (a t n o o d o r a n t l e v e l ) i n t o d i s l i k i n g . 
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W u n d t ' s s c h e m e a p p l i e s t o f o o d s , a n d t o c o m p l e x p e r f u m e s a s w e l l a s 
t o s i m p l e c h e m i c a l s t i m u l i ( ]_) . W e n o w w i s h t o a s s e s s w h e t h e r o r n o t 
W u n d t ' s s c h e m e a p p l i e s t o m i x t u r e s , t o d e t e r m i n e t h e f o l l o w i n g : 

• T h e n a t u r e o f t h e h e d o n i c f u n c t i o n f o r o d o r m i x t u r e s 
• T h e e x i s t e n c e o f i n t e r a c t i o n s in m i x t u r e s w h i c h m a y m o d i f y t h e 
c o n c e n t r a t i o n o f t h e b l i s s p o i n t 
• T h e b l i s s p o i n t f o r t h e o d o r s 
• T h e o p t i m i z a t i o n o f l i k i n g in o d o r m i x t u r e s , s u b j e c t t o e n g i n e e r i n g 
s p e c i f i c s e n s o r y c h a r a c t e r i s t i c s t o l i e w i t h i n p r e - s p e c i f i e d v a l u e s 
( e . g . , m a x i m i z e l i k i n g , w i t h o v e r a l l o d o r i n t e n s i t y l o w e r t h a n a 
p r e s p e c i f i e d l e v e l ) . 

F o r s o m e , b u t n o t a l l o f t h e o d o r m i x t u r e s , t h e r e l a t i o n b e t w e e n 
o v e r a l l l i k i n g v s c o n c e n t r a t i o
q u a d r a t i c e q u a t i o n , d i s c u s s e
e q u a t i o n a l l o w s l i k i n g o f t h e o d o r m i x t u r e t o i n c r e a s e , p e a k a t a n 
i n t e r m e d i a t e ' b l i s s p o i n t ' o f c o n c e n t r a t i o n s , a n d t h e n t o d r o p b a c k d o w n 
w i t h f u r t h e r i n c r e a s e s in c o n c e n t r a t i o n . 

T a b l e VII p r e s e n t s t h e n o n - l i n e a r e q u a t i o n s , f o r t h e f o u r s e t s o f 
d a t a . N o t e t h a t t h e n o n - l i n e a r e q u a t i o n s a l w a y s f i t t h e r e s u l t s b e t t e r 
t h a n t h e l i n e a r e q u a t i o n s d o , in p a r t b e c a u s e t h e m o r e p r e d i c t o r s o n e c a n 
u s e in t h e e q u a t i o n t h e h i g h e r w i l l b e t h e m u l t i p l e c o r r e l a t i o n c o e f f i c i e n t 
( m u l t i p l e R ) . O n t h e o t h e r h a n d , t h e e q u a t i o n s a l s o c o n t a i n s o m e 
s i g n i f i c a n t n o n - l i n e a r ( s q u a r e ) a n d o c c a s i o n a l l y s i g n i f i c a n t i n t e r a c t i o n 
t e r m s , s u g g e s t i n g t h a t o d o r h e d o n i c s , l i k e o t h e r t a s t e a n d f o o d h e d o n i c s , 
c o n f o r m t o a n o n - l i n e a r f u n c t i o n o f c o n c e n t r a t i o n , w i t h a p o t e n t i a l s e t o f 
i n t e r m e d i a t e b l i s s p o i n t s . 

F o r t h e s e d a t a , l i k i n g g e n e r a l l y p e a k s in a m i d d l e c o n c e n t r a t i o n , 
r a t h e r t h a n p e a k i n g a t t h e e x t r e m e s . T h i s i m p l i e s t h a t s o m e o d o r a n t s , b u t 
n o t a l l o d o r a n t s , s h o w b l i s s p o i n t s a t i n t e r m e d i a t e l e v e l s . 

N a t u r e o f t h e A c c e p t a b i l i t y C u r v e F o r A n O d o r a n t 

W e c a n a l s o i n q u i r e a s t o t h e s e n s i t i v i t y o f o d o r h e d o n i c s t o c h a n g e s 
in t h e c o n c e n t r a t i o n . D o a l l o d o r a n t s , d e s p i t e t h e i r d i f f e r e n t q u a l i t i e s , 
b e h a v e s i m i l a r l y w i t h r e s p e c t t o h e d o n i c s a s t h e y c h a n g e c o n c e n t r a t i o n ? 
D o e s a 10 u n i t i n c r e a s e o r d e c r e a s e in c o n c e n t r a t i o n b e y o n d t h e b l i s s 
p o i n t g e n e r a t e t h e s a m e c h a n g e in o v e r a l l l i k i n g f o r e a c h o f t h e o d o r a n t s . 

In o r d e r t o a n s w e r t h i s q u e s t i o n , o n e n e e d s f i r s t t o d e v e l o p t h e n o n 
l i n e a r e q u a t i o n s a s s h o w n in T a b l e VII I . O n e c a n n o w e x t e n d t h e 
c o n c e n t r a t i o n s o u t w a r d s , b y i n c r e a s i n g o r d e c r e a s i n g t h e c o n c e n t r a t i o n o f 
e a c h o d o r a n t , b y a c o n s t a n t a m o u n t , k e e p i n g t h e o t h e r o d o r a n t a t a f i x e d 
l e v e l n e a r t h e b l i s s l e v e l . T a b l e IX ( A ) s h o w s t h i s c h a n g e in l i k i n g f r o m 
t h e b l i s s l e v e l f o r o n e e x p e r i m e n t , a s s u m i n g v a r i o u s c h a n g e s in c o n c e n -
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t r a t i o n . T h e t h e o r e t i c a l p a r t o f t h e a n a l y s i s u s e s t h e p a r t i a l d e r i v a t i v e o f 
l i k i n g w i t h r e s p e c t t o e a c h o d o r a n t l e v e l ( T a b l e IX (B) ) . 

A s T a b l e IX s h o w s , o v e r a l l l i k i n g o f t h e o d o r a n t s v a r i e s a s a f u n c t i o n 
o f t h e s p e c i f i c o d o r a n t . E a c h o d o r a n t s h o w s a u n i q u e f u n c t i o n r e l a t i n g 
c o n c e n t r a t i o n a n d l i k i n g , w i t h t h i s f u n c t i o n o f t e n i n v o l v i n g c o n c e n t r a t i o n s 
o f t h e o t h e r o d o r a n t . 

C o n s t r a i n e d O p t i m i z a t i o n 

O v e r a l l l i k i n g c a n b e c o n s t r a i n e d in s e v e r a l d i f f e r e n t w a y s . T h e 
p r e v i o u s s e c t i o n c o n c e r n e d c o n s t r a i n t s in t e r m s o f c o n c e n t r a t i o n l e v e l s ; 
n a m e l y , t h e o d o r a n t c o n c e n t r a t i o n s c o u l d n o t e x c e e d t h e c o n c e n t r a t i o n s 
t e s t e d , b e c a u s e o f p o s s i b l e e x t r a p o l a t i o n s b e y o n d t h e r e g i o n s t e s t e d i n t o 
r e g i o n s w h e r e n o d a t a e x i s t

O n e c a n a l s o c o n s t r a i n t h e o d o r a n t m i x t u r e s t o m a x i m i z e a c c e p 
t a n c e , w h i l e a t t h e s a m e t i m e m a i n t a i n i n g a p e r c e p t u a l c h a r a c t e r i s t i c 
w i t h i n p r e - s e t b o u n d a r i e s . R e c a l l t h a t o v e r a l l l i k i n g o r a c c e p t a b i l i t y g r e w 
a c c o r d i n g t o a q u a d r a t i c f u n c t i o n o f o d o r c o m b i n a t i o n s , o f t h e f o r m : 

L i k i n g = k Q + k χ Α + k ^ A 2 + k 3 B + k 4 B 2 + k _ A B 

F u r t h e r m o r e , r e c a l l t h a t t h e s e n s o r y c h a r a c t e r i s t i c c a n o f t e n b e r e p r e 
s e n t e d b y a s i m p l e l i n e a r e q u a t i o n o f c o m p o n e n t s o f t h e f o r m : 

S e n s o r y c h a r a c t e r i s t i c = k Q + k ^ A + k ^ B 

In o r d e r t o o p t i m i z e a c c e p t a n c e , s u b j e c t t o c o n s t r a i n t s o n s e n s o r y l e v e l s , 
w e t u r n t h e p r o b l e m i n t o a s t r a i g h t f o r w a r d o p t i m i z a t i o n p r o b l e m : M a x i 
m i z e a q u a d r a t i c f u n c t i o n ( v i z . , l i k i n g ) s u b j e c t t o i n g r e d i e n t c o n s t r a i n t s o n 
t h e c o n c e n t r a t i o n s , a n d s u b j e c t t o l i n e a r c o n s t r a i n t s ( v i z . , s e n s o r y c h a r 
a c t e r i s t i c s ) . 

T a b l e X s h o w s s o m e t y p i c a l o p t i m i z a t i o n r e s u l t s o b t a i n e d w h e n 
c o n s t r a i n i n g s p e c i f i c s e n s o r y c h a r a c t e r i s t i c s o f e a c h m i x t u r e t o l i e w i t h i n 
s p e c i f i e d b o u n d a r i e s . N o t a l l c o n s t r a i n t s w o r k , h o w e v e r . T h e c h e m i s t , 
p e r f u m e r o r f r a g r a n c e d e v e l o p e r m u s t b e s u r e t h a t t h e c o n s t r a i n t s a r e 
c o m p a t i b l e w i t h t h e m i x t u r e . It d o e s l i t t l e g o o d t o c o n s t r a i n t h e s e n s o r y 
c h a r a c t e r i s t i c s t o l i e in a r e g i o n t h a t is n e v e r r e a c h e d b y a n y f e a s i b l e 
m i x t u r e o f t h e o d o r a n t s . 

D i s c u s s i o n o f A c c e p t a n c e O p t i m i z a t i o n 

T h e s e d a t a r e v e a l t h a t a c c e p t a b i l i t y o f s p e c i f i c o d o r c h a r a c t e r i s t i c s 
v a r i e s w i t h c o n c e n t r a t i o n . T h e y a l s o r e v e a l t h a t t h e i n t e r a c t i o n s o f o d o r 
i n g r e d i e n t s p l a y a s m a l l e r r o l e in g e n e r a t i n g a c c e p t a n c e o f c h e m i c a l 
m i x t u r e s t h a n o n e m i g h t t h i n k . In a t l e a s t t h e c a s e o f p a i r w i s e o d o r 
m i x t u r e , m o s t o f t h e v a r i a b i l i t y in a c c e p t a n c e r a t i n g s c o m e s f r o m t h e 
c o n c e n t r a t i o n l e v e l , s o m e w h a t l ess f r o m t h e s q u a r e o f c o n c e n t r a t i o n 
( a l l o w i n g f o r a n i n t e r m e d i a t e b l i s s p o i n t ) , a n d f a r l ess f r o m t h e p a i r w i s e 
i n t e r a c t i o n o f t h e o d o r s . T h e c o n t r i b u t i o n m a d e b y i n t e r a c t i o n m i g h t b e 
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TABLE IX (A) 

Se n s i t i v i t y 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 

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 
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TABLE IX (B) 

Sen s i t i v i t y of Acceptance Function to Changes i n Odorant Level 

Experiment 1 (Isoamyl Acetate and Amyl Acetate) 

Liking = 11.1*2 

3(Liking) 
3(Amyl Acetate) 

3(Liking) 
3(isoamyl Acetate) 

3(Liking) 
3(Components) = 

Il l u s t r a t i o n of Theory 

+0.l63(Isoamyl Acetate)-0.OOo(Isoamyl 
Acetate)2 

+0.287 (Amyl Acetate) -0.002 (Amyl 
Acetate) 2 

-O.OO5 (Isoamyl Acetate) (Amyl Acetate) 

0.287 -O.OOU (Amyl Acetate) -0.005 (iso
amyl Acetate) 

Ο.163 -0.012 (Isoamyl Acetate) -0.005 
(Amyl Acetate) 

Rate of change of l i k i n g per unit change 
in odor component l e v e l 

Amyl Acetate more important i n changing l i k i n g than isoamyl ace
tate when 

3(Liking) 
|3(Amyl Acetate, 

|3(Liking) 
13(Isoamyl Acetate 

|0.287 -0.004 (Âmyl Acetate) -0.005 (Isoamyl Acetate)| > 
JO.lo3 -0.012 (Isoamyl Acetate) -0.005 (Arayl Acetate)) 

in the simplest case: 

(Amyl Acetate) - 7 (Isoamyl Acetate) > 12k 

(3 = p a r t i a l derivative) 

American Chemical 
Society Library 

1155 18th St. N. W. 
Washington, D. C. 20036 
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h i g h e r , g i v e n c o m p l e x o d o r s t i m u l i , in w h i c h t h e s u b s r e p l a c e s i n g l e 
c h e m i c a l s . 

T h e d a t a a l s o b r i n g s up a n o t h e r i n t e r e s t i n g p o i n t . O d o r s v a r y w i d e l y 
in a c c e p t a b i l i t y , as a f u n c t i o n o f t y p e o f o d o r a n t , a n d a s a f u n c t i o n o f 
c o n c e n t r a t i o n . W h e n r e s e a r c h e r s t e s t a c c e p t a n c e / r e j e c t i o n o f a n o d o r a n t 
t h e y o f t e n d o so a t a s i n g l e c o n c e n t r a t i o n , w i t h o u t f u l l y e x p l o r i n g t h e 
p o s s i b i l i t y t h a t o d o r s c a n v a r y in a c c e p t a n c e , p e a k i n g in a c c e p t a b i l i t y a t a 
m i d d l e o r l o w r a n g e . 

A n o t h e r o u t c o m e o f t h e s e s t u d i e s is t h e a b i l i t y t o o p t i m i z e a c c e p t 
a b i l i t y , w h i l e a t t h e s a m e t i m e c o n t r o l l i n g in p a r t t h e s e n s o r y " q u a l i t i e s 
p r o f i l e " o f t h e m i x t u r e . O n e c a n a c c o m p l i s h t h i s b y f o r m a l l y r e p r e s e n t i n g 
o d o r q u a l i t y a s a w e i g h t e d l i n e a r c o m b i n a t i o n o f c o m p o n e n t s , f o r t h e 
p a i r w i s e o d o r m i x t u r e s (o
2 c o m p o n e n t s , f o r m o r e
v e r s i o n o f o d o r q u a l i t y o f s p e c i f i c n o t e s t o a l i n e a r c o m b i n a t i o n o f 
c o n c e n t r a t i o n p r o v i d e s t h e r e s e a r c h e r a n d t h e c h e m i s t w i t h a m e a n s o f 
m a n i p u l a t i n g c o n c e n t r a t i o n s t o g e n e r a t e d e s i r e d l e v e l s o f t h o s e c h a r a c 
t e r i s t i c s . F u r t h e r m o r e , w i t h i n t h e s a m e f r a m e w o r k , t h e r e s e a r c h e r a n d 
c h e m i s t c a n d e v e l o p h i g h l y a c c e p t a b l e m i x t u r e s , w i t h s p e c i f i c s e n s o r y 
c h a r a c t e r i s t i c s , b y c o n s t r a i n i n g t h e s e n s o r y c h a r a c t e r i s t i c s t o l i e w i t h i n 
c e r t a i n p r e d e s i g n a t e d l e v e l s . T h e m a t h e m a t i c a l r e p r e s e n t a t i o n o f o d o r 
q u a l i t y in a c t u a l n u m e r i c a l t e r m s m a k e s t h i s m a n i p u l a t i o n p o s s i b l e . 

O n T h e I n t e r a c t i o n o f O d o r C o n s t i t u e n t s f o r L i k i n g 

O n e o f t h e s u r p r i s i n g o u t c o m e s o f t h e s e s e t s o f s t u d i e s is t h e f a i l u r e 
t o f i n d m o r e s i g n i f i c a n t i n t e r a c t i o n s t e r m s b e t w e e n o d o r a n t s , in t e r m s o f 
t h e s i z e o f t h e c o e f f i c i e n t f o r t h e i n t e r a c t i o n t e r m , a n d t h e v a l u e o f t h e 
p a r t i a l c o r r e l a t i o n o f t h e i n t e r a c t i o n t e r m . T h i s s u g g e s t s t h a t in s u c h 
s i m p l e b i n a r y o d o r s y s t e m s i n t e r a c t i o n s m a y n o t a d d a s m u c h t o o v e r a l l 
l i k i n g r a t i n g s a s o n e m i g h t e x p e c t . R a t h e r , i n t h e e v a l u a t i o n o f l i k i n g t h e 
p a n e l i s t s a s s i g n r a t i n g s w h i c h s u g g e s t t h a t t h e y r e a c t t o t h e c o m p o n e n t s 
s e p a r a t e l y , t r e a t i n g e a c h o n e a s i f i t o b e y e d i t s o w n s e p a r a t e q u a d r a t i c 
e q u a t i o n . T h e i n t e r a c t i o n t e r m e m e r g e s , b u t c o n t r i b u t e s r e l a t i v e l y l i t t l e 
a d d i t i o n a l p r e d i c t i v e p o w e r o v e r a n d a b o v e t h e l i n e a r a n d s q u a r e t e r m s 
f o r e a c h c o n c e n t r a t i o n . O n e w o u l d p r o b a b l y e x p e c t a s i m i l a r u n d e r -
r e p r e s e n t a t i o n o f i n t e r a c t i o n t e r m s a s p a r t i a l p r e d i c t o r s o f s u c h o d o r 
q u a l i t i e s , s u c h a s f l o r a l n e s s , m i n t i n e s s , c o m p l e x i t y , f o r b i n a r y m i x t u r e s o f 
s i n g l e c h e m i c a l s . T h e s e c h a r a c t e r i s t i c s c a n b e f a i r l y w e l l m o d e l l e d b y 
m e a n s o f l i n e a r e q u a t i o n s ( see T a b l e VI ) . T h e a d d i t i o n o f q u a d r a t i c t e r m s 
t o e a c h c o n c e n t r a t i o n w i l l a d d a l i t t l e m o r e p r e d i c t a b i l i t y . M o r e o f t e n 
t h a n n o t t h e c o m b i n a t i o n o f l i n e a r a n d s q u a r e t e r m s t o t a l l y p r e e m p t s t h e 
a d d i t i o n a l i n f o r m a t i o n t o b e g a i n e d b y p u t t i n g in y e t a n a d d i t i o n a l c r o s s -
t e r m t o r e p r e s e n t t h e p a i r w i s e i n t e r a c t i o n s o f t h e c o m p o n e n t s . P e r h a p s 
m o r e s i g n i f i c a n t p a i r w i s e i n t e r a c t i o n t e r m s w o u l d e m e r g e in e i t h e r h i g h e r 
o d o r m i x t u r e s o f 3 o r m o r e c h e m i c a l s , o r in t r u l y c o m p l e x m i x t u r e s , s u c h 
a s c o m b i n a t i o n s o f p e r f u m e r ' s s u b s . ( i . e . m i x t u r e s w h i c h h a v e a r o s e o r 
f l o r a l q u a l i t y ) . 
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It is c h a l l e n g i n g t o s p e c u l a t e a s t o j u s t p r e c i s e l y w h a t o c c u r s in t h e 
i n d i v i d u a l ' s m i n d a s h e o r s h e m a k e s t h e a c c e p t a n c e j u d g m e n t s . D o 
p a n e l i s t s s e p a r a t e o u t t h e c o m p o n e n t s , a n d r a t e t h o s e c o m p o n e n t s , 
i n t e g r a t i n g t h e r a t i n g s in a p a r t i c u l a r w a y ? T h e p a n e l i s t s m u s t b e d o i n g 
o t h e r t h i n g s a s w e l l . T h e i r r a t i n g s o f o v e r a l l a c c e p t a b i l i t y o f t e n c a n n o t 
b e m o d e l l e d a s w e l l a s o n e c a n m o d e l r a t i n g s o f i n t e n s i t y o r o t h e r , m o r e 
s a l i e n t c h a r a c t e r i s t i c s , e v e n w i t h n o n - l i n e a r p r e d i c t o r s . T h e p o o r n e s s o f 
f i t o c c u r s w i t h p a i r s o f t h e m o r e a c c e p t a b l e o d o r a n t s . T h e g o o d n e s s o f f i t 
i m p r o v e s w h e n o n e t e s t s c o m b i n a t i o n s o f a n a c c e p t a b l e a n d a n u n a c c e p t 
a b l e o d o r a n t . P e r h a p s i t is e a s i e r t o j u d g e a m i x t u r e o f a s i m p l e p l e a s a n t 
o d o r a n d a n u n p l e a s a n t o n e t h a n t o j u d g e t w o o d o r a n t s in c o m b i n a t i o n 
w h i c h a r e b o t h p l e a s a n t , b u t w h i c h in c o n t e x t m a y s m e l l t o o i n t e n s e . 

C o m p o n e n t s in M i x t u r e s - D o e s T h e S a m e C h e m i c a l B e h a v e S i m i l a r l y In 
D i f f e r e n t C o n t e x t s ? 

T h i s s e t o f e x p e r i m e n t s i n v e s t i g a t e d s e v e r a l o d o r s i n d i f f e r e n t p a i r s . 
F o r e x a m p l e , E x p e r i m e n t I p a i r e d i s o a m y l a c e t a t e w i t h a m y l a c e t a t e . 
E x p e r i m e n t 3 p a i r e d a m y l a c e t a t e w i t h e t h y l s a l i c y l a t e . O n e c a n i n q u i r e 
a s t o h o w a m y l a c e t a t e b e h a v e s in t h e p r e s e n t o f a s i m i l a r s m e l l ( i so a m y l 
a c e t a t e ) v s h o w i t b e h a v e s in t h e p r e s e n c e o f a d i s s i m i l a r o d o r ( e t h y l 
s a l i c y l a t e ) . H o w e f f e c t i v e is a m y l a c e t a t e in i n t r o d u c i n g i t s s p e c i f i c o d o r 
n o t e s o r c h a n g i n g l i k i n g w h e n c o m b i n e d w i t h i so a m y l a c e t a t e a s 
c o m p a r e d t o c o m b i n a t i o n s o f a m y l a c e t a t e w i t h e t h y l s a l i c y l a t e . 

In o r d e r t o a n s w e r t h i s q u e s t i o n l e t us c o n s i d e r t h e c o n c e p t o f 
r e l a t i v e i m p o r t a n c e o f t h e o d o r a n t . R e l a t i v e i m p o r t a n c e r e f e r s t o t h e 
r a t e a t w h i c h a s e n s o r y c h a r a c t e r i s t i c o r a l i k i n g r a t i n g c h a n g e s , p e r u n i t 
c h a n g e in o d o r a n t c o n c e n t r a t i o n . In o r d e r t o e s t i m a t e t h i s r a t e o f c h a n g e 
o f c h a r a c t e r i s t i c p e r u n i t c o n c e n t r a t i o n c h a n g e , o n e m u s t c o m p u t e t h e 
p a r t i a l d e r i v a t i v e o f t h e s e n s o r y c h a r a c t e r i s t i c w i t h r e s p e c t t o e a c h 
o d o r a n t . ( S e e T a b l e IX (B)) T h e p a r t i a l d e r i v a t i v e is t h e s l o p e , o r r a t e o f 
c h a n g e a t a p o i n t . F o r a l i n e a r e q u a t i o n , t h e p a r t i a l d e r i v a t i v e is a f i x e d 
n u m b e r , a n d is g i v e n b y t h e c o e f f i c i e n t in t h e l i n e a r e q u a t i o n : 

E . g . , : If I n t e n s i t y = k A + k 2 B 

t h e n t h e p a r t i a l d e r i v a t i v e s (or t h e r a t e s o f c h a n g e o f i n t e n s i t y w i t h 
r e s p e c t t o A a n d B , r e s p e c t i v e l y ) a r e : 

^ ( I n t e n s i t y ) _ , λ I n t e n s i t y _ , 
* A = k l £ B = K 2 

B y c o m p a r i n g t h e s e p a r t i a l d e r i v a t i v e s (or in e f f e c t c o m p a r i n g t h e 
c o e f f i c i e n t s ) f o r d i f f e r e n t m i x t u r e s c o m p r i s i n g t h e s a m e c h e m i c a l a g a i n s t 
d i f f e r e n t b a c k g r o u n d o d o r s , o n e c a n d e t e r m i n e t h e r e l a t i v e r o l e w h i c h t h e 
s a m e c h e m i c a l p l a y s in d i f f e r e n t m i x t u r e c o n t e x t s . 

T a b l e X I c o m p a r e s t h e p a r t i a l d e r i v a t i v e s f o r c o m m o n c h e m i c a l 
c o m p o n e n t s a n d a t t r i b u t e s t e s t e d in t h e d i f f e r e n t e x p e r i m e n t s . S u c h 
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TABLE XI (A) 

Relative Importance Values (Partial Derivatives) 
For odorants 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 Ethyl Salicylate 0.14 0.14 -0.15 
vs Heptyl Acetate 0.73 0.66 0.55 

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

vs Methyl Salicylate 
vs Amyl Acetate 

Flowery Fruity 

-0.01 0.03 
0.18 0.49 

* The rel a t i v e importance value = c o e f f i c i e n t i n the linear 
equation 

In Odor Quality and Chemical Structure; Moskowitz, H., et al.; 
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a t t r i b u t e s i n c l u d e o d o r i n t e n s i t y , l i k i n g , b a n a n a ( f o r t h e a c e t a t e s ) , m i n t y 
( f o r t h e s a l i c y l a t e s ) , e t c . T h e y r e v e a l t h a t t h e r a t e o f c h a n g e o f a s e n s o r y 
c h a r a c t e r i s t i c o r l i k i n g w i t h r e s p e c t t o p h y s i c a l c o n c e n t r a t i o n o f t h e 
o d o r a n t d e p e n d s , t o a g r e a t e x t e n t o n t h e o t h e r o d o r a n t t h a t is p r e s e n t . 

T h i s d i f f e r e n t i a l c o n t r i b u t i o n d e p e n d i n g o n c o n t e x t m e a n s t h a t w h e n 
m o d e l l i n g q u a l i t i e s o r l i k i n g r a t i n g s o f o d o r s in m i x t u r e s , t h e i n t e r a c t i o n 
m o d i f i e s t h e b a s e c o n t r i b u t i o n o f e a c h o d o r a n t t o t h e o v e r a l l m i x t u r e . 
O n e c a n n o t s u p e r i m p o s e i n d e p e n d e n t e q u a t i o n s r e l a t i n g o v e r a l l i n t e n s i t y 
o r q u a l i t y n o t e s , f o r t w o o d o r s e a c h e v a l u a t e d s e p a r a t e l y , a n d t h e n a d d t o 
t h a t p a i r o f i n d e p e n d e n t e q u a t i o n s a n a d d i t i o n a l f a c t o r ( v i z . , t h e c r o s s 
t e r m ) w h i c h a c c o u n t s f o r t h e m i x t u r e . T h i s s u g g e s t s t h a t a n a l g e b r a o f 
o d o r m i x t u r e , w i t h w h i c h t o d e v e l o p n e w q u a l i t i e s , c a n n o t b e g i n a s a n 
a l p h a b e t w o u l d , c o m p r i s i n g a s e t o f l e t t e r s , w h i c h a d d in a s i m p l e m a n n e r , 
a n d w h i c h t h e n e n t r a i n a
i n t e r a c t i o n s . R a t h e r , t h
" n o t e s " o f t h e c o m p o n e n t o d o r a n t s c h a n g e in c o m b i n a t i o n , a s c o m p a r e d t o 
t h e s e e v a l u a t e d . A n o d o r w i l l g e n e r a t e a d i f f e r e n t c o n t r i b u t i o n in o n e 
o d o r m i x t u r e t h a n in a n o t h e r . T h i s f i n d i n g b e a r s u p o n t h e n a t u r e o f t h e 
u l t i m a t e a l g e b r a o f o d o r q u a l i t y m i x t u r e s , s u g g e s t i n g t h a t i t w i l l n o t b e a 
s i m p l e l i n e a r o n e . 

D i s c u s s i o n a n d C o n c l u s i o n s 

T h i s p a p e r h a s c o n c e r n e d a n a l t e r n a t i v e m e t h o d f o r g e n e r a t i n g o d o r s 
o f s p e c i f i c q u a l i t y p r o f i l e s a n d a c c e p t a b i l i t y l e v e l s , b y m i x i n g t o g e t h e r 
s i m p l e r o d o r a n t s in k n o w n c o n c e n t r a t i o n s . T h e r e s u l t s s u g g e s t t h a t i t m a y 
b e p o s s i b l e t o s y n t h e s i z e s o m e p a r t i c u l a r m i x t u r e s , i f a n d o n l y i f t h e 
c o m p o n e n t s in t h a t m i x t u r e p r o d u c e t h e s m e l l . T h i s p a p e r d i s c u s s e s 
m i x i n g r u l e s t o g e n e r a t e p r e d e s i g n a t e d s e n s o r y p r o f i l e s . T h e p r o f i l e -
m a t c h i n g m e t h o d c a n n o t g e n e r a t e a n e w o d o r a b i n i t i o , u n l e s s t h e o d o r 
q u a l i t y p r e - e x i s t s in o n e o f t h e m i x t u r e c o m p o n e n t s . 

A l t h o u g h n o t m e a n t a s a r e p l a c e m e n t f o r o t h e r r e s e a r c h o n o d o r 
q u a l i t y , t h i s p a p e r s u g g e s t s a p o s s i b l e a p p r o a c h t o a s y n t h e s i s o f p r e 
d e s i g n e d o d o r p r o f i l e s b y m e a n s o f m i x t u r e s o f s i m p l e c h e m i c a l s . T h e 
s t u d y w a s g e a r e d t o w a r d s t w o c o m p o n e n t m i x t u r e s . F u t u r e s t u d i e s m u s t 
u s e a w i d e r r a n g e o f m i x t u r e s , p e r h a p s b e g i n n i n g w i t h a b a s i c s e t s i m i l a r 
t o t h o s e p r o p o s e d b y J o h n A m o o r e in h i s e a r l i e r w o r k o n t h e s t e r e o 
c h e m i c a l t h e o r y o f o l f a c t i o n . ( | 4 ) A m o o r e h a d s u g g e s t e d 7 p r i m a r i e s . 
M i x e d t o g e t h e r b y e x p e r i m e n t a l d e s i g n m e t h o d s ( t o a v o i d t h e m a n y 
t h o u s a n d s o f m i x t u r e s ) , t h e s e 7 b a s i c o d o r s m i g h t e x h i b i t a m u c h w i d e r 
v a r i e t y o f q u a l i t a t i v e n u a n c e s t h a n c a n t w o o d o r s e v e r p o s s i b l y s h o w . 
S t a t i s t i c a l m e t h o d s , s u c h a s t h e c e n t r a l c o m p o s i t e d e s i g n , w o u l d a l l o w f o r 
as f e w a s 2 7+ 2 χ 7 + I = 143 m i x t u r e s . A f u l l s c a l e e v a l u a t i o n o f t h o s e 
m i x t u r e s o n a t t r i b u t e s , c o u p l e d w i t h p r o f i l e - f i t t i n g a n d a c c e p t a n c e o p t i 
m i z a t i o n s m i g h t p r o d u c e m u c h g r e a t e r i n s i g h t i n t o t h e p o s s i b i l i t y o f 
s y n t h e s i z i n g p r e d e s i g n a t e d o d o r p r o f i l e s b y m i x i n g c h e m i c a l c o m p o n e n t s . 
T h a t e x p e r i m e n t w a i t s f o r t h e a d e p t c h e m i s t a n d p s y c h o p h y s i c i s t . 
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3 
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 is blessed with the sense of smell, taste, touch, 
v is ion, and hearing. Thre
hearing) are referred to as the physical senses and are used for 
detection of mechanical, thermal, photic, and acoustic energy.1 

The other two, the chemical senses, are used for the detection of 
v o l a t i l e and soluble substances. The stimuli that excite the 
physical senses can be measured by both physical and psychophysi
cal means. The vo lat i le 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.2,3,4 

For a l l practical purposes these stimuli cannot be expressed as 
some unit of energy, instead they have to be expressed in the 
dimensions of quality, intensity, duration, and l i k e and dis
like. 

It is 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 f lavor ists are 
needed for the creation of i t s 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 discipl ines cannot be used to judge quality and 
esthetics. There are no "iron noses" or "microprosessor 
tongues". 

In the past f ive years, the quantitative measurement of 
quali ty, intensity, duration and hedonics of flavors and f r a 
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 intensities of 
ingredients and finished products, b) substantivity of fragrances 
on skin and c) the effect of solvent on the odor intensity of a 
fragrance. Although the disc ipl ine of physical chemistry can be 

0097-6156/81/0148-0057$05.25/0 
© 1981 American Chemical Society 

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



58 O D O R Q U A L I T Y A N D C H E M I C A L S T R U C T U R E 

used as a guide f o r some of these measurements i t cannot replace 
the human nose. Physical techniques can describe absorption 
phenomena but not odor i n t e n s i t i t e s . 

This paper addresses the q u a n t i t a t i v e measurement of odor 
propert ies using naive panels and presents methods f o r t h e i r 
s e l e c t i o n and t r a i n i n g . In p a r t i c u l a r , we w i l l show how naive 
p a n e l i s t s are t r a i n e d to use a magnitude est imation scale along 
with some t y p i c a l r e s u l t s generated by a panel of t h i s type. 

S e l e c t i o n of P a n e l i s t s f o r Magnitude Estimation Panels 

P r i o r to admission to the t r a i n i n g sessions a l l p a n e l i s t s 
are screened f o r t h e i r a b i l i t y to perceive odor d i f f e r e n c e s over 
a reasonable range of odors. In t h i s way i n d i v i d u a l s with poor 
odor percept ion, those who might be p a r t i a l l y anosmic, or those 
who do not care (poor m o t i v a t i o n )
become members of the magnitude est imation panel . The t e s t 
method used i s a m o d i f i c a t i o n of the one developed by Gustave 
Carsch.5 The t e s t i s made up of eight groups of b l o t t e r s with 
three b l o t t e r s i n each group. Within each group two b l o t t e r s may 
be the same, three may be the same, or a l l three may be 
d i f f e r e n t . There are f i v e p o s s i b l e combinations f o r each group. 
The p a n e l i s t i s presented a b a l l o t containing eight t r i a n g l e s . 
The apex of each t r i a n g l e i s i d e n t i f i e d by a l e t t e r which 
corresponds to a b l o t t e r contain ing the same l e t t e r . A t y p i c a l 
example might be b l o t t e r group G,H,I , shown below where b l o t t e r s 
G and I are lemon and H i s l i m e . The p a n e l i s t i s i n s t r u c t e d to 
put an equals s ign on the leg of the t r i a n g l e that connects 
s i m i l a r smel l ing b l o t t e r s and an 11X" i f the b l o t t e r s are 
perceived to smell d i f f e r e n t . The p a n e l i s t obtains one point 
f o r 

each l e g of the t r i a n g l e that i s i n c o r r e c t l y marked. If the 
p a n e l i s t c o r r e c t l y d i s c r i m i n a t e s between a l l odors he receives a 
zero score; i f he i n c o r r e c t l y d i s c r i m i n a t e s between a l l odors he 
receives a score of 24. Al ι p a n e l i s t s r e c e i v i n g a score of nine 
or more are r e j e c t e d . 

The d i f f i c u l t y of the t e s t can be adjusted by the choice of 
the odorants. In the extreme case, the t e s t could be adjusted to 
measure the d i s c r i m i n a t i o n s k i l l s of a perfumer. Th is , however, 
was not our o b j e c t i v e and the odorants chosen (see Table I ) , were 
those that a p a n e l i s t untrained i n perfumery might have come i n 
contact with p r e v i o u s l y . 

H 
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Magnitude Estimation Panel T ra in ing 

T ra in ing s t a r t s with the magnitude est imation of the area of 
a s e r i e s of shapes which are presented i n an 18-page booklet 
c o n t a i n i n g a randomly sorted c o l l e c t i o n of s i x r e c t a n g l e s , s i x 
c i r c l e s , and s i x t r i a n g l e s . Each page contains one f i g u r e and a 
5 - d i g i t code number. The r e c t a n g l e s , c i r c l e s , and t r i a n g l e s are 
of d i f f e r e n t s i z e s . The f o l l o w i n g i n s t r u c t i o n s , which were 
adapted from a s i m i l a r t r a i n i n g exerc ise developed by Dr. 
M o s k o w i t z , § > Z are given to the p a n e l i s t s . 

"Please look at the f i r s t shape i n your t r a i n i n g booklet . 
Do not look through the booklet , i n s t e a d , pay a t t e n t i o n only to 
the f i r s t shape. you are going to assign numbers that show how 
large the shapes you w i l l see i n the booklet seem t o you. Give 
the f i r s t area any number you wish, w r i t e t h i s number on the 
b a l l o t sheet, along wit
you w i l l be using t h i s f i r s t number to compare the s i z e of the 
f i r s t shape t o the s i z e of other shapes which could be l a r g e r , 
s m a l l e r , or the same s i z e as the f i r s t shape. Therefore, there 
are no upper l i m i t s to the s i z e of the number you use but the 
number should not be so small that you cannot e a s i l y d i v i d e i t 
i n t o smaller p o r t i o n s , (smaller than 10, f o r i n s t a n c e ) . Now turn 
t o the next page i n the booklet . Give a number which represents 
the area of the shape on t h i s page. If you give a number of 30 
t o the f i r s t shape and the second shape seems to the same s i z e , 
give i t a 30. If the second shape seems to be only one-half as 
large as the f i r s t shape give i t a 15; i f i t appears to be three 
times as l a r g e , give i t a 90. Now work through the booklet and 
evaluate the rest of the shapes." 

G e n e r a l l y , t h i s f i r s t exerc ise takes about 15 minutes to 
complete. p a n e l i s t s are helped i f they do not understand the 
i n s t r u c t i o n s . However, p a n e l i s t s who continue throughout the 
e n t i r e t r a i n i n g session to not understand the i n s t r u c t i o n s are 
re jected from the panel . Such a r e j e c t i o n i s very r a r e . Table 
II presents a t y p i c a l set of r e s u l t s obtained from an area 
est imat ion e x e r c i s e . 

T r a i n i n g next proceeds to est imation of hedonic tones ( l i k e 
and d i s l i k e ) . The s c a l e f o r l i k e and d i s l i k e i s twice as long as 
that f o r i n t e n s i t y . The zero point on the s c a l e i s nei ther l i k e 
or d i s l i k e of the s t i m u l u s , the p o s i t i v e s ide of the s c a l e 
denotes l i k e , and the negative s i d e denotes d i s l i k e . 

To obtain p r a c t i c e i n the use of t h i s b i p o l a r scale the 
p a n e l i s t s are asked to magnitude estimate t h e i r l i k e or d i s l i k e 
of the f o l l o w i n g words: f l o w e r s , sun, hate, worm, k i s s , puppy, 
p o l l u t i o n , money, New York C i t y , mud, perfume, murder, sex, 
c i g a r , s p a g h e t t i , r a t t l e s n a k e , and love. This p a r t i c u l a r choice 
of words was developed by Moskowitz t o cover a dynamic range 
of l i k e and d i s l i k e . Words denoting types of foods or odors also 
work w e l l . 
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TABLE I 
MATERIALS USED FOR OLFACTORY TEST 

B l o t t e r 
L e t t e r 

A South American P e t i t g r a i n O i l 

Β D i s t i l l e d I t a l i a n Bergamot O i l 

C D i s t i l l e d Mexican Lime O i l 

D F ixateur 404, obtained from Firmenich 

E G r i s a i va ^ φ ^ ^ Ο a n d i s ° m e r s 

F F ixateur 404, obtained from Firmenich 

G C a l i f o r n i a Lemon O i l 

H D i s t i l l e d Mexican Lime O i l (same as C) 

I C a l i f o r n i a Lemon O i l (same as G) 

Κ Spanish Rosemary O i l 

L Terpineol 

M Sauge S c l a r e e , French 

Ν C a l i f o r n i a Orange O i l 

0 C a l i f o r n i a Orange O i l 

Ρ Grapefru i t O i l 

Q Spearmint O i l 

R Spearmint O i l 

S Natural Peppermint O i l 

Τ Bay O i l 

U Spearmint O i l 
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TABLE I 
MATERIALS USED FOR OLFACTORY TEST (con't) 

B l o t t e r 
L e t t e r 

W Terpeneless Lavandin 

X D i s t i l l e d Mexican Lime O i l 

Y D i s t i l l e d I t a l i a n Bergamot Oi l 

Ζ D i s t i l l e d Mexican Lime O i l 
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TABLE II 

MAGNITUDE ESTIMATION OF AREAS a 

Area Estimated ^ Standard £ 
Shape (CM2) Area Error 

C i r c l e 7.1 7.8 1.11 
19.7 10.
43.0 31.1 1.05 
91.6 52.2 1.05 

145.3 69.5 1.05 
216.4 106.9 1.04 

Tr iangle 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 p a n e l i s t s was random. 
The r e s u l t s were sorted by shape and s i z e f o r t h i s t a b l e . 
Twenty two p a n e l i s t s were used f o r t h i s e x e r c i s e . 

b. Estimated areas were normalized by the averaging method. 
The values presented i n t h i s t a b l e are geometric means. 

c . The standard e r r o r i s f o r the geometric mean and equals 1 + 
percent e r r o r s . 
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The f o l l o w i n g set of i n s t r u c t i o n s adapted from those of 
Moskowitz are used to introduce the hedonics t r a i n i n g s e s s i o n . 

"As another exerc ise we would l i k e you to express your 
l i k i n g or d i s l i k i n g of d i f f e r e n t words. Using the b i p o l a r s c a l e 
discussed p r e v i o u s l y , show how you f e e l about each word. If you 
l i k e a word w r i t e an L next to i t . I f you d i s l i k e the word, 
w r i t e a D next to i t . Then i n d i c a t e how much you e i t h e r l i k e or 
d i s l i k e the word by a lso w r i t i n g i n a number. A large "L" number 
means you l i k e i t a l o t , whi le a large "D" number means you 
d i s l i k e i t a l o t . On the other hand, a small "L" number means 
you l i k e i t a l i t t l e , whi le a small "D" number means you d i s l i k e 
i t a l i t t l e . If you f e e l i n d i f f e r e n t or neutral about a word, 
give i t a zero ( 0 ) . As an example, suppose you gave the f i r s t 
word an "L 10" to show how you f e l t about i t but you l i k e the 
second word twice as much. The second word should receive a 
score of "L 20". If yo
i t a "D" and a number to show how much you d i s l i k e i t . I f you 
d i s l i k e i t a l o t you might give i t a "D 100". Remember that the 
p a r t i c u l a r s c a l e you use i s your own. There are no l i m i t s to the 
s i z e of the s c a l e and no one's s c a l e i s more r i g h t than any one 
e l s e s . " 

Table II I presents a t y p i c a l t r a i n i n g panel's hedonic scores 
f o r the 17 words discussed p r e v i o u s l y . Although the panel was 
asked to use "L" and "D" t o denote l i k e and d i s l i k e , the s c a l e i s 
a c t u a l l y p o s i t i v e numbers f o r l i k e and negative numbers f o r 
d i s l i k e . Our experience has shown that the p a n e l i s t can use L 
and D with much l e s s d i f f i c u l t y than plus and minus. 

The f i n a l task of the t r a i n i n g session i s the t a s t i n g or 
s m e l l i n g of samples. The choice of the samples general ly depends 
on the f i r s t evaluat ion task to be c a r r i e d out by the newly 
t r a i n e d panel . Thus, the panel that evaluated hydrolyzed vege
t a b l e prote in tasted a concentrat ion s e r i e s of glucose s o l u t i o n s 
f o r t h e i r t r a i n i n g s e s s i o n . Whereas, the panel that s e l f -
evaluated underarm odor smelled a concentrat ion s e r i e s of synthe
t i c body odor i n t h e i r t r a i n i n g s e s s i o n . Table IV presents 
glucose f l a v o r i n t e n s i t i e s and hedonics obtained during a t r a i n 
ing session by the same 22-member panel that provided the shape 
and word evaluat ions presented p r e v i o u s l y . 

So f a r over 100 members of the R&D s t a f f at Internat ional 
F lavors & Fragrances have been t r a i n e d to magnitude estimate 
odors and f l a v o r s . The complete t r a i n i n g session takes about one 
and one-half hours and has been used to t r a i n s e c r e t a r i e s , 
engineers, managers, chemists, maintenance workers and c l e r k s . 
The data presented i n t h i s paper were obtained by these people. 
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TABLE III 

MAGNITUDE ESTIMATION OF THE LIKE AND 
FOR A SERIES OF W0RDS.£ 

DISLIKE 

WORD 
HEDONIC 

SCORE 
STANDARD 

ERROR 

Sex 138 15.8 

Love 126 10.1 

K i s s 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 C i t y 0 13.7 

Worm - 5 6.4 

Mud -25 4.0 

Cigar -31 12.8 

Ratt lesnake -40 11.4 

P o l l u t i o n -72 6.9 

Hate -81 10.9 

Murder -140 17.3 

a. The words presented i n Table II I have been sorted on a 
l i k e - d i s l i k e s c a l e . The sequence of the words presented to 
the panel was i n random order. The r e s u l t s presented here 
were obtained with a 22-member panel . 
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TABLE IV 
FLAVOR INTENSITY AND HEDONICS OF GLUCOSE SOLUTIONS. 

CONCENTRATION 
IN WATER {%) INTENSITY 

STANDARD 
ERROR HEDONICS 

STANDARD 
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 

32 112.3 4.5 -30.7 10.2 

A n a l y s i s of Magnitude Est imation Data. 

As you remember, p a n e l i s t s were t o l d only to choose numbers 
so that the r a t i o s of the numbers r e f l e c t e d the r a t i o s of t h e i r 
percept ions. The choice of the p a r t i c u l a r range of numbers was 
l e f t up to the p a n e l i s t . In order to e l i m i n a t e the variance due 
t o s c a l e d i f f e r e n c e s magnitude est imation data need to be 
n o r m a l i z e d . § 

Normalization i s a technigue i n which each p a n e l i s t ' s 
e v a l u a t i o n i s m u l t i p l i e d or d iv ided by a f a c t o r which transforms 
i t to a common s c a l e . This paper presents an averaging and an 
i n t e r n a l standard method of c a l i b r a t i o n which was used f o r the 
data presented h e r e i n . Also commonly used i s an external 
c a l i b r a t i o n method which i s described i n r e f . 6. 

Averaging Method 

This method can be used f o r normalizat ion of hedonic as 
well as i n t e n s i t y d a t a . The f i r s t step i s the determination of 
the magnitude of the s c a l e used by each p a n e l i s t by summing the 
absolute values of a l l of h i s or her evaluations f o r a p a r t i c u l a r 
panel s e s s i o n . 

P a n e l i s t ' s Scale Magnitude = I X i j 

X i j = the numerical evaluat ion 

f o r the 2 t h p a n e l i s t . 

over the j[ e v a l u a t i o n s . 

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



6 6 ODOR Q U A L I T Y A N D C H E M I C A L S T R U C T U R E 

The second step i s the c a l c u l a t i o n s of the s c a l i n g f a c t o r 
f o r the p a r t i c u l a r panel session by summing the absolute values 
of a l l evaluat ions of a l l p a n e l i s t s and d i v i d i n g by the number of 
p a n e l i s t s . 

Panel S c a l i n g Factor = 

i = p a n e l i s t index 
j = evaluat ion index 
η = number of p a n e l i s t s 

The c o r r e c t i o n f a c t o r f o r each p a n e l i s t s i s c a l c u l a t e d with 
the equations presented below. 

C o r r e c t i o n Factor = Panel S c a l i n g Factor 

Internal Standard Method 

This type of normal izat ion procedure works well f o r measure
ment of odor i n t e n s i t i e s . We have chosen the use of 270 
p a r t s - p e r - m i l l i o n of n-butanol i n water as the i n t e r n a l standard 
f o r odor i n t e n s i t y evaluat ions.?. The current procedure i s to 
place three butanol- in-water standards i n t o a t y p i c a l sample set 
made up of 20 samples. Standards and samples contain 5 - d i g i t 
random number codes, the sequence i n which each p a n e l i s t smells 
the samples and standards i s completely random. The c o r r e c t i o n 
f a c t o r f o r a p a r t i c u l a r p a n e l i s t i s the constant that w i l l adjust 
the average of the perceived i n t e n s i t i e s f o r the butanol samples 
t o 30. The sample i n t e n s i t i e s obtained by t h i s p a n e l i s t are then 
normalized by m u l t i p l i c a t i o n by the c o r r e c t i o n f a c t o r : 

Example: 

P a n e l i s t ' s Scale Magnitude = T j (butanol) 

where T j (butanol) i s the average i n t e n s i t y 
f o r the three butanol samples f o r the i t h p a n e l i s t 

C o r r e c t i o n Factor = f j = 30/Χ Ί· (butanol) 

i j = x i j · f i 

where X-jj = the normalized i n t e n s i t y of sample j[ f o r 
p a n e l i s t U 
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Use of Magnitude Est imation R e s u l t s . 

Dose Response Curves. 

Some 25 years ago S. S. Stevens!? found that sensory data 
generated on a magnitude est imation s c a l e could be f i t t e d to a 
power f u n c t i o n such as the one presented below. 

Magnitude Est imation = £ ( s t i m u l u s ) b 

Two examples of t h i s f i t are shown below f o r the area and the 
glucose i n t e n s i t y data presented previously i n t h i s paper. 

Estimated Area = 2.77 ( A r e a ) 0 * 6 6 

Estimated Glucose sweetness = 3.7 ( c o n c e n t r a t i o n ) ! ^ ^ 

r 2 = 0.99 

Dose-response curves have been used by the fragrance indus
t r y to descr ibe odor i n t e n s i t i e s of aroma chemicals and perfumes 
i n the concentrat ion range of t h e i r use. The curves have been 
valuable f o r the comparisons of the r e l a t i v e odor i n t e n s i t i e s of 
aroma chemicals i n the same odor c l a s s and f o r measurement of the 
e f f e c t of solvent on odor i n t e n s i t y . Examples of some compari
sons are presented i n Table V, chemical s t ructures are presented 
i n Table V L Galaxol ide and i n d i s a n , f o r example, have s l i g h t l y 
f l a t t e r i n t e n s i t y curves than Musk Ambrette or S a n d i f f . These 
data suggest that g a l a x o l i d e or indisan w i l l have higher odor 
i n t e n s i t i e s at lower concentrations than w i l l the corresponding 
odorants. Knowledge of the complete equation allows one to 
c a l c u l a t e odor i n t e n s i t i e s at any concentration w i t h i n the 
concentrat ion range of the measurements. Table V I I shows the 
dose-response exponents f o r three fragrances and two aroma 
chemicals i n d i e t h y l phthalate and i n a l e s s p o l a r solvent . 
These data suggest that the l e s s polar solvent tends to f l a t t e n 
the i n t e n s i t y curve, that i s , the solvent swallows up the 
f ragrance. Another i n t e r e s t i n g aspect of the data i s the 
decrease of r̂  f o r g a l a x o l i d e and indisan i n the new solvent . 
This i n d i c a t e s that only about 60 to 70 percent of the v a r i a t i o n 
of the perceived odor i n t e n s i t y i s due to i t s v a r i a t i o n i n 
concentrat ion suggesting that the solvent i s donating part of the 
odor. 

C o r r e l a t i o n of Physcial With Phychophysical Measurements. 

In general , a psychophysical measurement i s more expensive 
and more tedious to obtain than a physical measurement. Compare, 
f o r example, the time and expense required to measure q u a n t i t a 
t i v e l y an odor r e c o g n i t i o n threshold f o r 9 p a r t i c u l a r molecule vs 
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TABLE V 
DOSE-RESPONSE CURVES EXPONENTS FOR VARIOUS AROMA 

CHEMICALS.a>k 

Compound Exponent r £ 

Musk Odorants: 

Galaxol ide .2

Musk Ambrette .34 .93 

Sandalwood Odorants: 

Indisan .30 .94 

S a n d i f f .44 .99 

Some Other Odorants: 

Methyl Ionone, Gamma A .17 .96 

Lyral .24 .93 

Cinnamalva .34 .99 

Isocyclemone Ε .47 .96 

a . A l l mater ia ls were d i s s o l v e d i n DEP and measured i n a 
concentrat ion range of 0.2 to 20%. 

b. Structures are presented i n Table V I . 
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TABLE V I 
STRUCTURES OF MOLECULES USED FOR DOSE-RESPONSE CURVES. 

COMPOUND STRUCTURE 

Galaxol ide 

Musk Ambrette 

Methyl Ionone, Gamma A 

Lyra! 
CHO 

Cinnamalva 

Isocyclemone Ε 
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T A B L E V I I 
USE OF OOSE-RESPONSE CURVES TO COMPARE SOLVENTS. 

MATERIAL^ 
DEP 

Exponent 
b LESS POLAR 

Exponent 
SOLVENT c 

r 2 " 

FRAGRANCE A 
( C i t r u s , Coumarinic 
Woody and Sweet) 

FRAGRANCE Β 
(Heavy, Woody, F l o r a l 

with strong patchoul i 

.33 

note) 

.90 .16 .91 

FRAGRANCE C 
( S p i c y , f l o r a l ) 

.43 .93 .14 .96 

GALAXOLIDE .27 .95 .11 .63 

INDISAN^ .30 .94 .11 .70 

a . Concentration range f o r dose-response curves was 0.20 t o 20%. 

b. DEP i s d i e t h y l phthalate. 

c . This solvent i s l e s s p o l a r than DEP. 

d. Indisan i s the product name f o r a complex mixture which has a 
sandalwood odor. 
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the time and e f f o r t to obtain the i n f r a r e d absorption spectrum 
f o r the molecule. The former measurement requires the time of 10 
or more p a n e l i s t s , the preparation of a number of s o l u t i o n s of 
the molecule at d i f f e r e n t concentrat ions and the work-up of the 
d a t a . The l a t t e r measurement requires one s o l u t i o n , one person, 
and about 10 minutes f o r the scanning of the i n f r a r e d spectrum. 
This d i f f e r e n c e i n time and money has l e d 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 c l o t h at the end of a laundry wash c y c l e . 
There are two ways to perform such a requirement. One can use 
sensory panels to measure the r e t e n t i o n of e i t h e r a f i n i s h e d 
fragrance or i n d i v i d u a l aroma chemicals on c l o t h , or one can 
develop a physical method f o r measurement of the concentrat ion of 
aroma mater ial on the f a b r i
f o r such a measurement by use of p a r t i t i o n c o e f f i c i e n t s and 
Tables V I I I and I X present some representat ive data. The 
physical meaning of the p a r t i t i o n c o e f f i c i e n t s presented i n these 
t a b l e s i s the f o l l o w i n g : 

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

A p a r t i t i o n c o e f f i c i e n t of zero i n d i c a t e s that none of the 
aroma chemical i s on the c l o t h . A p a r t i t i o n c o e f f i c i e n t of one 
i n d i c a t e s equal d i s t r i b u t i o n between c l o t h and wash-bath. The 
l a r g e r the p a r t i t i o n c o e f f i c i e n t the higher the a f f i n i t y of the 
mater ia l f o r the c l o t h . Both Tables present p a r t i t i o n c o 
e f f i c i e n t s vs odor i n t e n s i t i t i e s of the aroma chemical or 
f ragrance: ~ T ) on the detergent powder, 2 ) above the wash water 
during the wash c y c l e , 3 ) on the c l o t h a f t e r two r i n s e c y c l e s , 
and 4) on the c l o t h a f t e r two r i n s e c y c l e s and hot a i r dry ing. 
A n a l y s i s of the p a r t i t i o n c o e f f i c i e n t s versus the perceived odor 
i n t e n s i t i e s presented i n T a b l e V I I I suggest the f o l l o w i n g : 

1) Acetophenone has a high odor i n t e n s i t y and a low 
p a r t i t i o n c o e f f i c i e n t , thus i t w i l l have a high odor 
i n t e n s i t y on the detergent powder but a r e l a t i v e l y low 
odor i n t e n s i t y on c l o t h s ince i t prefers to stay with 
the aqueous phase. 

2) Musk Ambrette has a low odor i n t e n s i t y and a high 
p a r t i t i o n c o e f f i c i e n t , thus i t w i l l have a r e l a t i v e l y 
low odor i n t e n s i t y on the detergent powder and a high 
odor i n t e n s i t y on the wet and dry c l o t h . 
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TABLE V I I I 
COMPARISON OF PERCEIVED ODOR INTENSITIES 

WITH PARTITION COEFFICIENTS. 

DUOR 
INTENSITIES & 

MOLECULE K£ POWDER WATER 
WET 

CLOTH 
DRY 

CLOTH 

ACETOPHENONE . 5 126 17 9 5 

CINNAMALVA 3.3 118 8 7 5 

METHYL IONONE 
GAMMA A 8.7 68 18 38 13 

ISOCYCLEMONE Ε 11 31 12 24 7 

MUSK AMBRETTE 17 37 12 29 12 

a . Κ i s the p a r t i t i o n c o e f f i c i e n t which equals concentrat ion of 
aroma chemical on c l o t h d i v i d e d by concentrat ion of aroma 
chemical i n the wash bath. 

b. Powder = represents the odor i n t e n s i t y of the molecules on 
the detergent powder. 

Water i s the odor i n t e n s i t y of the molecule above the aqueous 
wash bath. 

Wet Cloth i s the odor i n t e n s i t y on the c l o t h a f t e r two 
r i n s e s . 

Dry Cloth i s the odor i n t e n s i t y on c l o t h a f t e r two r i n s e s and 
d r y i n g . 
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TABLE I X 
USE OF PARTITION COEFFICIENTS TO CREATE 

SUBSTANTIVE FRAGRANCES. 

INTENSITIES b 

FRAGRANCE Κ 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 . Κ i s the p a r t i t i o n c o e f f i c i e n t and i s defined i n Table V I I I . 

b. Powder, Water, Wet C l o t h , and Dry Cloth are defined i n Table 
V I I I . 
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Table I X presents the p r a c t i c a l a p p l i c a t i o n s of the 
p a r t i t i o n c o e f f i c i e n t concept; that i s , fragrances created from 
aroma chemicals with l a r g e r p a r t i t i o n c o e f f i c i e n t s show higher 
odor i n t e n s i t i e s on both the wet and dry c l o t h . This i s e a s i l y 
seen by comparing the p a r t i t i o n c o e f f i c i e n t s and odor i n t e n s i t i e s 
f o r the fragrance c a l l e d p a r t i t a 1 to those f o r p a r t i t a 4. 

The sensory observations obtained f o r t h i s detergent work 
were normalized by the i n t e r n a l standard method against 270 ppm 
butanol i n water. Thus, odor i n t e n s i t i e s of 30 are moderate and 
i n t e n s i t i e s of 60 are s t rong. 

Odor Masking. 

One of the l a r g e s t uses of fragrance i s to mask mal odors of 
personal and household products
masking and blending i
i c a l l y .Z In s p i t e of the large amount of work i n t h i s area the 
l i t e r a t u r e d i d not contain a simple q u a n t i t a t i v e method f o r 
measurement of the masking a b i l i t y of a f ragrance. One s o l u t i o n 
t o t h i s problem was to magnitude estimate the odor i n t e n s i t y and 
hedonics of the fragrance plus base at several concentrat ions of 
the f ragrance. Some t y p i c a l examples are presented i n Table X . 
The i n d i c a t i o n that the fragrance i s e i t h e r masking or improving 
the q u a l i t y of the odor i s shown by a s i g n i f i c a n t increase i n 
hedonics; accompanied by a small increase i n odor i n t e n s i t y . 
(The best p o s s i b l e s i t u a t i o n would be a s i g n i f i c a n t increase i n 
hedonics accompanied by a decrease i n odor i n t e n s i t y ) . Table X 
shows that fragrance 1 i s b e t t e r than fragrance 2 f o r the l a t e x 
paint while fragrance 3 provides no s i g n i f i c a n t masking of the 
o i l - b a s e paint odor. 

The Future of Magnitude Est imation (ME). 

At present, the use of ME r a t i o s c a l i n g i s both i n a s t a t e 
of expansion and c r i t i c a l e v a l u a t i o n . The technique has been 
found to serve well f o r a t t i t u d e evaluat ions (such as the impact 
of an advertisement). ME i n combination with a response surface 
experimental d e s i g n l ? has been used f o r o p t i m i z a t i o n of food 
products. Ratio s c a l i n g i s s t i l l experimental i n that a best 
normal izat ion method has not been found, nor has the method 
received a c r i t i c a l comparison to the more popular category 
s c a l i n g method. Both of these questions are now being addressed 
by the American Society f o r Test ing and M a t e r i a l s (ASTM) Committ
ee E-18 - Sensory Evaluations of Products and M a t e r i a l s . 

Proponents of ME c l a i m the method to be easy to teach to 
naive p a n e l i s t s , very s e n s i t i v e f o r measurement of i n t e n s i t i e s i n 
the supra-threshold region and very e f f i c i e n t f o r measurement of 
product preference r e l a t i v e t o some bench mark. The future of 
the method w i l l depend on how i t stands up to a c r i t i c a l 
comparison with category s c a l i n g methods. 
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TABLE X 
MEASUREMENT OF ODOR MASKING. 

MATERIAL 
FRAGRANCE 

CONCENTRATION {%) HEDONICS INTENSITY 

Latex Paint & 
Fragrance #1 0 

0.0032 

0.01 

0.032 

3 

6 

12 

23 

9 

1 

13 

17 

Latex Paint & 
Fragrance #2 0 

0.0032 

0.01 

0.032 

9 

14 

29 

40 

O i l - b a s e Paint & 
Fragrance #3 0 

0.030 

0.10 

0.32 

-17 

-18 

-15 

-14 

45 

60 

55 

75 
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4 
Sensory Structure of Odor Mixtures 

ANDREW DRAVNIEKS1, 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 i s to predict odor from chemical 
identi t ies and concentration
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 ex ist . Wherever re lat ion
ships appear to ex ist , 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 t i e the odor of the mixture to the odor of 
components. 

As an example, i f odorants with similar level of spicy note 
are mixed, what w i l l 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 v a n i l l i n ) were used: 

1 Current address: Institute of Olfactory Sciences, Park Forest, IL 60466. 

0097-6156/81/0148-0079$05.00/0 
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I n i t i a l l y Considered 
E s s e n t i a l l y Pleasant 

I n i t i a l l y Considered 
E s s e n t i a l l y Unpleasant 

A 
B 
C 
J 
W 
K 
E 
G 
N 
L 
H 
X 
U 
V 

Amylbutrate 
Benzaldehyde 
Eucalyptal 
Cinnamaldehyde 
C i t r a l 
Coumarin 
Eugenol 
Guiacol 
Limonene 
L i n a l o o l 
Methanol 
Musk, pentadecanolide 
y-Undecalacton
V a n i l l i n 

Q 
H 
2 
I 

P 
S 
T 

3 
R 
Y 
F 

D 
Z 

Ammonia 
1-Butanol 
B u t y r i c 
2 , 4 - t r a n s - t r a n s 

pyrazine 
Ethyl s u l f i d e 
1- Hexanal 
Hydrogen s u l f i d e 
I s o v a l e r i c a c i d 

Phenol 
Propylmercaptan 
Trimethylamine 

Decadienal 
Diacetyl 
2 - E t h y l - 3 , 6 - d i m e t h y l -

S t a t i s t i c a l Design. To keep the complexity of mixtures man
ageable, only b inary , t e r t i a r y , and quaternary mixtures were con
s i d e r e d , assuming that the quaternary complexity should begin to 
r e f l e c t r u l e s operat ive i n multicomponent mixtures. 

A f r a c t i o n a l f a c t o r i a l s t a t i s t i c a l design known as balanced 
imcomplete blocks with separable r e p l i c a t e s were u t i l i z e d . In 
each s e s s i o n , four odorants at a time are evaluated: 

In a block of 7 s e s s i o n s , each odorant i s used i n one of the 
s e s s i o n s . Nine blocks (63 sessions) would inc lude each odorant 9 
t imes, each p o s s i b l e p a i r once, and include 1/13 of a l l p o s s i b l e 
ternary and 1/325 of a l l p o s s i b l e quaternary mixtures. Because of 
p r a c t i c a l l i m i t a t i o n s , only 4 blocks could be completed, covering 
168 binary , 112 ternary and 28 quaternary mixtures, with a d u p l i 
c a t i o n of each quaternary mixture i n the same s e s s i o n . The design 
permits s t a t i s t i c a l a n a l y s i s of separate b l o c k s . 

Apparatus. Figure 1 represents the mixture olfactometer used 
i n the study. The apparatus c o n s i s t s of 16 s t i m u l i mixing mani
f o l d s . A i r at 0.5 L/min to each manifold i s suppl ied through 
s t a i n l e s s steel c a p i l l a r y tubings from the a i r d i s t r i b u t o r mani
f o l d ; the 17th c a p i l l a r y branch serves to monitor the a i r supply 
r a t e . 

4 odorants separately 

6 ( a l l p o s s i b l e ) binary mixtures 

4 ( a l l possib le) ternary mixtures 

1 ( i n d u p l i c a t e ) quaternary mixtures 

In Odor Quality and Chemical Structure; Moskowitz, H., et al.; 
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- BY-PASS _ . 

AIR FROM PUMP 

^ MIXING 
MANIFOLDS 

TO PORTS 

500 ML/MIN 

Figure 1. Olfactometer for mixing up to four (4) odorant vapors 
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The l i q u i d odorants are suppl ied by v a p o r i z i n g these i n the 
saturators i n t o dry nitrogen stream. In each saturator assembly, 
part of the nitrogen by-passes the s a t u r a t o r ; another p a r t , con
t r o l l e d by c a l i b r a t e d s t a i n l e s s s teel c a p i l l a r y C, passes over the 
odorant, becomes saturated with i t s vapor, and mixes with the by
pass nitrogen before f lowing to the mixing mani fo lds. 

For some odorants, the needed d i l u t i o n cannot be e a s i l y 
reached by d i l u t i o n i n the by-pass system alone. For these, 
an attenuator shown i n the i n s e r t at lower r i g h t was used. 

Three of the odorants (ammonia, hydrogen s u l f i d e , and t r i -
methylamine) were gases. Their d i l u t i o n s were prepared i n t h i c k 
wall c o l l a p s i b l e 18-L c o n t a i n e r s , i n j e c t i n g by syr inge the needed 
amount of the odorant gas and f i l l i n g with a i r . The d i l u t i o n s 
were prepared one day before t h e i r use, to a l low time f o r a s t a 
b i l i z a t i o n a f t e r adsorpt ion on the w a l l s . The d i l u t e d vapors were 
then suppl ied to the mixtur

S t i m u l i prepared i n the mixing manifolds were suppl ied by 
Teflon tubing l i n e s to glass s n i f f i n g ports which had 25 mm x 
35 mm e l l i p t i c opening. The ports were hung randomly along the 
w a l l s i n three a d j o i n i n g w e l l - v e n t i l a t e d rooms. The f i r s t l e f t 
and l a s t r i g h t m a n i f o l d , Figure 1, suppl ied the same four-compon
ent mixture, f o r evaluat ing the r e p r o d u c i b i l i t y of the judgements. 

S e l e c t i o n o f D i l u t i o n s . A Butanol-vapor odor i n t e n s i t y 
s c a l e (1) was used to estimate the odor i n t e n s i t y of s t i m u l i 
c o n s i s t i n g of s i n g l e odorants. The d i l u t i o n s were e m p i r i c a l l y 
adjusted to match the odor i n t e n s i t y of butanol vapor i n the 
50 to 100 ppm (v/v) concentrat ion range, but i n actual t e s t s 
some values f e l l somewhat outs ide t h i s range. The corresponding 
i n t e n s i t y was s u f f i c i e n t f o r c l e a r l y d i s c e r n i n g the odor c h a r a c t e r . 

Procedure. In each s e s s i o n , 9 p a n e l i s t s were used, drawn 
from a pool of 15, s ince i n t h i s several month long experiment 
a constant panel composition was i m p r a c t i c a l . However, i n each 
s e s s i o n , a l l 16 s t i m u l i were evaluated by the same p a n e l i s t s , 
so that d i f f e r e n c e s between p a n e l i s t s , as f a r as odor of mixtures 
v s . odor of components are concerned, were not a d i r e c t l y c o m p l i 
c a t i n g f a c t o r . 

The mixture ol factometer was set in operation 1-2 hours before 
the panel s e s s i o n . P a n e l i s t s c i r c u l a t e d among the s n i f f i n g ports 
and character ized the odor q u a l i t y of the s t i m u l i using a 136-des-
c r i p t o r mult idimensional s c a l e , described elsewhere ( 2 ) ; i t i s an 
extended Harper's s c a l e . (3j 

A f t e r the s e s s i o n , t h e ol factometer was f lushed with a i r for 
1-2 days, to remove adsorbed traces of odorants. 

R e p r o d u c i b i l i t y . There were 28 quaternary mixtures tested i n 
d u p l i c a t e . These d u p l i c a t e s were evaluated the same s e s s i o n . 
Twelve d e s c r i p t o r s were selected f o r t e s t i n g the r e p r o d u c i b i l i t i e s ; 
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sour, o i l y , p u t r i d , r a n c i d , s t a l e , burnt , sharp, b i t t e r , h e r b a l , 
e t h e r e a l , sweet, and f r a g r a n t . 

For each d e s c r i p t o r a Chi-square t e s t was designed. Descr ip
tor scores were grouped i n 3 c l a s s e s ; 0, 1 + 2 , and 3 + 4 + 5 , 
and d i s t r i b u t i o n of panel responses by c l a s s e s f o r the f i r s t and 
the second presentation of the quaternary s t i m u l u s , over the en
t i r e set o f 28 quaternary, was compared. Chi-square values were 
obtained that showed a high s i m i l a r i t y o f d i s t r i b u t i o n s , c o n s i d e r 
ably i n excess of 10 percent p r o b a b i l i t y . Thus, d u p l i c a t e quater
nary mixtures produced w e l l - c o r r e l a t e d d e s c r i p t o r responses, at 
l e a s t for the 12 d e s c r i p t o r s se lected f o r t h i s t e s t . 

Dif ferences i n the odor of p a i r s of s t i m u l i were also e s t i 
mated by using a method based on c o e f f i c i e n t s of a s s o c i a t i o n 
between i n d i v i d u a l i z e d (by p a n e l i s t s ) mult idimensional p r o f i l e s . ( 2 J 
The negative natural logarithm of t h i s c o e f f i c i e n t was prev iously 
found to c o r r e l a t e to th

In the present study, the 28 quaternary mixtures were evalu
ated i n d u p l i c a t e . Most sensory d i f f e r e n c e s w i t h i n d u p l i c a t e s had 
- £ n ( c o e f f . assoc. ) below 1. Most d i f f e r e n c e s between s i n g l e odor
ants (168 p a i r s ) were above t h i s va lue. When the value of 1 was 
experimental ly taken as the d i v i d i n g datum between "same" and 
"dif ferent" odor, the separation of these groups, by a Chi-squared 
t e s t , was highly s t a t i s t i c a l l y s i g n i f i c a n t . Thus, odor d i f f e r e n c e s 
between d u p l i c a t e d quaternaries were at most only as large as f o r 
odorants with odors that appear to a n o t - h i g h l y - t r a i n e d perfumer 
somewhat a l i k e (c i t ra l/1imonene; b u t y r i c / i s o v a l e r i c a c i d s ; hydro
gen s u l f i d e / e t h y l s u l f i d e ; t r imethylamine/butyr ic a c i d ? ) . 

Results and Discussion 

The o b j e c t i v e of the data a n a l y s i s was to discover how odors 
of mixtures r e l a t e d to the odors of components. This may be pos
s i b l e by comparisons of e n t i r e mult idimensional p r o f i l e s of mix
tures and components, but such an approach requires assumptions 
on the appropriateness of s e l e c t i n g some s p e c i f i c p r o f i l e compari
son method. The complexity of r u l e s that seem to govern the odor 
q u a l i t y of even simple mixtures has been pointed out by Moskowitz, 
et a l . (4) 

Instead, a method was se lected i n which scores f o r s p e c i f i c 
d e s c r i p t o r s for the components and mixtures were compared. A f r e -
quency-of-use histogram f o r the d e s c r i p t o r s i n d i c a t e d that f o r the 
28 odorants s e l e c t e d , and t h e i r mixtures, 30 d e s c r i p t o r s were most 
commonly used. These d e s c r i p t o r s are l i s t e d i n Table 1. 

Further data a n a l y s i s was confined to these 30. 

C l a s s i f i c a t i o n o f Mixing E f f e c t s . For each o f the d e s c r i p 
t o r s , the score for a mixture can be compared to the scores of the 
components (concentrations of components are e s s e n t i a l l y the same 
f o r s i n g l e components and these components i n the m i x t u r e ) . Three 
benchmarks can be derived from the component s c o r e s : the lowest 
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panel mean s c o r e , the highest panel mean s c o r e , and the a r i t h m e t i c 
mean of the component scores. 

In p r i n c i p l e , i n some cases, the score for the mixture may be 
higher than the highest component score. Some form of the odor 
note a d d i t i v i t y or a promotion by other d i f f e r e n t notes o r i g i n a t 
ing i n the other components of the mixture may then be suspected. 
In the other extreme, the score for the mixture may be lower than 
the lowest component s c o r e , and a suppression or a d i l u t i o n of the 
d e s c r i p t o r - c h a r a c t e r i z e d note by other notes of fered by the other 
components may have occurred. For the inbetween c a s e s , l e s s pro
nounced e f f e c t s of a s i m i l a r type may have occurred. 

The phenomenology of the mixing e f f e c t s was inspected using 
the histograms i n Figure 2 . The mixing e f f e c t codes were as f o l 
lows : 

2 = score fo
than for the component with the lowest 
score. 

3,4 = score for the mixture i s higher than 
the lowest component s c o r e , but lower 
than or equal to the mean score of 
the components. 

5,6 = score for the mixture i s higher than 
the mean component s c o r e , but lower 
than or equal to the highest compon
ent score. 

7 = score f o r the mixture i s higher than 
the highest component score. 

For o r i e n t a t i o n : 

(a) , a l l cases with code 6 or below ( l e f t of 
arrows) demonstrates e i t h e r suppression 
or at most non-impairment ( i f scores of 
mixture equal to highest component score) 
of the odor note upon mix ing. 

(b) . a l l blackened bars i n d i c a t e cases where 
mixing reduced the scores to values below 
the mean score of the components (or , in 
rare cases, kept i t at the mean score 
l e v e l ) . 

An i n s p e c t i o n of Figure 2 leads to the f o l l o w i n g c o n c l u s i o n s : 

(1) . There are only a very few cases where 
mixing might have enhanced an odor note 
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of that component which was the highest 
i n t h i s odor note—see low frequency of 
occurrence of Code 7 e f f e c t . 

(2) . There i s only one case (clove) where 
mixing brought the note below the l e v e l 
o c c u r r i n g i n the component with the 
lowest l e v e l of t h i s note. 

(3) . O v e r a l l , the scores f o r the mixtures 
g r a v i t a t e around the mean score of the 
components. 

(4) . Two types of c o n t r a s t i n g behavior and a 
t h i r d on
to appear
the odor notes are retained on m i x i n g , 
remaining higher than the mean score 
l e v e l . In the o t h e r , most of 10 histograms 
on the r i g h t , the odor notes appear to 
be more s u s c e p t i b l e to a degradation by 
mix ing. "Light" i s the extreme example 
of the l a t t e r behavior, but i t i s e a s i l y 
understood s ince t h i s i s more of an odor 
i n t e n s i t y than q u a l i t y d e s c r i p t o r , and 
the odor w i l l be stronger and "heavier" 
as other components are added. 

(5) . S u p e r f i c i a l l y , l e s s s p e c i f i c d e s c r i p t o r s 
appear to belong to the f i r s t group, and 
d e s c r i p t o r s f o r more s p e c i f i c a l l y recog
n i z a b l e odor notes belong to the second 
group. 

Thus, the p r i n c i p a l e f f e c t upon mixing appears to be a reduc
t i o n of scores for various odor notes from the l e v e l of the score 
for the most h i g h l y scored component. Odor notes a l s o appear to 
d i f f e r i n t h e i r r e s i s t a n c e to such degradation. Apparently , 
i n t r o d u c t i o n of other odor notes on mixing u s u a l l y weakens the 
l e v e l of the odor notes of the components i n an analogy to the 
r o l e of an auditory noise i n sound r e c o g n i t i o n . 

Simple Mathematical Model f o r Odor M i x t u r e s . Since the data 
i n Figure 2 i n d i c a t e d the mean of scores of the components may 
serve as a crude benchmark f o r d e r i v i n g the score f o r the mixture, 
a mathematical model was devised f o r a more r e f i n e d r e l a t i o n 
between the component and mixture odor notes. The model i s based 
on a l i n e a r r e g r e s s i o n : 

[CODE VALUE] = [INTERCEPT] + [SLOPE] [MEAN COMPONENT SCORE] 
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Such equations were sought f o r a l l 30 of the most f requent ly 
occurr ing d e s c r i p t o r s : Table I l i s t s the values of i n t e r c e p t s , 
s l o p e s , and c o e f f i c i e n t s of determination (a measure of the good
ness of f i t to the obtained equat ion) . 

T y p i c a l l y , about 50 percent of variance was accommodated by 
such a simple equation. For most d e s c r i p t o r s , the i n t e r c e p t and 
slope c o e f f i c i e n t s do not vary much with the d e s c r i p t o r . C o e f f i 
c i e n t s f o r "l ight" and "powdery" are d i f f e r e n t from those f o r 
other d e s c r i p t o r s . I f these are d i s r e g a r d e d , and the mean values 
of the c o e f f i c i e n t taken, the f o l l o w i n g equation r e s u l t s : 

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

Improvements to the Model. Since other odor notes undoubted
l y i n f l u e n c e the scores of some selected odor notes, a d d i t i o n a l 
v a r i a b l e s were added t
m u l t i p l e stepwise regression a n a l y s i s was conducted. For each 
odor note, the other candidate v a r i a b l e s were a l l other 29 des
c r i p t o r scores, and the hedonic tone of the h e d o n i c a l l y lowest 
( l e a s t pleasant or most unpleasant) and highest components. (5J 
Only 4 s u b s i d i a r y v a r i a b l e s were allowed to enter the equation. 

The l a s t two columns i l l u s t r a t e the performance of the im
proved model. The degrees of determinations are s i g n i f i c a n t l y 
higher, but i n the best case were at 0.7 l e v e l ( f r a g r a n t , s i c k 
ening, sweet, r a n c i d ) . The four s u b s i d i a r y v a r i a b l e s f o r each 
d e s c r i p t o r are l i s t e d i n the l a s t column. 

Procedure f o r Est imating Score f o r M i x t u r e s ; Example. Three 
odorants, A, B, and C, are mixed i n the vapor phase. Their scores 
(mean panel values) for some selected d e s c r i p t o r are 1.8, 2 . 6 , 3 . 2 . 
The 1.8 i s the lowest, corresponding to Code 2 . The mean 2 . 5 3 , 
corresponding to Code 4. The highest i s 3 . 2 , corresponding to 
Code 6. These three points are p l o t t e d i n Figure 3 . 

The estimated code value for the mixture i s , from the regres
sion equation above (general ized form): 

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

Reading back from the code value 5.47 v i a p l o t of Figure 3 , 
the best estimated score for the mixture, f o r t h i s d e s c r i p t o r , i s 
3 . Note that the standard d e v i a t i o n for the simple regression 
equations of Table I t y p i c a l l y i s 0.5 on the code v a l u e s . 

Summary and Conclusions 

Odor q u a l i t y (character) of 336 mixtures of 28 odorants, up 
to quaternary i n complexity, was evaluated using multidimensional 
s c a l i n g 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 typical ly 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 lowest component score was also infrequent. Those 
notes which were more specif ic seem to be more susceptible to 
degradation mixing. 

Linear regression equations anchored to the mean of the com
ponent scores typical ly 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 w i l l be eventually 
well-understood. However, most real odors are evoked by odorant 
mixtures; thus, a gap w i l l 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 relat ions, odor qualit ies of vapors of 28 odor
ants, diluted to y ie ld about the same odor intensi t ies , and of 
their 168 binary, 112 ternary, and 28 quaternary mixtures were 
characterized using Harper's scale expanded from 44 to 136 des
cr iptors. The odorants ranged from very unpleasant ( isovaleric 
acid) to very pleasant (vani l l ian) . 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 
l inear regression equations was found for an approximate c a l c u l 
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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Naarden International, P.O. Box 2, 1400 CA Naarden, The Netherlands 

I. Introduction 

The nature of the
interactions has not yet been elucidated. Some experiments suggest 
the presence of specific proteinaceous receptors (1,2), 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 (4,5). 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=-0.3T N-1.57 (r=0.99, t=37°) 
n-aliphatic fatty acids: log SVP=-0.U9 N-2.22 (r=0.99, t=25 ) 

log SVP=-0.U6 N-2.00 (r=0.99, t=37°) 
in which r is the correlation coefficient and t the temperature 
in degrees celsius. 

0097-6156/81/0148-0093$05.00/0 
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2.2. S o l u b i l i t y data. S o l u b i l i t y data are taken from the 
l i t e r a t u r e (J_0,J_1_,J_2). S o l u b i l i t i e s can also been calculated from 
the octanol/water p a r t i t i o n coefficient using the method of Hansch 
(13) or Yalkowsky and Morozowich (jJO . The following relationships 
have been found between the log s o l u b i l i t y (S) and the number of 
carbon atoms (N) for the n-alcohols: 

1. B e l l (J2) log S=-0.58 N + 2.30 (t=25-30°) 

h. Hansch et a l . l o g f , ^ ( t . 1 5 . 2 5 O j C |_. C 8) 

The correlation betwee
atoms (N) i s larger than 0.99 in a l l cases. For the n-fatty acids 
the following relationships have been found between log S and the 
number of C-atoms: 

1. B e l l (_12) log S=-0.60 N + 2.32 (t=25-30°) 
2. Se i d e l l (JJ_) log S=-0.65 N + 3.05 (t=20°, C 6-C 9) 
3. Yalkowsky and + k ( o } 

Morozowich (_1_U) 0 3 

As for the n-alcohols the correlation between log S and the number 
of carbon atoms i s larger than 0.99 in a l l cases. 

2.3. The air/water p a r t i t i o n coefficient (K a/w). The a i r / 
water p a r t i t i o n coefficient (Ka/w) can be calculated using the 
following formula (j_6) : 

K a/ w = saturated vagor pressure (°K, Mol/l). ^ ̂  ̂  
s o l u b i l i t y ( K, Mol/l) i n water 

Amoore and Buttery (J_T) suggest to use this formula only in cases 
in which the s o l u b i l i t y i n water at 25°C i s smaller than 10 gram/L 
For s o l u b i l i t i e s larger than 10 gram/1 but not i n f i n i t e they 
propose the following equation: 

P X 0 . 9 T X 1 0 , (2) 

in which s o l . i s the s o l i b i l i t y i n 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 p a r t i t i o n coefficients have been 
calculated using the s o l u b i l i t y data from ; for the 37°C values 
the s o l u b i l i t i e s given by (j_0) have been used for the n-alcohols 

Ka/w 5̂5.5> 
k s o l . ; 0.0555 I M+1 
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while for the n-fatty acids the s o l u b i l i t i e s from (_1_5) have been 
used. Calculation of the linear regression between log Ka/w and 
the number of carbon atoms (N) gives the following results for 
the n-alcohols: 

at 25°C log Ka/w = -0.195 N + H.17 (r=0.99, C 3-C 1 2) 
at 37°C log Ka/w = -0.306 N + U.31 (r=0.99, C 3-C 1 2) 

and for the n-fatty acids: 

at 25°C log Ka/w = -O.1U5 N + U.79 (r=0.97, C 2-C 9) 
at 37°C log Ka/w = -0.190 N + k.99 (r=0.99, C 2-C y) 

2.U. Data treatment. Literature data on the efficacy of 
n-alcohols and n-fatty
and/or organs have bee
measures of efficacy used can be found i n Tables 1 and 2 under 
physiological or biophysical parameter. In the case of aqueous 
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 i n a i r was corrected with 
the air/water p a r t i t i o n coefficient to the concentration i n 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 (Ay) was calculated, assuming that 
the chemicals are in equilibrium between the membrane and solution 
phases. The following formula has been used (h): 

Ay(CH 2°) = a X 2.3 RT C a l/mole (lcal=0.239 J ) , 

in which a = the slope of the regression l i n e 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 i n which the range of compounds studied exceeded Cq two 
regression equations were computed. Table 3 presents the Ay values 
for the n-alcohols. The experiments cited have been c l a s s i f i e d i n 
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 Ay 
values for the four different groups t-tests between the means 
were computed. The results are presented i n Table h. Table 5 
presents data analogous to Table 3 for the n-fatty acids. 
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Table 1. The Linear Regression Between the Log-Effectiveness 
(Physiological or Biophysical Parameter) and Number of 

Carbon Atoms for the n-Aliphatic Alcohols 

Model systea or 

organise and/or Physiological or 
organ Detection method biophysical parameter r** Range Slope Constant Reference 

1 Red blood cell ghost Uptake Anesthetic effect -0.96 C5-C10 -0.60 1.30 (18) 

2 Red blood cells Hemolysis 
-0.99 C1-C8 -0.58 0.99 (19) 

3 Lobster axon Electrophyslology Anesthetic effect -0.99 C1-C5 -0.59 1.37 (19) 
4 Frog sciatic nerve Electrophyslology 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-C8 -0.56 0.61 (20) 

7 Escherichia coli Negative chemotaxis Thresholds -0.86b C1-C4 -1.02 0.11 (21) 

8 Physarum polycephalu* Chemotactic motive 
force 

Thresholds -0.99 C3-C10 -0.37 -0.56 ( I) 
9 Tetrahynena Chemotaxis Thresholds -0.99 C1-C10 -0.41 -1.02 ( _5.) 

10 Nitella sp. Chemotactic electrical Thresholds -0.99 C3-C8 -0.64 0.87 ( I) 
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 C3-C8 -0.55 -1.79 (22) 
13 Human olfactory organ* Psychophysical rcsoonse Detection threshold -0.95 C3-C12 -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-C10 -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 C1-C8 -0.42 -0.59 (24) 

16 Bat olfactory organ* Indirect physiological Detection threshold -0.95b C1-C4 -0.54 0.44 (25) 
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 C2-C7 -0.55 -4.49 (27) 

19 Phornria regina tarsal Inhibition proboscis Rejection threshold -0.97 C1-C8 -0.65 1.76 (28) 
taste hairs 

Inhibition proboscis 
taste 

20 Phormia regina Behavioral response Rejection threshold -0.94 C1-C10 -0.65 1.48 (29) Behavioral response 
taste -0.94 C1-C8 -0.73 1.78 

21 Gryllus assimilis Tetanic vibratory Rejection threshold -0.98 C1-C7 -0.85 3.18 (28) 
ovipositor response taste 

*These threshold values have been measured in air and are corrected with 
the air/water partition coefficient to the concentration in water. 

^All r-values are significant at 1*. except for those indicated with b, which are significant at 5%. 

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



T
ab

le
 2

. 
T

he
 L

in
ea

r 
R

eg
re

ss
io

n 
B

et
w

ee
n 

th
e 

L
og

-E
ff

ec
tiv

en
es

s 
(P

hy
si

ol
og

ic
al

 o
r 

B
io

ph
ys

ic
al

 P
ar

am
et

er
) 

an
d 

th
e 

N
um

be
r 

of
 C

ar
bo

n 
A

to
m

s 
fo

r 
th

e 
n-

F
at

ty
 A

ci
ds

 

M
od

el
 

sy
st

em
 

or
 

or
ga

ni
sm

 
an

d/
or

 

or
ga

n 
D

et
ec

ti
on

 
m

et
ho

d 

P
hy

si
ol

og
ic

al
 

or
 

b
io

p
hy

si
ca

l 
pa

ra
m

et
er

 
Ra

ng
e 

Sl
op

e 
C

on
st

an
t 

R
ef

er
en

ce
 

22
 

Hu
m

an
 

er
yt

h
ro

cy
te

 
A

nt
i 

he
m

ol
ys

is
 

In
h

ib
it

io
n 

50
%

 
-0

.8
7 

C2
-C

18
 

-0
.1

7 
-2

. 1
2 

(1
9)

 
23

 
Ph

ys
ar

um
 

Po
ly

ce
ph

al
um

 
C

he
m

ot
ax

is
 

Th
re

sh
ol

d 
-0

.9
6 

C3
-C

7 
-0

.1
4 

-3
. 6

7 
( 

i)
 

24
 

N
it

e
ll

a 
C

he
m

ot
ax

is
 

Th
re

sh
ol

d 
-0

.9
9

a 
C4

-C
7 

-0
.4

2 
-1

. ,4
2 

( 
D

 

25
 

Hu
m

an
 o

lf
a

ct
o

ry
 

or
ga

n 
P

sy
ch

op
hy

si
ca

l 
re

sp
on

se
 

Th
re

sh
ol

d 
no

rm
al

s 
-0

.6
6 

C1
-C

10
 

-0
.2

4 
-2

 .5
0 

(3
1)

 
26

 
Hu

m
an

 o
lf

a
ct

o
ry

 
or

ga
n 

Ps
yc

ho
ph

ys
ic

al
 

re
sp

on
se

 
Th

re
sh

ol
d 

an
os

m
ic

s 
-0

.7
0 

C1
-C

10
 

-0
.2

3 
-1

 .5
1 

(3
1)

 
27

 
Hu

m
an

 o
lf

a
ct

o
ry

 
or

ga
n*

 
P

sy
ch

op
hy

si
ca

l 
re

sp
on

se
 

Th
re

sh
ol

d 
-0

.7
0 

C2
-C

9 
-0

.1
9 

-3
. ,8

8 
(2

3)
 

28
 

Hu
m

an
 o

lf
a

ct
o

ry
 

or
ga

n*
 

P
sy

ch
op

hy
si

ca
l 

re
sp

on
se

 
Th

re
sh

ol
d 

-0
.7

1 
C2

-C
9 

-0
.3

1 
-5

. ,4
6 

(2
2)

 

29
 

Hu
m

an
 o

lf
a

ct
o

ry
 

or
ga

n 
P

sy
ch

op
hy

si
ca

l 
re

sp
on

se
 

Th
re

sh
ol

d 
-0

.7
5 

C2
-C

9 
-0

.3
6 

-3
. ,3

9 
(3

0)
 

30
 

Hu
m

an
 

to
ng

ue
 

P
sy

ch
op

hy
si

ca
l 

re
sp

on
se

 
Th

re
sh

ol
d 

-0
.9

1
a 

C2
-C

10
 

-0
.1

4 
-3

, .2
9 

(2
7)

 

31
 

Do
g 

o
lf

a
ct

o
ry

 
or

ga
n 

B
eh

av
io

ra
l 

re
sp

on
se

 
Th

re
sh

ol
d 

-0
.8

1 
C2

-C
8 

-0
.3

5 
-1

0,
 .2

5 
(3

2)
 

32
 

Do
g 

o
lf

a
ct

o
ry

 
or

ga
n 

B
eh

av
io

ra
l 

re
sp

on
se

 
Th

re
sh

ol
d 

-0
.8

3
a 

C2
-C

8 
-0

.2
7 

-3
, .0

6 
(3

3)
 

33
 

Ph
or

m
ia

 
re

gi
n

a
, 

ta
rs

a
l 

In
h

ib
it

io
n 

pr
os

co
bi

s 
Th

re
sh

ol
d 

-0
.8

7 
C2

-C
5 

-0
.1

5 
-0

, .3
6 

(3
4)

 
ta

st
e 

ha
ir

s 

Th
es

e 
th

re
sh

ol
d 

va
lu

es
 

ha
ve

 b
ee

n 
m

ea
su

re
d 

in
 

a
ir

 
an

d 
ar

e 
co

rr
ec

te
d 

w
it

h 
th

e 
ai

r/
w

at
er

 
p

a
rt

it
io

n 
co

e
ff

ic
ie

n
t 

to
 

th
e 

co
nc

en
tr

at
io

n 
in

 
w

at
er

. 

*A
11

 
r-

va
lu

es
 

ar
e 

si
g

n
if

ic
a

n
t 

at
 

5%
 e

xc
ep

t 
fo

r 
th

os
e 

in
d

ic
at

ed
 w

it
h 

a
, 

w
hi

ch
 

ar
e 

si
g

n
if

ic
a

n
t 

at
 1

%
 

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



98 ODOR QUALITY AND CHEMICAL STRUCTURE 

Table 3. The Ay values for the n-aliphatic alcohols for four 
different groupings, together with th e i r means and 
standard deviations. The data are taken from Table 1. 

ANESTHESIA CHEMOTAXIS OLFACTION TASTE 

-536 5 - 8 * -1367 1-4 7 -880 3-8 11 -696 2 -8 17 

-777 1-8 2 -496 3-10 8 -781 3-8 12 -781 2-7 18 
- 790 1-5 3 -549 3 -10 9 -696 3-8 13 -871 1-8 19 
-576 1-5 k -857 3-8 10 -1221 3-8 ^k -987 1-8 20 
- 764 2-8 5 

- 750 2 -8 6 

- 699 -817 -811 -904 

112 404 226 193 

X 
Sd. 

& Range of carbon atoms in the regression equation on which the 
Ay values are based, 

ftft This number refers to the s e r i a l number of the studies cited in 
Table 1. 

Table k. t-Tests between the mean Ay values of the n-aliphatic 
alcohols for the four different groupings from Table 3. 

ANESTHESIA CHEMOTAXIS OLFACTION TASTE 

ANESTHESIA 
n=6 

CHEMOTAXIS t=0.70 
n=4 df 8 

n.s. 
OLFACTION t=1.09 t=0.03 
n=6 df 10 df 8 

n.s. n.s. 
TASTE t=2.20 t=0.43 t=0.73 
n=5 df 9 n c df 7 n e df 9 n c n.s. n.s. n.s. 
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5. PUNTER ET AL. n-Aliphatic Alcohols and Fatty Acids 99 

Table 5- The Ay values for the n-fatty acids for four different 
groupings together with t h e i r means and standard 
deviations. The data are taken from Table 2. 

ANESTHESIA CHEMOTAXIS OLFACTION TASTE 

-277 2 - 1 8 * 2 2 M -563 4 -7 2k - 273 2-9 27 -199 2-10 30 
190 3-7 23 -350 1-10 25 -201 2-5 33 

273 2 - 9 21 

350 1- 10 25 
327 1- 10 26 
443 1- •9 28 

497 2- •8 31 

X -277 -376 -393 -200 

S d . 91 

ft Range of carbon atoms in the regression equation on which the 
Ay values are based, 

ftft This number refers to the s e r i a l number of the studies cited in 
Table 1. 

Since the number of experiments used i s smaller than those for the 
n-alcohols i t was not possible to do a s t a t i s t i c a l analysis. In 
Table 6 the mean Ay values and the intercepts of the linear 
regression lines (from Tables 1 and 2) are compared for the 
n-alcohols and n-fatty acids. 

k. Discussion and Conclusion 

The n-alcohols and n-fatty acids can have different effects 
on a variety of b i o l o g i c a l functions associated with membranes. 
These effects can cause i n h i b i t i o n , stimulation or biphasic 
changes in membrane bound enzymatic systems (T_)• As can be seen 
from Tables 1 and 2,the efficacy of the n-alcohols and n-fatty 
acids i s a linear function of chain-length: to obtain the same 
eff e c t , a lower concentrations i s needed as the chain-length 
increases. For the n-alcohols the increase in efficacy with 
increasing chain-length generally levels o f f for compounds with 
more than 8 carbon atoms. This effect i s seen as a difference in 
the slope of the regression l i n e of the whole range of alcohols 
tested and the slope of the regression l i n e up to C3 . 
According to Fourcans and Jain (7_) and Jain and Wray (J35) the 
c r u c i a l factor in the efficacy of alcohols to modify l i p i d 
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Table 6. The mean Ay values and mean intercepts of the regression 
lines of the n-aliphatic alcohols and n-fatty acids for 
the four different groupings and o v e r a l l . The data are 
taken from Tables 3 and 5. 

ANESTHESIA CHEMOTAXIS OLFACTION TASTE OVERALL 

Ay -699 -817 -811 -904 -802 
Sd. 112 404 226 193 230 

in _J o 
o 

Q 

INT 0.86 -0.15 -1.06 0.54 0.04 
Sd. 0.52 0.8

n 6 4 6 5 21 

Ay -277 -376 -393 -200 -344 
Sd. 91 132 

^ INT -1.80 -2.54 -4.29 -1.83 -3.41 
£ Sd. 2.90 2.53 
h-
< 
"X n 1 2 7 2 12 

structure and various functions (of membranes) i s the hydro-
phobicity of the alcohol. Above a c r i t i c a l chain-length they cause 
less perturbation in the l i p i d chains between which they are 
intercalated, hence their efficacy i s lower. For the n-fatty acids 
i t i s d i f f i c u l t to find a similar effect; the reported ranges in 
Table 2 are i n most cases too small. As can be seen from the 
correlation coefficients in Table 2 there i s more scatter in the 
fatty acid data than in the alcohol data. The correlation 
coefficients are lower in most cases, although s t i l l 
s i g n i f i c a n t . 
The results presented i n Table 1 for the n-alcohols are a l l based 
on interactions with l i p i d - p r o t e i n systems. Results on l i p i d 
systems only, show a similar trend. Table 7 summarizes a number 
of these studies. The Ay value for the data from Table 7 i s 
-858 cal/mole with a standard deviation of 221. This value i s 
very similar to the overall value for the l i p i d - p r o t e i n systems 
(Table 6). 
In addition, dissociation constants based on electro-olfactograms 
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102 ODOR QUALITY AND CHEMICAL STRUCTURE 

for a series of n-aliphatic alcohols (6_) showed that this para
meter i s in agreement with the findings presented in Table 1. 
The Ay values of the n-aliphatic alcohols based on the 
dissociation constants are -1072 cal/mole for C 3 to C 8 and -871 
cal/mole for C 3 to C^Q. 
The correlations between the dissociation constant and the number 
of carbon atoms are -O.96 and -O.9U respectively. The same type of 
linear relationship between effectiveness and chain-length has 
been found for n-alkanes and n-thiols (39). Additional support for 
the involvement of phospholipids in chemoreceptive processes can 
be deduced from the fact that the thresholds for c i s - a l i p h a t i c 
compounds are similar or lower than those for trans-aliphatic 
compounds (U0; own unpublished r e s u l t s ) . This may be due to the 
fact that aliphatic cis-compounds cause a greater disturbance i n 
the phospholipid bilaye
In the case of the n-alcohol
to be quite similar (Table 3) in the b i o l o g i c a l systems which 
have been examined here. This suggests that the nature of this 
potential i s a consistent property of membranes found i n diverse 
systems measured in a variety of ways. The t-tests over the means 
for the four groupings (Table k) do not show any significant 
differences. In the case of the n-fatty acids (Table 5) i t i s 
more d i f f i c u l t to make a meaningul comparison between the four 
different groupings because of the limited amount of data. 
Comparison of the Ay values and intercepts of the regression lines 
for the n-alcohols and n-fatty acids (Table 6) shows that the 
behavior with regard to the effectiveness i s rather independent of 
the nature of the membrane system. The following conclusions can 
be derived from Table 6: 
1. From the Ay values i t can be deduced that the transfer from the 

water to the l i p i d phase takes more energy for the n-alcohols 
than for the n-fatty acids for the chain-lengths investigated. 

2. From the intercepts i t can be deduced that the s e n s i t i v i t y of 
the b i o l o g i c a l system i s higher for the n-fatty acids than for 
the n-alcohols. 

In the case of the n-alcohols the overall free energy of adsorption 
(Ay) i s -800 cal/mole-CH2. This value i s in agreement with the 
assumption that the process i s controlled by hydrophobic i n t e r 
action. According to Seeman (j_9) the hydrophobic region may 
consist of: 
a. non-polar portions of l i p i d molecules, and/or 
b. non-polar interfaces between l i p i d and protein molecules, and/or 
c. hydrophobic regions of protein molecules. 
In the case of the n-fatty acids Ay i s considerably lower (Table 6). 
Since the oil/water p a r t i t i o n coefficients for these compounds are 
not very different from those of the n-alcohols,it i s suggested 
that interactions of polar groups at the interface of the chemo
receptive membrane may be responsible for the difference (k). 
Furthermore dissociation effects of these acids could play a ro l e . 

This study points to the importance of hydrophobic membrane 
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5. PUNTER ET AL. n-Aliphatic Alcohols and Fatty Acids 103 

regions i n chemoreceptive processes. However, considerably 
disagreement remains about the actual role of these hydrophobic 
domains. The following opinions are quoted from a discussion in 
Hauser (h2): "there i s a clear p o s s i b i l i t y of phospholipids acting 
as a receptor", " i t i s hard to see how the interaction of a drug 
or a sweet molecule with a phospholipid can result in anything!' and 
"couldn't i t be possible that the phospholipids play a role i n 
that they provide the micro-environment of the protein and that 
the motional state of the protein depends on this environment". 
This l a t t e r statement i s in accordance with a conclusion from 
Fourcans and Jain (7.) who state that many different membrane bound 
enzymes or enzyme systems from different sources exhibit p a r t i a l 
or complete dependence upon membrane l i p i d s for their a c t i v i t y . 

It should be mentioned that data on cockroach antennal (k3) 
and maxillar palp (kk) olfactor
receptor c e l l s display
the same ranges of n-alcohols (e.g. so called pentano and 
heptanol receptors). Additionally, the existence of vertebrate 
olfactory receptor c e l l s which display different s e n s i t i v i t i e s 
for the same alcohols can be concluded from single-unit adaptation 
and cross adaptation studies (k5). Although the effects could be 
due to different protein receptor species, they can also be 
explained on the basis of different l i p i d compositions in the 
receptor c e l l s i n question. 

That rather specific proteins are also involved in chemo
receptive processes has been shown by several electrophysiological 
(l^Ai 5A6»ifl) and biochemical (U8,j+9,_50) studies. Moreover, 
freeze-fracture observations indicate the presence of a high 
intramembrane p a r t i c l e density in olfactory c i l i a when compared 
to non-sensory respiratory c i l i a (5J_,_52 ,_53). Therefore i t i s 
evident that membranes of olfactory sensory c i l i a d i f f e r from those 
of non-sensory k i n o c i l i a . Also m i c r o v i l l i from taste receptor c e l l s 
display high intramembrane p a r t i c l e densities (_5U). From threshold 
measurements i t can not be decided whether the hydrophobic domains 
act as sole receptor sites for the substances investigated, though 
this seems unlikely considering the above references. I f so, the 
membranous part i c l e s could represent proteinaceous ion gates and/ 
or transducting enzyme systems (e.g. membrane bound nucleotide 
cyclases) which are activated by the perturbation of the hydro
phobic membrane domains. Alternatively these hydrophobic domains 
could act in conjunction with more speci f i c proteinaceous receptor 
s i t e s . In that case at least part of the intramembrane particles 
represent the actual receptor sites (53). 

The studies cited in this paper show that for n-aliphatic 
alcohols (C1-C12) and -acids (C2-C9), olfaction and taste act in 
similar ways as chemotaxis and anesthesia. Jain et a l . (55.) came 
to a similar conclusion for many other membrane systems. Alcohols 
and fatty acids were used in the present study since olfactory and 
gustatory data on these compounds could be compared with those on 
many other systems. It should be kept in mind that threshold 
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determinations on other compounds may also only describe non
spe c i f i c interactions. Hence threshold determinations are of 
limited value for answering spe c i f i c mechanistic questions. 
However, psychophysical studies could contribute by using 
compounds with rather similar physical and physico-chemical 
properties. Systematic quantitative threshold , s e l f - and cross-
adaptation measurements using o p t i c a l - , p o s i t i o n a l - , and cis-trans 
isomers could provide useful data. Additionally, precise 
assessments of olfactory and gustatory qualitative sensations may 
provide more spe c i f i c answers than quantitative assessments (see 
e.g. 56,57,58)• A combination of qualitative and quantitative 
psychophysical experiments on the compounds suggested above could 
be very useful especially i n combination with electrophysiological 
and biochemical studies. 

L i s t of abbrevations 

X = mean values Sd. 
N = number of studies used n.s. 
df = degrees of 
Int = intercept 
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Summary 

The present study shows that n-aliphatic alcohols and fatty 
acids have a similar efficacy for o l f a c t i o n and taste as for 
other membrane related detection systems, e.g. chemotaxis and 
anesthesia. Using data of numerous authors,the change i n chemical, 
potential per CH2-group added for the n-alcohols i s -699 cal/mole 
for anesthesia, —817 cal/mole for chemotaxis, -811 cal/mole for 
o l f a c t i o n , -90U cal/mole for taste with an average value of -802 
cal/mole. For the n-aliphatic fatty acids these values are 
respectively -277 cal/mole, -376 cal/mole, -369 cal/mole, -200 
cal/mole and -330 cal/mole. The intercepts (in 1 0 l o g Mol/l) of 
the regression lines of the efficacy versus chain-length for the 
n-alcohols are 0.86 (anesthesia), -0.15 (chemotaxis), 1.0U 
(olfa c t i o n ) , 2.97 (taste) with an average value of 1.68. For the 
n-aliphatic fatty acids these values are respectively -1.80, -2.5*+, 
-5.07, -1.83 and -3.87. From these data i t has been concluded that 
irrespective of the membrane system,the transfer from the water to 
the l i p i d phase takes more energy for the n-alcohols than for the 
n-fatty acids (chemical potential values) and that the 

= standard deviation of the mean 
= not significant 
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investigated membrane-linked systems are more sensitive for 
n-fatty acids than for n-alcohols (intercepts). Suggestions for 
psychophysical experiments which may give more specific answers 
concerning the mechanisms of olfaction and taste are given. 
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6 
Olfaction and the Common Chemical Sense 
Similarities, Differences, and Interactions 

WILLIAM S. CAIN 

John B. Pierce Foundation Laboratory and Yale University, New Haven, CT 06519 

All mucosal epithelium (e.g., mouth, throat, eyes, anus) 
possesses chemical sensitivity  I  fact  all ski h 
sensitivity beneath th
ized and localized receptors of olfaction and taste, the chemo
receptive elements of mucosal tissue comprise free (unspecial-
ized) nerve endings. In the respiratory tract, free endings of 
three cranial nerves (trigeminal, glossopharyngeal, vagus) play a 
chemoreceptive role. These register the "feel" of cigarette 
smoke during inhalation, the "bite" of chili pepper, the "burn" 
of ammonia, the coolness of menthol, and so on. Such experiences 
comprise sensations of the common chemical sense. They may lack 
the qualitative range and richness of odors or tastes, but can 
nonetheless add much to the enjoyment of eating, drinking, and 
smoking, and even of fresh air. Crisp, invigorating air often 
gains its sensory character from concentrations of ozone suffi
cient to trigger common chemical sensations. 

The motivation for controlled common chemical stimulation 
varies markedly. Some persons crave hot spicy food, whereas 
others avoid even a hint of pungency (2). The difference may lie 
in personal criteria for what to deem painful or how to interpret 
pain. Even weak common chemical stimuli may eventually evoke 
pain, a reason why the "chemistry" of this modality has appealed 
to persons who study air pollution, warning agents, industrial 
contaminants, and agents for crowd control. Examples of common 
airborne substances with particular effectiveness include: sul
fur dioxide, formaldehyde, acrolein, chlorine, automobile exhaust, 
sulfuric acid, acetic acid, ammonia, nitro-olefins, nitrogen 
dioxide, and cigarette smoke. Hundreds of other less common sub
stances can also evoke intense pungency. Dixon and Needham (3j, 
and subsequently Alarie (4), drew attention to three classes of 
potent irritants: 1) thiol alkylating agents characterized by a 
"positive halogen" atom (e.g., chloracetophenone, bromobenzyl-
cyanide, amides of iodoacetate and acrylate), 2) dienophiles, 
which contain an ethylenic double bond polarized by electron 
withdrawing groups (e.g., acrolein, benzilidene malonitrile, 
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o-chlorobenzyl idene m a l o n i t r i l e , $ - n i t r o s t y r e n e ) , and 3) c e r t a i n 
organoarsenicals i n which a r s e n i c operates at the t r i v a l e n t s t a t e 
( e . g . , d iphenylaminochlorars ine, ethyl d i c h l o r o a r s i n e , d i p h e n y l -
cyanoarsine). These c lasses share an a b i l i t y to react with SH 
groups i n p r o t e i n receptor molecules. The higher the r e a c t i v i t y , 
the stronger i s the i r r i t a n t . Another mode of i n t e r a c t i o n with a 
receptor p r o t e i n , s p e c i f i c a l l y n u c l e o p h i l i c cleavage of S-S l i n k 
ages, can help to account f o r the i r r i t a n t p o t e n t i a l of an a d d i 
t i o n a l group of substances with l i t t l e i n common otherwise, e . g . , 
s u l f u r d i o x i d e , c h l o r i n e , hydr ides, hydroxides, and secondary 
amines. 

Although the c a t e g o r i z a t i o n of substances i n t o those that 
i n t e r a c t with SH groups and those that can break S-S l inkages 
accommodates many potent i r r i t a n t s , i t leaves out those thousands 
of substances that can a c
any odorous substance, eve
monly encountered, can evoke pungency at high concentrat ions. 
The mechanism f o r t h i s a c t i o n may involve i n t e r a c t i o n with pro
t e i n receptors i n f ree nerve endings or induct ion of changes i n 
membrane permeabi l i ty through a d i s r u p t i o n of the l i p i d b i l a y e r . 

Functional comparisons. Because various odorous substances 
evoke not iceable pungency as wel l as odor, they o f f e r the oppor
t u n i t y to study two perceptual systems at once. Cer ta in rare 
persons with u n i l a t e r a l r e s e c t i o n of the t r igeminal nerve (see 
Figure 1) can o f f e r p a r t i c u l a r l y useful information regarding how 
much of what we l o o s e l y c a l l "odor magnitude" a c t u a l l y comes 
about through a c t i v a t i o n of the common chemical sense i n the 
nose. Figure 2 depicts psychophysical (st imulus-response) func
t i o n s f o r 1-butanol der ived from the normal and d e f i c i e n t nos
t r i l s of neurectomized p a t i e n t s ( 5 ) . This commonly used odorant 
obviously appeals to both o l f a c t i o n and the common chemical 
sense. Absence of the t r igeminal nerve accounted f o r the large 
d i f f e r e n c e between the funct ions f o r the two n o s t r i l s . The r e 
s u l t s made i t p o s s i b l e to pose the quest ion: Would i n s t r u c t i o n s 
to a normal subject to tease odor magnitude from o v e r a l l magni
tude y i e l d a p i c t u r e s i m i l a r to that seen with u n i l a t e r a l t r i 
geminal resect ion? Figure 3 confirms that normal persons can 
indeed seem t r i g e m i n a l l y deafferented under appropriate i n s t r u c 
t i o n s ( 6 ) . This f i n d i n g encouraged f u r t h e r e x p l o r a t i o n s of one 
modality seen against the backdrop of the other i n normal sub
j e c t s . 

Certa in neurophysiological experiments i n the t o r t o i s e and 
the r a b b i t impl ied that the t r igeminal system behaved u n l i k e the 
o l f a c t o r y system i n c e r t a i n important temporal propert ies (7 j . 
For example, the t r igeminal nerve response lagged markedly behind 
that of the o l f a c t o r y nerve. Such per ipheral neural data r a i s e d 
the question of whether r e a c t i o n time to pungency would f a l l 
markedly behind r e a c t i o n time to odor i n human s u b j e c t s . As 
Figure 4 r e v e a l s , i t d i d . Because o l f a c t o r y and t r igeminal 
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Figure I. Innervation of the lateral wall of the human nasal cavity (IS). 

The sphenopalatine ganglion (1) of the maxillary division of the trigeminal nerve gives 
rise to branches that mediate most common chemical sensations in the nose. Important 
branches include the posterior palatine nerve (2), the middle palatine nerve (3), the 
nasopalatine nerve (4, 5), posterior-superior lateral nasal nerve (8), and the anterior 
palatine nerve (9). The lateral nasal nerve (6) is derived from the ophthalmic division of 
the trigeminal nerve. The olfactory nerve (7) innervates only a relatively small portion 

of the cavity. 
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Figure 2. Plot of how the perceived magnitude of 1-butanol varied with concen
tration in the normal (O) and the deficient (%) nostrils of patients with unilateral 

resection of the trigeminal nerve (data from Rej. 5) 
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2 4 7 10 20 40 

Sensory Processes 

Figure 3. Odor intensity vs. overall intensity of butanol in normal subjects (%). 
Also shown (J^) is the perceived intensity (odor intensity) of butanol inhaled via 
the deficient nostrils of subjects with unilateral trigeminal destruction plotted against 
the intensity (overall intensity) of the stimulus inhaled via the normal nostrils of the 

neurectomized subjects (6). 
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Sensory Processes 

Figure 4. (upper,) Speed of response to odor and pungency of various concentra
tions of butanol. Data displayed for four subjects individually, (lower,) Left side 
shows averages of the results in the upper portion plotted vs. concentration. Right 
side shows the same results plotted vs. the perceived magnitude of odor and pun

gency (6). 
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receptors occupy nearby l o c i , the temporal d i s p a r i t y could hardly 
a r i s e from d i f f e r e n c e s i n t r a n s i t time of the stimulus to the 
s e n s i t i v e r e g i o n . Furthermore, the d i f f e r e n c e (average: 890 ms) 
f e l l f a r outside the f e a s i b l e range of d i f f e r e n c e s i n neural con
duction time. Dif ferences i n the depth of the receptors seemed a 
more l i k e l y explanation (8) . 

O l f a c t o r y receptors contain long m o t i l e c i l i a . These d i s t a l 
s t r u c t u r e s , which apparently bear receptor s i t e s , are covered 
with a layer of mucus. Approaching molecules must d i f f u s e 
through t h i s mucus. They must a l s o d i f f u s e through mucus to 
reach f ree nerve endings of the t r igeminal nerve. In order to 
reach the nerve endings, however, the molecules must pass beneath 
the region of the r e s p i r a t o r y or o l f a c t o r y c i l i a and i n t o i n t e r 
c e l l u l a r spaces (Figure 5 ) . This d i f f e r e n c e i n the v e r t i c a l com
ponent of molecular migrat io
d i f f e r e n c e i n latency betwee
views d i f f u s i o n through mucus as the rate l i m i t i n g step i n recep
t i o n of airborne s t i m u l i added a q u a n t i t a t i v e dimension to t h i s 
c o n v i c t i o n ( £ ) . When a p p l i e d to the r e s u l t s on r e a c t i o n time 
shown i n Figure 4 , the model estimated approximate e q u a l i t y of 
threshold concentrat ion i n the two m o d a l i t i e s (Figure 6 ) . A l 
though we lack human data on the matter , neurophysiological data 
from the r a b b i t supports the conclusion (7) . The model impl ied 
a l s o that the receptors f o r pungency l i e 110 urn below the a i r -
mucus i n t e r f a c e and that those f o r odor l i e more s u p e r f i c i a l l y 
at 70 urn. These values seem l i k e r e a l i s t i c approximations. 

Depth and r e l a t i v e i n a c c e s s i b i l i t y of receptor s i t e s may a l s o 
account f o r c e r t a i n features of temporal i n t e g r a t i o n i n the common 
chemical sense. Tucker {]_) not iced that the response of the t r i 
geminal nerve of the r a b b i t increased from breath to breath during 
the f i r s t few breaths. The response of the o l f a c t o r y nerve to the 
same s t i m u l i , a l i p h a t i c a l c o h o l s , decreased or remained about the 
same. As i n the case of response l a t e n c y , a p r e d i c t i o n that 
human beings would e x h i b i t c h a r a c t e r i s t i c s uncovered i n the neu
r o p h y s i o l o g i c a l experiment a c t u a l l y held rather w e l l . A psycho
physical f u n c t i o n f o r i r r i t a t i o n (pungency) a f t e r three breaths 
f e l l above that f o r one breath (Figure 7 ) . A f u n c t i o n f o r odor 
a f t e r three breaths f e l l below that f o r one breath. For both 
o l f a c t o r y and t r igeminal s t i m u l a t i o n , the molecules presumably 
remain i n the mucus f o r at l e a s t a whi le a f t e r the termination of 
a s n i f f (10). The neural data suggest, however, that t h e i r pre
sence has no i n f l u e n c e on o l f a c t i o n except during a c t i v e f low 
through the nasal passages. The t r igeminal nerve seems l e s s de
pendent on flow f o r a c t i v a t i o n . Even between i n h a l a t i o n s , the 
nerve e x h i b i t s some a c t i v i t y and such i n t e r b r e a t h a c t i v i t y grows 
p r o g r e s s i v e l y . Conceivably, the sequestered locus of the f ree 
nerve endings causes a retarded rate of egress of molecules from 
the nerve endings as wel l as a retarded rate of progress toward 
the endings. Concentration may therefore b u i l d p r o g r e s s i v e l y 
breath by breath. E v e n t u a l l y , some process seems to l i m i t 
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Zeitschrift fur Zellforschung and Microskopische Anatomie 

Figure 5. Simplified diagram of the olfactory mucosa with the basic histological 
elements found in all vertebrates (\9). 

Receptor cells (RJt Ru, RU1) are shown in black. Supporting cells (S) contain secretory 
granules and some protrusions in their free surface (Sj). Basal cells (nlf nn, nul) are 
often neuroblasts differentiating into mature neurons. Note also granulocyte (gr). A 
basal lamina (bl) limits the deep part of the epithelium from the subadjacent lamina 
propria. Nerve fasicles (flt fn) contain mainly olfactory axons, but also other myelinated 
(my) and unmyelinated (t, tt) axons. The nonolfactory axons, often difficult to discern 
among the extensions of basal and supporting cells, generally have been thought to belong 
to the trigeminal nerve. The fibers seem to end among the basal and deep processs of 

supporting cells. 
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Figure 6. Functions fitted

These functions assume that net latency is derived from diffusion time to receptors plus 
irreducible reaction time. The small number of data points hardly provides a rigorous 
test of this recently elaborated model (9). The model has, however, already proved quite 
useful in descriptions of latency from single olfactory units, and merits thorough psycho

physical testing. 

CONCENTRATION (mg/l) 

Sensory Processes 

Figure 7. Psychophysical functions for odor and pungency after exposures of one 
breath ( ) or three breaths ( ) (6). Upper portion depicts functions for 

individual subjects and lower portion depicts average functions. 
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f u r t h e r increases i n response magnitude and adaptation (response 
decrement) ensues. 

I n t e r a c t i o n . In the study j u s t described on the temporal 
i n t e g r a t i o n of pungency (Figure 7 ) , the data of one p a r t i c u l a r l y 
s e n s i t i v e subject impl ied that high l e v e l s of i r r i t a t i o n might 
i n h i b i t odor. The s t a b i l i t y of the phenomenon i n t h i s person led 
to the question of whether s t rongly unbalanced s t i m u l i (high i n 
i r r i t a t i o n , low i n odor; high in odor, low i n i r r i t a t i o n ) might 
uncover a general i n h i b i t o r y i n t e r a c t i o n . The magnitude of the 
i n t e r a c t i o n a c t u a l l y proved f a r greater than a n t i c i p a t e d (11). 

As i t turned out , some other i n v e s t i g a t o r s had prev iously 
not iced some i n t e r a c t i o n between o l f a c t i o n and the common chemi
cal sense. In a study of warning agents, Katz and Talbert (]2) 
had remarked: "the odor of some i r r i t a n t s i n higher concentra
t i o n s i s l o s t e n t i r e l y i
This remark describes an extreme and hence n o t i c e a b l e case. D i s 
covery of the f u l l range of p o s s i b i l i t i e s requires experimental 
separation of odor and pungency. A substance l i k e b u t a n o l , the 
stimulus used i n the experiments shown i n the previous f i g u r e s , 
behaves l i k e a mixture of odorant and i r r i t a n t . Nevertheless, 
f o r butanol or f o r any other s i n g l e s t i m u l u s , there e x i s t s no way 
to manipulate odor and i r r i t a t i o n independently. This would r e 
q u i r e , i n the i d e a l case, an actual mixture of odorless i r r i t a n t 
and n o n - i r r i t a t i n g odorant. Odorless i r r i t a n t s are d i f f i c u l t to 
f i n d because v i r t u a l l y a l l i r r i t a n t s evoke odor. Carbon dioxide 
i s one of a few major except ions. 

An experiment on p o s s i b l e o l f a c t o r y - t r i g e m i n a l i n t e r a c t i o n 
employed gas-phase mixtures of amyl butyrate, a f r u i t y smel l ing 
odorant benign at moderate to low c o n c e n t r a t i o n s , and carbon 
d i o x i d e , an odorless i r r i t a n t a t concentrations above 10%. In
creasing amounts of carbon diox ide added i n c r e a s i n g degrees of 
pungency to the f r u i t y smell of the odorant. When asked to judge 
the degree of odor, pungency, or o v e r a l l i n t e n s i t y of various 
concentrations of j u s t amyl butyrate, j u s t carbon d i o x i d e , and 
mixtures of the two, subjects could render a p i c t u r e o f whether 
the sensory components added together l i n e a r l y or whether they 
i n t e r a c t e d . In the semi l o g a r i t h m i c coordinates of Figure 8A 
l i n e a r a d d i t i v i t y would r e f l e c t i t s e l f i n a fami ly of p a r a l l e l 
psychophysical f u n c t i o n s . The converging t r e n d , evident i n the 
f i g u r e , r e f l e c t s an i n h i b i t o r y i n t e r a c t i o n . This becomes c l e a r e r 
i n a view of how i n c r e a s i n g amounts of carbon diox ide progres
s i v e l y i n h i b i t e d odor (Figure 8C). 

When p l o t t e d as a f u n c t i o n of the concentrat ion of amyl 
butyrate, the psychophysical funct ions take on a d i f f e r e n t char
acter (Figure 9A). They s t i l l show convergence, but a l s o remind 
us that odor i n t e n s i t y grows with concentrat ion at a much lower 
rate than does pungency (6_, 12J). This gentle rate of growth 
shows up a l s o i n the i n h i b i t o r y p o t e n t i a l of odor upon i r r i t a 
t i o n (Figure 9C). 
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Figure8. (II). 
(A) Perceived magnitude (linear scale) vs. concentration of carbon dioxide (logarithmic 
scale) for carbon dioxide presented alone (%), amyl butyrate presented alone (M), and 
mixtures of carbon dioxide and amyl butyrate (O). Parameter is concentration of amyl 

butyrate, indicated at left. Data points are medians taken across eight subjects. 
(B) Same as A, but combinations of carbon dioxide and amyl butyrate presented di-
chorhinically, i.e., irritant (carbon dioxide) to one nostril and odorant (amyl buyrate) 

to the other. Data points are medians taken across ten subjects. 
(C) Perceived odor component (denoted odor magnitude) of amyl butyrate alone (M), 
carbon dioxide alone (%), and physical mixtures (O). The low, but nonzero judgments 
for the odor of the odorless irritant carbon dioxide presumably reflect imperfect percep
tual resolution between odor and irritation. The nonmonotonic function formed by the 
thin dashes depicts how odor magnitude would change in a case where concentration of 
odorant and irritant changed jointly. Compare this function with that of Subject E in 

Figure 7. 
(D) Same as C, but dichorhinic mixtures. 
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PHYSICAL MIXTURE DICHORHINIC MIXTURE 
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Figure 9. (11). 
(A) Same psychophysical data as in Figure 8A, but plotted here against concentration of 
amyl butyrate: amyl butyrate alone (%), carbon dioxide alone (M), and physical mixtures 

(O). Parameter is concentration of carbon dioxide, indicated at left. 
(B) Same as A, but dichorhinic mixtures. 
(C) Perceived irritating component of carbon dioxide alone (•), amyl butyrate alone (%), 

and physical mixtures (O). 
(D) Same as C, but dichorhinic mixtures. 
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D i c h o r h i n i c mixtures, where one component enters one n o s t r i l 
and the other component enters the other n o s t r i l , o f fered a use
f u l way to discover whether the i n h i b i t o r y i n t e r a c t i o n derived 
from a f o r t u i t o u s choice of s t i m u l i that j u s t happened to i n t e r 
fere with one another at the mucosa. I f i n h i b i t i o n occurred i n 
the d i c h o r h i n i c case, then i t would e s t a b l i s h two t h i n g s : 1) 
that the i n t e r a c t i o n depended l e s s on a p a r t i c u l a r p a i r of odor
ant and i r r i t a n t than on the a c t i v a t i o n of o l f a c t i o n and the 
common chemical sense by any s u i t a b l e s t i m u l i , and 2) that the 
i n t e r a c t i o n probably took place i n the b r a i n . Figures 8B,D r e 
veal that d i c h o r h i n i c mixtures d i d indeed e x h i b i t the i n t e r a c 
t i o n . Further experimentation i n d i c a t e d that t h i s i n t e r a c t i o n , 
almost i n d i s t i n g u i s h a b l e from that seen i n physical mixtures, 
occurred i n the brain (11). 

Upon c lose i n s p e c t i o n
g i c a l l i t e r a t u r e contain
the common chemical sense would i n t e r a c t at a c e n t r a l l o c u s . 
For i n s t a n c e , Hughes and Mazurowski (13) and Sem-Jacobsen and 
colleagues (^4) noted that benign odorants w i l l s t imulate s o -
c a l l e d background a c t i v i t y i n the o l f a c t o r y b u l b , whereas "sharp, 
unpleasant odors" w i l l i n h i b i t i t . I t a l s o turns out that the 
i n h i b i t o r y e f f e c t of carbon diox ide had been observed more than 
a century before our experiments. Alexander Bain's textbook 
The Senses and the I n t e l l e c t (15) contains the t a n t a l i z i n g , y e t 
i s o l a t e d , statement "If a current of carbonic a c i d accompanies 
an odour, the e f f e c t [odor] i s a r r e s t e d . " 

Summary and Conclusions 

The common chemical sense, p a r t i c u l a r l y the port ion mediated 
by the t r igeminal nerve, c a r r i e s a considerable port ion of the 
chemosensory burden. I t warns of the mere presence of h ighly 
c a u s t i c substances and of high concentrations of almost a l l 
organic agents. I ts rather steep dose-response f u n c t i o n , seen 
as such both psychophysical ly (12) and n e u r o p h y s i o l o g i c a l l y (16), 
seems compatible with i t s r o l e as a warning system. Aside from 
t h i s r o l e , the common chemical sense adds an important and often 
d e s i r a b l e dimension to chemosensory experience. 

A degree of pungency or "feel" forms an int imate part of 
many chemosensory experiences. Upon request, however, a person 
can general ly tease the common chemical a t t r i b u t e from an 
olfactory-common chemical complex. I t then becomes apparent 
that o l f a c t i o n and the common chemical sense obey somewhat d i f 
ferent r u l e s , p a r t i c u l a r l y i n the temporal realm. Common chemi
cal sensations take somewhat longer to begin but l a s t longer and 
show more r e s i s t a n c e to a d a p t a t i o n . These features may a r i s e 
from preneural events such as the time taken f o r molecules to 
d i f f u s e to f ree endings of the t r igeminal nerve and from the 
buildup of concentrat ion i n i n t e r c e l l u l a r spaces i n the e p i t h e 
l i u m . A d i f f u s i o n - l a t e n c y model of G e t c h e l l , Heck, DeSimone, and 
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P r i c e (9) can serve to assess the e f f e c t i v e depth of these end
ings and, perhaps, to assess the e f f e c t i v e concentrat ion ( i . e . , 
concentrat ion at the membrane) necessary to evoke pungency. 
Because almost a l l ai rborne organic substances possess some 
a b i l i t y to evoke such s e n s a t i o n s , the mechanism of a c t i o n of 
mi ld i r r i t a n t s may be rather n o n s p e c i f i c and mere knowledge of 
e f f e c t i v e concentrat ion a t the neural membrane may account i n 
large measure f o r the nonuniformity i n s t i m u l a t i n g e f f e c t i v e n e s s . 
Measures of latency ( react ion time) w i l l provide the appropriate 
data to assess e f f e c t i v e depth and e f f e c t i v e c o n c e n t r a t i o n . In 
a d d i t i o n , measures of the latency of common chemical sensations 
can p o s s i b l y serve a p r a c t i c a l r o l e i n the assessment of the 
chemosensory f u n c t i o n of c i g a r e t t e smokers (17) and persons ex
posed c h r o n i c a l l y to i n d u s t r i a l contaminants~Te.g., formalde
hyde). These persons seem to develop tolerance to common chemi
cal s t i m u l i . What may
nonadaptive changes as mucostasis and c i l i a s t a s i s . A r e s u l t i n g 
s luggish clearance of mucus would increase the e f f e c t i v e depth 
of the f ree nerve endings. Reaction time might therefore serve 
as a nonsubjective i n d i c a t o r of chemosensory s t a t u s . 

When seen over only a moderate range of perceived i n t e n s i t y 
the o l f a c t o r y and common chemical m o d a l i t i e s may appear func
t i o n a l l y independent of one another. When seen over a wide range 
and when st imulated with true o d o r a n t - i r r i t a n t mixtures, the two 
m o d a l i t i e s show s u b s t a n t i a l i n t e r a c t i o n . Such i n t e r a c t i o n , ap
parent ly a c e n t r a l neural phenomenon, w i l l general ly serve to 
give i r r i t a t i o n sensory precedence over odor. The f u l l conse
quences of the phenomenon, l i k e so many other i n t e r e s t i n g f e a 
tures of the rather poorly studied common chemical m o d a l i t y , 
await f u r t h e r s p e c i f i c a t i o n . 
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7 
Odor and Molecular Vibration 
Redundancy in the Olfactory Code 

R. H. WRIGHT 

6822 Blenheim Street, Vancouver V6N 1R7, Canada 

The Dictionary defines redundancy as a condition of super
fluity or excess beyon
situation. In communicatio
signal are considered to convey no intelligence and are there
fore, regarded as useless or redundant. This may be true insofar 
as the transmission of a certain specific piece of information is 
concerned, but in fact, i t is the presence of redundancy in 
person-to-person communications that makes possible the sort of 
richness and subtlety or expression without which life would lose 
much of i t s interest and meaning. S t r i c t ly speaking, exactly the 
same "information" is conveyed by the following two statements, 
yet in fact, they w i l l evoke to ta l ly different responses in the 
reader: 

1. The utmost parsimony in the quantitative deployment of 
any or a l l parts of speech is the incorporeal component 
inseparable from the apt expression and keen perception 
of those connections between ideas which awaken plea
sure and especially amusement. 

2. Brevity is the soul of wit . 

As an information channel with direct access into the 
conscious levels of the brain, the nose can recognize extremely 
subtle differences between odor sensations in a way which can 
only be achieved by the same sort of redundancy that gives spoken 
language i t s wealth of meaning. 

- o -

The vibrational theory of odor postulates that the molecular 
attributes which confer olfactory speci f ic i ty on each species of 
molecule are i t s low-frequency, "normal mode" osci l lat ions (I). 
The normal modes are the natural vibrational movements which can 
be excited independently of each other, and the low-frequency 
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ones have frequencies corresponding to absorption i n the f a r 
i n f r a r e d with wave-lengths beyond 15-20 microns, or f requencies 
below about 750 c m - 1 . The o b j e c t i v e evidence f o r t h i s i s derived 
from two kinds of experiment: the search f o r v i b r a t i o n a l 
s i m i l a r i t i e s i n compounds whose odors are described as in some 
degree s i m i l a r by q u a l i f i e d human observers, or by v i b r a t i o n a l 
c o r r e l a t i o n s with the react ions of i n s e c t s to chemicals which 
e l i c i t c l u s t e r i n g or alarm responses or other i n d i c a t i o n s that a 
"message" has been received and acted upon by the organism. 

It i s sometimes argued that i n s e c t s are so remote from Man. 
b i o l o g i c a l l y that there can be l i t t l e p a r a l l e l i s m i n t h e i r 
sensory physiology. As one of the most p r i m i t i v e of the senses, 
o l f a c t i o n ranks with such basic mechanisms as nerve conduct ion, 
the genetic code, and the c h i r a l s p e c i f i c i t i e s of organic 
molecules. To ignore the o l f a c t o r y responses of i n s e c t s would be 
l i k e seeking t o understan
work with peas or the myriad studies of f r u i t f l i e s . 

- o -

Figure 1 shows how a s p e c i f i c o l f a c t o r y response can be 
c o r r e l a t e d with the v i b r a t i o n a l a t t r i b u t e s of the molecules which 
evoke that response. The low-frequency v i b r a t i o n s of a molecule 
are recorded by f a r i n f r a r e d spectroscopy and are p l o t t e d as dots 
along a l i n e a r s c a l e . The v i b r a t i o n a l frequencies of other 
compounds which e l i c i t the same response are added to give the 
"dot diagram" which shows a non-random d i s t r i b u t i o n of f requen
c i e s with conspicuous c l u s t e r i n g s at some places and gaps at 
o t h e r s . To i d e n t i f y the s t a t i s t i c a l l y s i g n i f i c a n t c l u s t e r s or 
gaps, the number of dots i n each 7 cm- 1 i n t e r v a l i s counted and 
p l o t t e d against the p o s i t i o n of the i n t e r v a l so give the "Peak 
Number Plot" shown at the bottom. A l i n e drawn through the p l o t 
i s c a l c u l a t e d from the formula, 

Pv = 1 0 - 3 Mvl/2dv 

where Pv i s the mean number of i n f r a r e d absorption peaks to be 
expected i n a randomly se lected group of M compounds i n a narrow 
wave number i n t e r v a l , dv, i n the v i c i n i t y of frequency, v . This 
i s an empir ical r e l a t i o n based upon some 500 spectra of a wide 
assortment of chemicals. Lines can be drawn two standard 
d e v i a t i o n s above or below t h i s to enable s i g n i f i c a n t c l u s t e r s or 
gaps i n the dot diagram to be i d e n t i f i e d . This serves to 
i d e n t i f y , at l e a s t p r o v i s i o n a l l y , the "favorable" and "adverse" 
elements i n the v i b r a t i o n a l pattern ( 2 ) . 

Figure 2 shows Peak Number P l o t s f o r several sets of 
compounds grouped on the basis of t h e i r a b i l i t y to e l i c i t a 
s p e c i f i c type of response i n a p a r t i c u l a r species of i n s e c t . The 
v a l i d i t y of the r e s u l t i n g c o r r e l a t i o n s has been v e r i f i e d e x p e r i 
mentally by t h e i r p r e d i c t i v e value. Thus, f o r example, 
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Figure 1. Derivation of the peak number plot. 

Peak frequencies of far infrared absorption spectra are plotted as dots along a linear 
scale. If the compounds have an odor in common or are specific attractants for a par
ticular species of insect, the dots cluster at some places and avoid others. The number of 
dots in each 7-cm'1 interval are counted and plotted to give the peak number plot. Lines 
drawn to standard deviations from the expected mean enable statistically significant 

favorable and adverse frequencies to be identified. 
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Figure 2. Peak number plots for the Mediterranean fruit fly, or medfly, the Ori
ental fruit fly, and the melon fly. There is some overlap in the patterns, and many 
compounds with frequencies corresponding to the overlaps will attract two, or in 

some cases, all three species of insect. 
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dl-homocysteine t h i o l a c t o n e hydrochlor ide was selected f o r t e s t 
as an a t t r a c t a n t f o r the o l i v e f l y , Dacus o l e a e , on the basis of 
i t s having frequencies at 212 and 463 c m - 1 , with p o s i t i v e r e s u l t s 
whi le menthol, with adverse frequencies at 167 and 266 cm-1 acted 
as an " a n t i - a t t r a c t a n t " f o r t h i s insect when mixed with a 
standard l u r e (3). Again, when 2-heptanone was i d e n t i f i e d as the 
"alarm pheromone" of the ant , Iridomyrmex pruinosus, and a number 
of compounds mostly with chemical ly r e l a t e d s t r u c t u r e s were 
bioassayed, a Peak Number P l o t enabled such t o t a l l y d i s s i m i l a r 
substances as t r i e t h y l a m i n e and heptyl butyrate to be tested and 
found to evoke the same "alarm response" as the natural pheromone 
( £ ) . An even more unexpected r e s u l t was obtained when the 
well-known b i t i n g - f l y r e p e l l e n t , N,N-diethyl-m-toluamide, was 
shown to have v i b r a t i o n a l s i m i l a r i t i e s to several substances 
which a t t r a c t the rhinoceros b e e t l e , Oryctes r h i n o c e r o s , and was 
found to be d i s t i n c t l y

Such experiments based on Tnsect responses have several 
advantages. For one, they have some p o t e n t i a l economic s i g n i f i 
cance i n the contro l of insect pests without i n v o l v i n g the 
environmental hazards associated with t o x i c a n t s . Second, they 
often give s t a t i s t i c a l l y s i g n i f i c a n t data based upon hundreds or 
even thousands of t e s t subjects much more cheaply than could be 
got with human s u b j e c t s . F i n a l l y , t h e i r responses are l a r g e l y 
unequivocal : the i n s e c t e i t h e r f l i e s i n t o a t r a p , or e a t s , or 
l a y s eggs, or i t does not do these t h i n g s . This contrasts 
sharply with human o l f a c t o r y evaluat ions which are almost i n v a r 
i a b l y hedged about with q u a l i f i c a t i o n s which, at t i m e s , make i t 
d i f f i c u l t to determine how to c l a s s i f y an odorous s t i m u l u s . 
Thus, f o r example, the odor a m-ethyl nitrobenzene was described 
by expert perfumers as "weak almond with a t r a c e of cumin 
alongside sassafras" ( £ ) . 

Inspection of the Peak Number P l o t s shown i n Figures 1 and 2 
w i l l make i t p l a i n that few chemicals w i l l be l i k e l y to present 
the whole of the i n d i c a t e d frequency pattern to the organism's 
array of f r e q u e n c y - s e n s i t i v e r e c e p t o r s . The pattern must, t h e r e 
f o r e , include enough redundancy to enable the organism to respond 
a p p r o p r i a t e l y when only part of the pattern i s presented. How 
small a part may depend upon how e s s e n t i a l i t i s f o r the organism 
t o recognize a p r e c i s e message. Normally, t h i s need f o r p r e c i 
s ion w i l l be greater f o r s e x - s i g n a l s (pheromones) than f o r food 
or o v i p o s i t i o n s t i m u l i , so that " s p e c i a l i s t receptors" are 
normally employed f o r pheromone r e c e p t i o n , and "general ist recep
tors" f o r general purposes (7J. 

- o -

Somewhat unexpectedly, the Peak Number P l o t s have provided a 
new i n s i g h t i n t o the mechanism of o l f a c t o r y s t i m u l a t i o n , f o r i t 
i s evident that the frequency-elements they reveal do not r e l a t e 
t o any s p e c i f i c st imulus but rather to the frequencies around 
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which the stimulus frequencies must c l u s t e r i f they are to evoke 
a response. In s h o r t , they are the frequencies to which the 
receptors are s e n s i t i v e . On examination, i t turns out that these 
receptor frequencies are spaced apart at equal frequency i n t e r 
v a l s , such t h a t , 

F = 12.8N - 6.4 

where F i s the frequency to which a given type of receptor i s 
"tuned" and N i s an i n t e g e r . The p o s s i b l e l i g h t t h i s throws on 
receptor mechanism has been considered elsewhere [S). For the 
present, i t provides an i m p a r t i a l base f o r a given response-
evoking pattern and f o r s e l e c t i n g candidate substances f o r t e s t . 

From Figure 2, the favorable frequencies f o r medfly a t t r a c 
t i o n and the nearest evenly-spaced frequencies are shown i n Table 
I. 

Table I 
Medfly Att ractancy Pattern from the Peak Number P l o t 

Frequencies Nearest Frequency 
from the P l o t from the Formula 

183 185.6 
200 198.4 
247 249.6 
300 300.8 
328 326.4 
429 428.8 
453 454.4 
172 (adverse) 172.8 

It seems c l e a r that an i n s e c t l i k e the medfly which i s 
a t t r a c t e d to about 25% of a large and diverse s e l e c t i o n of 
chemicals ( 9 ) , must be able to respond to a r e l a t i v e l y small 
sub-pattern drawn from the t o t a l pattern of medfly- favorable 
f r e q u e n c i e s . The actual s i z e of the minimum sub-pattern i s 
suggested by the data summarized i n Table I I . 
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Table II 
Redundancy i n the Medfly Pattern 

Number of 
Favorable 

Frequencies 
Number of 
Compounds 

Average 
Total Number 

of Peaks 

0 
1 
2 
3 
4 
5 
6 

out 
of 
7 

3 
13 
14 
18 

8 
7 
2 

4.7 
5.1 
7.5 
7.8 
8.6 

11.0 
13.5 

It appears that a
than one needed element i n the pattern coded i n t o the molecule. 
In s h o r t , there i s a very l a r g e element of redundancy i n the 
p a t t e r n . 

A second point suggested by the Table i s the f a c t that where 
there are many favorable frequencies i n the p a t t e r n , a randomly 
s e l e c t e d candidate i s l i k e l y to have at l e a s t one that w i l l 
approximately match one element of the p a t t e r n . This i s no doubt 
the reason why 25.3% of the 2577 compounds tested by the U.S.D.A. 
a t t r a c t e d the medfly which has a seven element p a t t e r n . This 
c o n t r a s t s with the f a c t that of 2618 compounds tested as 
a t t r a c t a n t s f o r the Mexican f r u i t f l y , only 7.8% were e f f e c t i v e 
( 9 ) . For t h i s i n s e c t the Peak Number P l o t shows only three 
favorable frequencies which makes i t l e s s probable that any given 
chemical w i l l a t t r a c t . 

The manner i n which i n s e c t s show l a r g e l y u n q u a l i f i e d behav
i o r a l responses to odorous s t i m u l i has i n these and other ways 
provided a f i r m base from which to approach the matter of human 
responses to the same sort of s i g n a l s . 

Peak Number P l o t s f o r groups of compounds judged by expert 
human observers to have a f a i r degree of odorous s i m i l a r i t y are 
shown i n Figures 3 , 4, and 5. Figure 5 includes the P l o t f o r 
f i f t e e n compounds whose odors are not r e l a t e d . These were 
compounds selected i n 1966 by a Committee headed by Dr. L. M. 
B e i d l e r as standard odor s t i m u l i recommended f o r use i n o l f a c t o r y 
research (10). Their names and d e s c r i p t i o n s are shown i n Table 
I I I . It i s not iceable that i n the absence of a common odor there 
i s very l i t t l e tendency to deviate from the expected mean 
frequency. 

- o -
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Figure 3. Peak number plots jor compounds having musky, bitter almond, and 
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Figure 4. Peak number plots for the green, rose, and orange blossom odors 
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Table I I I 
Recommended Ol factory S t i m u l i 

(Odor Standards Committee, 1967) 

Odor Class Compound 

Amber 
C i t r u s 
Camphor 
F l o r a l 

F ixateur 404 
Methyl nonyl acetaldehyde 
Isoborneol 
Dimethyl benzyl c a r b i n y l acetate 
Indole 
L i n a l o o l 
Phenyl ethyl dimethyl c a r b i n o l 
Alpha t e r p i n e o l 
p-Hydroxybenzyl acetone 

Musk 89 
Coumarin 
Cedrol 
Thujamber 

F r u i t y 
Musky 

Sweet 
Woody 

It i s i n t e r e s t i n g and s i g n i f i c a n t that the i n d i c a t e d favor
able and adverse frequencies i n these p l o t s are c l u s t e r e d around 
the same set of evenly-spaced values as f o r i n s e c t s , that i s , 
those i n d i c a t e d by the formula, 

The even spacing i s d r a m a t i c a l l y revealed by the "Peak D i f f e r e n c e 
P l o t " shown i n Figure 6. This was developed by p l o t t i n g 
d i f f e r e n c e s between s i g n i f i c a n t c l u s t e r i n g s or gaps i n 22 Peak 
Number P l o t s based on both human and insect e v a l u a t i o n s , and 
counting the number of such d i f f e r e n c e s i n each 3 cm-1 i n t e r v a l . 

Because human evaluat ions are nearly always hedged about 
with q u a l i f i c a t i o n s , there i s u s u a l l y some uncertainty i n where 
the boundaries of a given odor c l a s s should be drawn. Thus, f o r 
example, s i x profess ional perfumers when asked to rate the degree 
of "green" and "rose" character i n the compound "rose oxide" or 
2- (2-methyl - l -propenyl ) -4-methyl - tet rahydropyran, gave the f o l 
lowing e v a l u a t i o n s . 

F = 12.8N - 6.4 

- o 
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Figure 6. The Peak difference plot is derived in the same way as the Peak number 
plot. 

Note that differences between the positions of the peaks in the peak number plots are 
plotted as dots, and the number of dots appearing in each 3-cm'1 interval are counted and 
plotted. The striking periodicity thereby revealed is interpreted as showing that the fre

quency sensitivities of the various biological receptors are evenly spaced. 
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Observer Rose? Green? Comment? 

1 "Weak" "No" "Geranium" 
2 "Plus" "Geranium" 
3 "None" "None" "Naphtha!eni c" 
4 "Strong" "Strong" 
5 "Part" "Part" 
6 "None" "Medium" "Stong peppery, 

weak flowery" 

This rather mixed response i s not unusual, and besides 
rendering i t d i f f i c u l t to assemble s a t i s f a c t o r i l y large groups of 
compounds on which to base Peak Number P l o t s i t doubtless 
u n d e r l i e s many of the c o n f l i c t i n g claims of c o r r e l a t i o n s between 
odor and one or another molecular a t t r i b u t e . Rose oxide was not 
one of the compounds
Figure 4. 

- o -

For present purposes i t i s probably b e t t e r to use p r o f e s 
s i o n a l perfumers than untrained persons i n assembling sets of 
compounds with s i m i l a r odors. Not the l e a s t important i s the 
experts' need to communicate one with another f o r which they must 
n e c e s s a r i l y agree on t h e i r terminology. With untrained evalua-
t o r s , the verbal d e s c r i p t i o n s w i l l t e l l us more about the 
i n d i v i d u a l ' s background or a s s o c i a t i o n s . Thus, f o r example, a 
random s e l e c t i o n of persons using the f o l l o w i n g words to descr ibe 
the odor of methyl s a l i c y l a t e : "wintergreen", "peppermint", 
"chewing gum", and "l iniment". The recent glossary of usage 
prepared by Harper et al_. (11) i s mainly i n t h i s l a t t e r category. 
A c c o r d i n g l y , the PeaT< Number P l o t s shown i n Figures 3 , 4 , and 5 
were based on perfumer-evaluations mostly communicated p r i v a t e l y , 
but the P l o t f o r the "musty" odor i s based on data from Crocker 
and D i l l o n (12) , and the "almond" and "cumin" patterns are from 
Klouwen and W y s ( 6 ) . The "sweaty" pattern i s from evaluat ions 
by Amoore (13). 

- o -

It i s p o s s i b l e from these data to make a prel iminary 
estimate of how much redundancy there i s i n human o l f a c t i o n . 

Taking 66 of the compounds used i n c o n s t r u c t i n g the Peak 
Number P l o t f o r "musk" and rounding the observed peak p o s i t i o n s 
t o the nearest evenly-spaced value that was used i n compil ing 
Table II gives Table IV. 
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Table IV 
Redundancy i n the Musk Pattern 

Number of 
Favorable 

Frequencies 
Number of 
Compounds 

Average 
Total Number 

of Peaks 

0 
1 
2 
3 
4 

out 
of 
6 

5 
12 
19 
22 

8 

6.2 
6.1 
6.5 
8.3 
9.5 

As with the medfly p a t t e r n , i n nearly every case where the 
number of "musk frequencies
u s u a l l y several which, b
t o an evenly-spaced value. Furthermore, i t must be recognized 
t h a t the f a r i n f r a r e d absorption spectra recorded with the 
samples d i s s o l v e d i n a solvent are subject to some displacement 
as a r e s u l t of solvent e f f e c t s which may vary somewhat when the 
solvent i s changed. 

A s i m i l a r e f f e c t appears to operate when the st imulus 
moleule i s i n the near v i c i n i t y of a c h i r a l receptor s i t e (14). 
E v i d e n t l y , the f a r i n f r a r e d spectrophotometer i s not the ideal 
piece of equipment f o r our purpose, and i t has worked well enough 
t o produce the various p r e d i c t i v e successes the theory has so f a r 
achieved. 

At t h i s point the a l e r t c r i t i c w i l l point out that i f as few 
as two elements of the musk pattern are s u f f i c i e n t f o r the musky 
sensat ion to be r e g i s t e r e d , then i t should be p o s s i b l e f o r a 
great many compounds which have no musky odor to meet t h i s 
reduced v i b r a t i o n a l s p e c i f i c a t i o n . The correctness of t h i s 
estimate i s borne out by a s c r u t i n y of the spectra of a random 
s e l e c t i o n of 100 non-musk odorous or i n s e c t - a t t r a c t i n g chemicals. 
The r e s u l t i s shown i n Table V. 

At f i r s t s ight t h i s looks l i k e an unanswerable o b j e c t i o n to 
the v i b r a t i o n a l theory, and i t i s indeed unanswerable i f i t be 
held that the possession of one or two musk-favorable and no 
musk-adverse frequencies i s a necessary and s u f f i c i e n t c o n d i t i o n 
f o r the s p e c i f i c odorous sensation t o be perceived. But i t has 
already been shown elsewhere that the p r o b a b i l i t y of a quantum 
i n t e r a c t i o n and the st imulatory e f f i c i e n c y of a moleucle depend 
upon such a d d i t i o n a l f a c t o r s as the frequency of the lowest 
v i b r a t i o n a l mode which c o r r e l a t e s with the threshold concentra
t i o n (15) , or the f l e x i b i l i t y of the molecule which i s r e l a t e d to 
the way the i n t e n s i t y of the sensation var ies with the concentra
t i o n of the stimulus (16) . A l s o , i t has been suggested that we 

- o -
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perceive the musk sensation v i a " s p e c i a l i s t receptors" which can 
be st imulated only by a molecule which can i n t e r a c t with more 
than one favorable frequency to match the p l u r a l i t y of s e n s i t i v e 
s i t e s the receptor deploys (J3). 

Table V 
V i b r a t i o n a l Patterns of the 100 Non-Musks 

Number of Number with Number of 
Musk-Favorable Number of Musk-Adverse P o t e n t i a l 

Frequencies Compounds Frequencies Musk-Mimics 

0 26 6 0 
1 36 13 23 
2 28 6 22 
3 8
4 2 0 2 

The p r o b a b i l i t y of the same molecule making the necessary 
number of i n t e r a c t i o n s to s t i m u l a t e a s i n g l e neuron w i l l depend 
upon two t h i n g s : the turn-around time between successive i n t e r 
a c t i o n s , which must be s h o r t , and the d i f f u s i o n r a t e , which must 
be small i f the molecule i s to stay near a given sensor long 
enough to make the necessary number of i n t e r a c t i o n s . In t h i s 
connect ion, i t i s i n t e r e s t i n g that a l l musky chemicals have 
r e l a t i v e l y l a r g e molecules. D i - t e r t - b u t y l benzaldehyde (m.w. 
218) i s probably the s implest molecule with a musk odor (17). 
Typical musks, such as cyclohexadecanolide (m.w. 252) or musk 
x y l o l (m.w. 297) have d i s t i n c t l y higher molecular weights and 
correspondingly low d i f f u s i o n r a t e s . With only one exception 
(thujamber, m.w. 220), the one hundred compounds i n Table V had 
molecular weights below 200 and most of them were below 160. 

E v i d e n t l y , then, a high molecular weight i s a lso something 
that i s necessary but not s u f f i c i e n t to evoke the musky odor. 
This i l l u s t r a t e s an i n t e r e s t i n g aspect of the " s c i e n t i f i c meth
od". 

- o -

The i n v e s t i g a t o r searching f o r the s p e c i f i c molecular a t t r i 
butes which c o r r e l a t e with a s p e c i f i c odorous s e n s a t i o n , begins 
by assembling a group of compounds which have a common c h a r a c t e r 
i s t i c odor. He then looks f o r a common physical or chemical 
a t t r i b u t e , and, being human, when he f i n d s one he i s tempted to 
c a l l i t THE c r u c i a l a t t r i b u t e . It fo l lows that the various 
"competing" o l f a c t o r y t h e o r i e s - v i b r a t i o n a l , s t r u c t u r a l (18) or 
stereochemical (19) - are not so much a l t e r n a t i v e s as comple
ments. Each f i l l s a gap i n the other's p i c t u r e . 

Thus, given that the i n i t i a l act i n a s t i m u l u s - r e c e p t o r 
i n t e r a c t i o n i s the t r a n s f e r of a quantum of v i b r a t i o n a l energy 
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from an e x c i t e d receptor to an unexcited stimulus ( 8 ) , the 
p r o b a b i l i t y of the t r a n s f e r would depend upon the r e l a t i v e 
o r i e n t a t i o n s of the two v i b r a t i n g d i p o l e s , which would, i n t u r n , 
depend upon which of i t s several p r o f i l e s the stimulus presents 
and also upon the "shape" of the physical o s c i l l a t i o n which has 
t o take the energy quantum away from the receptor. 

In short , the v i b r a t i o n patterns and the molecular p r o f i l e 
c o r r e l a t i o n s are complementary f a c t o r s i n determining the spec
i f i c s ignal the stimulus passes into the organism. 

A s i m i l a r comparison can be made to e s t a b l i s h the a p p r o x i 
mate amount of redundancy i n the " b i t t e r almond" stimulus 
p a t t e r n . Table VI show

Table VI 
Redundancy i n the B i t t e r Almond Pattern 

Number of 
Favorable 

Frequencies 

out 
of 

"6 

Number of 
Compounds 

1 
8 
7 
6 
0 
2 

Average 
Total Number 

of Peaks 

4 
6.9 
6.9 
6.7 

8.5 

The f a c t that the amount of redundancy seems to be about the 
same as f o r musk i s i n t e r e s t i n g i n view of the p o s s i b i l i t y that 
one sensation i s being received through s p e c i a l i s t and the other 
through g e n e r a l i s t receptors {T). 

Once again, i t can be pointed out that with the i n d i c a t e d 
amount of redundancy, there should be many compounds able and 
w i l l i n g to present one or two almond-favorable and no almond-
adverse f requencies. Taking the same 100 compounds that were 
used i n compil ing Table V, and making a s i m i l a r break-down with 
respect to the b i t t e r almond p a t t e r n , we have Table VI I . 
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Table VII 
V i b r a t i o n a l Patterns of 100 Assorted Chemicals 

Number of 
ATmond-Favorable 

Frequencies 

Number Number with 
of Almond-Adverse 

Compounds Frequencies 

Number of 
P o t e n t i a l 

Almonds 

Number of 
Actual 
Almonds 

0 
1 
2 
3 
4 
5 

21 
43 
20 
13 

1 
2 

4 
11 

7 
3 
0 
0 

17 
32 
13 
10 

1 
2 

0 
3 
2 
4 

2 

E v i d e n t l y , again, there i s evidence of a necessary-
b u t - n o t - s u f f i c i e n t c o r r e l a t i o n
ent from that of musk. The odor of musk i s d i s t i n c t even when 
blended with or accompanied by other "notes" such as amber or 
jasmin. The b i t t e r almond odor i s more e a s i l y submerged and 
"lost" i n a complex blend of odors so that the only way to 
i s o l a t e i t c l e a r l y i s to f a t i g u e the nose with respect to one 
part of the pattern and then "look for" the r e s i d u a l p a r t s . In 
t h i s way, the "community of odor property" i n two sensations can 
be estimated i n most of the sensations received v i a the general -
i s t receptors (20). 

For the f u l l story of stimulus s p e c i f i c i t y to be t o l d , many 
things remain to be worked out. S e l e c t i v e f a t i g u i n g w i l l help to 
s o r t out the various notes i n the o v e r a l l s e n s a t i o n , w h i l e , on 
the physical s ide the various f a r i n f r a r e d absorption frequencies 
must be given " v i b r a t i o n a l assignments". An assignment i s an 
unambiguous p i c t u r e of the way the molecular shape changes during 
the o s c i l l a t i o n . To take a simple example, chlorobenzene, there 
i s a "wagging mode" when the c h l o r i n e swings from s ide to s ide 
with respect to the benzene r i n g . There i s a lso a "st retching 
mode" that can be p ictured as r e s u l t i n g from opposite ends of the 
molecule being p u l l e d apart and then l e t go. Yet again, there i s 
a "breathing mode" i n which the benzene r i n g swel ls and s h r i n k s , 
and so on. It i s a matter of great d i f f i c u l t y to sort out and 
i d e n t i f y a l l the modes of even so simple a molecule as chloroben
zene, so that i t i s l i k e l y to be a long time before the 
v i b r a t i o n a l assignments of a compound l i k e musk x y l o l or c y c l o -
pentadecanone can be made known. 

For the time being, then, i t w i l l be necessary to work i n 
the h a l f - l i g h t which i s the best that e x i s t i n g knowledge can 
throw on our problem. That t h i s can s t i l l provide some i n s i g h t s 
i n t o the o l f a c t o r y complex i t ies that confront us i s , perhaps, 
best i l l u s t r a t e d by a couple of examples. 

- o 
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The many q u a l i f i c a t i o n s made by expert "noses" were r e f e r r e d 
t o above as c o n s t i t u t i n g an obstacle to f i n d i n g Peak Number P l o t s 
f o r p a r t i c u l a r odors. However, once a few such P l o t s have been 
developed i t then becomes p o s s i b l e to take a f resh look at the 
comments and q u a l i f i c a t i o n s and begin to t r a c e t h e i r o r i g i n s i n 
the respect ive molecular s p e c i e s . 

Thus, f o r example, the expert evaluat ions of "rose oxide" 
mentioned rose, green and also a naphthalenic note. The compound 
has peaks at 284 and 425 which are c l o s e to two i n the green 
pattern (Figure 4 ) , and one at 314 matching one in the rose 
p a t t e r n , and i t s peaks at 172, 372 and 470 are f a i r l y near the 
three f a r i n f r a r e d peaks of naphthalene ( i n benzene), namely 180, 
360 and 475 c m - 1 . 

A second example i s provided by p e r i l l a aldehyde whose odor 
has been described as i n c l u d i n
I t s f a r i n f r a r e d spectru
matching ones i n the cumin p a t t e r n ; i t s peaks at 234 and 420 are 
near those at 237 and 422 i n the almond p a t t e r n , and i t s peaks at 
156, 277 and 420 are not f a r from those at 159, 282, and 425 i n 
the green pattern. 

The r e l a t i v e weights to be given to the various notes making 
up the o v e r a l l sensation w i l l depend only p a r t l y upon the 
o b j e c t i v e a t t r i b u t e s of the s t i m u l i (16) . What may sometimes be 
more important i s the subject ion f a c t o r : what the observer i s 
"looking for" i n the s e n s a t i o n . 

Given the a v a i l a b l e evidence, i t would appear that where 
human evaluat ions are concerned there i s enough redundancy i n the 
mechanism f o r a c e r t a i n type of s e n s a t i o n , r o s e , green, almond, 
or whatever, to be recognized given at l e a s t one but more u s u a l l y 
at l e a s t two elements of the pattern i n a s t i m u l u s . 

With a wider range and number of f a r i n f r a r e d absorption 
spectra and more of the r e q u i s i t e expert e v a l u a t i o n s , i t would 
doubtless be p o s s i b l e to extend and eventual ly to c l a r i f y our 
understanding of the complex i t ies of human odor e v a l u a t i o n s . The 
ex istence of these complexi t ies i s at once an obstacle and a 
chal lenge and i s a consequence of the f a c t that the messages 
coming i n t o our consciousness are complex because the molecules 
i n which they are conveyed are themselves complex. What i s 
important i s the f a c t that the sensory inputs can be put i n a 
one-to-one r e l a t i o n with the m o l e c u l a r - v i b r a t i o n a l a t t r i b u t e s of 
the s t i m u l i that induce them. 

I t i s to be hoped that somehow and somewhere, means w i l l be 
found to f inance and carry out the systematic compi lat ion of high 
q u a l i t y f a r i n f r a r e d absorption spectra of odorous compounds 
together with a systematic evaluat ion of the odors associated 
with them. 
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The attempt to rationalize the connection between the 
molecular structures o
activities comprises th
(SAR) studies. Correlations between molecular structure and 
biological activity are important for the development of pharma
cological agents, herbicides, pesticides, chemical communicants 
(olfactory and gustatory stimulants) and for the investigation 
of chemical and genetic toxicity. Practical importance 
attaches to these studies because the results can be used to 
predict the activity of untested compounds, e.g., design drugs. 
In addition SAR studies can direct the researcher's attention 
to molecular features that correlate highly with biological 
activity, thus confirming or suggesting mechanisms or further 
experiments. SAR studies have been used to some extent in 
the pharmaceutical and agricultural industries. The methods 
are beginning to be applied to the important problems of 
chemical toxicity and chemical mutagenesis and carcinogenesis. 

The superior way to develop predictive capability is to 
understand, at the molecular level, the mechanisms that lead 
to the biological activity of interest. Unfortunately, this 
knowledge is not yet available for most classes of biologically 
active compounds. Furthermore, the progress made through a 
living system by an active compound or its precursors is not 
usually known. Thus, two choices are presented: study the 
mechanisms for a very few compounds to develop fundamental 
information for those few compounds, or use empirical methods 
to study larger sets of compounds with correlative methods. 
The latter method comprises an SAR approach to the problem. 
Thus, one has available a set of compounds that have been 
tested in a standard bioassay and the observations that re
sulted from the tests. One can then search for correlations 
between the structures of the compounds tested and the biological 
observations reported. One is actually modelling the entire 
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process of uptake, transport, d i s t r i b u t i o n , metabolism, c e l l 
penetration, receptor binding, excretion, etc. 

The discovery and design of b i o l o g i c a l l y active compounds 
(drug design) i s a f i e l d that has been subject to widespread 
and well-documented GL-&) changes i n the past decade. A host 
of new techniques and perspectives has evolved. While these 
techniques have been used largely for the development of pharma
ceuticals, they can also be applied to the rat i o n a l i z a t i o n of 
structure-activity relations among sets of toxic, mutagenic, or 
carcinogenic compounds and to studies of olfactory stimulants. 

Several approaches to SAR have been reported: the semi-
empirical linear free enrgy (LFER) or extrathermodynamic model 
proposed by Hansch and coworkers (2,1Q,H), the a d d i t i v i t y or 
Free-Wilson model (12); quantum mechanically based models (13, 
14) and pattern recognitio
that describe the progres

Structure-Activity Studies of Olfactory Stimulants 

Several theories relating molecular properties to perceived 
odor quality have been advanced. Examples include the work of 
Wright (16,17) who links odor quality to molecular vibrations 
in the far-infrared, and of Amoore (18) who links odor quality 
to molecular shape, size, and electronic nature and who in t r o 
duced the concept of primary class. Beets (19) has discussed 
odor quality relat i v e to molecular shape as represented by 
oriented p r o f i l e s , c h i r a l i t y , and functional groups. In a 
recently published book (20) he has expanded these discussions. 
Theimer and coworkers (21,22,^3) have discussed the importance 
of the molecular cross-sectional areas, free energies of de-
sorption, and c h i r a l i t y i n rela t i o n to odor. A discussion of 
musk odor quality and molecular structure has been presented 
by Teranishi (24). Laffort and coworkers (25) have related 
odor quality to four molecular properties derived from gas 
chromatographic retention indices measured on four stationary 
phases. 

Focussing on a few molecular parameters at a time does not 
allow predictions of odor quality for large collections of 
compounds. Studies have appeared in which diverse sets of 
molecular parameters have been investigated simultaneously using 
methods that can handle many parameters at once, e.g., multiple 
linear regression analysis. Schiffman (26) used multidimensional 
scaling techniques to study correlations between 25 physico-
chemical parameters and the olfactory qu a l i t i e s of 39 odorants. 
The physicochemical parameters used included molecular size, 
weight, number of double bonds, functional groups, s o l u b i l i t y , 
and Raman spectral bands. Another study (27) expanded the 
work to 19 different compounds and generated similar conclusions. 
Dravneiks (28) used 14 structural features and multiple linear 
regression analysis to find linear equations that f i t measured 
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intensity, threshold, and odor quality data. Dravneiks (29) 
used molecular weight, 38 attributes derived from Wiswesser 
Line Notation representations of molecular structures, and 
combinations of these parameters (118 indices i n a l l ) to seek 
correlations with odor i n t e n s i t i e s and vapor pressure of 
olfactory stimulants. Boelens (30) used multiple linear re
gression analysis of physicochemical parameters to study a set 
of compounds with musk and b i t t e r almond odors. The 1-octanol/ 
water p a r t i t i o n c o e f f i c i e n t s , gas chromatographic retention 
indices, and molecular shape and volume parameters of the 
odorants (4 parameters total) were used. He obtained equations 
for 16 b i t t e r almond compounds and for 16 musk compounds relati n g 
the four parameters to odor quality with multiple correlation 
coefficients of 0.95 and 0.93. Greenberg (31) found strong 
correlations between th
of odorants and their i n t e n s i t i e
sion analysis. McGill and Kowalski (32) used pattern recognition 
methods to investigate relationships between molecular struc
ture and odor quality. The electron donor a b i l i t y and directed 
dipole of compounds were found to be related to odor quality. 
Briigger and Jurs (33) used pattern recognition methods to 
identify 13 calculated molecular structure descriptors that 
could c l a s s i f y odorants as musks or nonmusks. A data set of 
240 nonmusks and 60 musks was used to derive the c l a s s i f i e r . 
The c l a s s i f i e r was used to predict the odor quality of nine 
unknown compounds, and a l l were c l a s s i f i e d correctly as musk 
odorants. 

Methodology for SAR Studies 

The fundamental premises involved i n applying pattern 
recognition methods to SAR studies are as follows. 

- Molecular structure and b i o l o g i c a l a c t i v i t y (olfactory 
quality) are related. 

- The structures of compounds having a particular odor 
quality and compounds of similar structural classes 
that do not can be adequately represented by a set of 
molecular structure descriptors. 

- A relation can be discovered between the structure and 
ac t i v i t y by applying s t a t i s t i c a l and pattern recognition 
methods to a set of tested compounds. 

- The relation can be extrapolated to untested compounds. 
The heart of the approach i s finding a set of adequate descrip
tors for a particular data set consideration, that i s , a set 
of descriptors for which a discriminating relation can be found. 

The structure-activity studies described here involve the 
ADAPT (automatic data analysis using 2 . a t t e r n recognition tech
niques) computer software system. This system has been developed 
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over the period from 1974 to the present. It i s f u l l y opera
tional and has been reported i n the s c i e n t i f i c l i t e r a t u r e (8, 
34-36). Research performed on the ADAPT system has also been 
reported i n a number of publications (33,37,42). 

The ADAPT system currently consists of approximately sixty 
programs written i n the FORTRAN language and meant to be 
executed interactively on a minicomputer or a larger time
sharing computer. Development at Penn State has been on a 
MODCOMP 11/25 16-bit minicomputer with 65,000 16-bit words of 
core memory. The system has been designed and implemented to 
provide the user with a l l the c a p a b i l i t i e s necessary to perform 
SAR studies on sets of up to several hundred compounds at a 
time. 

The fundamental steps involved i n performing an SAR study 
using this system are show
are as follows: 

(a) Identify, assemble, input, store, and describe a data 
set of structures for chemicals that have been tested for b i o l o 
gica l a c t i v i t y . 

(b) Develop computer generated molecular descriptors for 
each of the members of the data set. The descriptors may be 
derived d i r e c t l y from the stored topological representations 
of the structures, or they may require the development of three 
dimensional molecular models. 

(c) Using pattern recognition methods, develop c l a s s i f i e r s 
to discriminate between active and inactive compounds based on 
the sets of molecular descriptors. 

(d) Test the predictive a b i l i t y of these discriminants on 
compounds of unknown a c t i v i t y . 

(e) Systematically reduce the set of molecular structure 
descriptors employed to the minimum set s u f f i c i e n t to retain 
discrimination between the active and inactive compounds and 
to retain high predictive a b i l i t y . 

Entry of Molecular Structures. The ADAPT system has as 
one of i t s components a l l the modules necessary to enter, 
modify, retrieve, and draw molecular structures of organic 
molecules. This portion of ADAPT has been operational for 
several years and has been employed i n several published studies. 
The routines allow the convenient, interactive entry of struc
tures by sketching them on the screen of a graphics display 
terminal. This can be done i n t h i r t y seconds to several minutes 
per compound, depending on structural complexity. No special 
techniques beyond those used i n sketching molecular structures 
on a blackboard are needed. Thus, structure f i l e s on the order 
of hundreds of compounds can be entered into ADAPT i n reasonable 
amounts of time. The structure f i l e s are stored permanently on 
disc f i l e s for further processing by the other modules of ADAPT. 
Information saved for each compound includes a compressed 
connection table, ring information, a l i s t of associated numerical 
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information, an i d e n t i f i c a t i o n number, the chemical name of the 
compound, and the two-dimensional coordinates of the atoms as 
entered (for possible redrawing later or for starting coordinates 
for modelling). 

Molecular Mechanics Model Builder. The three-dimensional 
molecular model builder routine interfaced to ADAPT (MOLMEC) i s 
used to derive information on the spacial conformation of mole
cules. A molecule can be viewed as a col l e c t i o n of particles 
held together by simple harmonic or e l a s t i c forces. These 
forces can be defined by potential energy functions whose terms 
are functions of the atomic coordinates of the molecule. This 
function can then be minimized to obtain a strain-free three-
dimensional model of the molecule. In the str a i n minimization 
section, the atom coordinate  systematicall  altered u n t i l 
a minimun i s found in
The st r a i n function use

str a i n bond angle torsion non-bond stereo 

The bond and angle functions are modified Hooke's Law 
functions. The torsional s t r a i n for carbon-carbon single bonds 
is a function containing the usual (1 + cos 38) term but para
meterized to provide the known values for butane. The nonbonded 
strain term i s an exponential-six function. The l a s t term of 
the function has been added to assure the proper stereochemistry 
about an assymetric atom. An adaptive pattern search routine 
i s used to minimize the strain energy because i t does not re
quire analytical derivatives. The amount of time necessary to 
obtain good molecular models depends upon the number of atoms i n 
the molecule, the i n i t i a l s t r a i n of the molecule, and the degrees 
of freedom in the structure. 

The graphics interaction section of MOLMEC contains routines 
capable of rotating and aligning the molecule into any desired 
position. Since the graphics unit i s a two-dimensional screen, 
rotation i s essential to obtain a good view of the structure. 
Furthermore, these routines are useful i n locating atoms trapped 
in l o c a l minima. If such an atom i s found, the user can move the 
trapped atom to a new position by a MOVE routine found in the 
graphics section. 

When the molecule being modelled i s in a low strain energy 
conformation, the molecular parameters can be l i s t e d on an out
put device or the structure's coordinates can be stored on a 
disc f i l e from further processing. In addition a routine has 
been interfaced to ADAPT to produce s p a c e - f i l l i n g displays of 
structures. The basic algorithm was acquired from a published 
report (43) and then interfaced into ADAPT. Figure 2 shows the 
type of display that is produced—the upper representation i s 
with hydrogen atoms suppressed, and the lower one includes the 
hydrogens. The only heteroatom i n the structure, a hydroxyl 
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Figure 2. Space-filling representation of allopregnan-3a-ol 
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oxygen, i s cross-hatched. The molecule shown i s a musk 
compound. 

An automatic version of MOLMEC has also been developed 
so that data sets with large numbers of molecules can be 
modelled without continuous supervision. The program consists 
of an input section, which reads the molecule's connection table 
and present coordinate matrix from the ADAPT disc f i l e s , a minimi
zation section with a l l output suppressed, and a section which 
stores the f i n a l coordinate matrix. Good models can easily be 
obtained i n this manner. However, before the coordinate matrices 
can be used for calculating descriptors, the structures are 
reviewed to make sure that the molecules are i n acceptable con
formations. Once modelling i s complete, geometric descriptors 
can be derived. 

Descriptor Generation
studies i s the development of molecular structure descriptors. 
One of the major premises of the approach i s that one can find 
an "adequate" set of descriptors to represent the compounds of 
interest. The existence of an "adequate" set of descriptors 
does not necessarily imply that they w i l l be easi l y found. 
Thus, descriptor development i s the area in which the chemist 
tests his ingenuity most intensively, bringing to bear on the 
problem at hand a l l his insight and knowledge. It i s i n the 
area of descriptor development that the most d i f f i c u l t and 
most potentially rewarding parts of SAR research occur. 

There are three general classes of descriptors: topolog
i c a l , geometrical, and physicochemical. Topological descriptors 
are derived from the topological representation of the structure, 
the connection table. The geometrical descriptors are derived 
from the three dimensional model of the molecule. Physico-
chemical descriptors may be measured experimentally, calculated 
using a mathematical model, or represented by l i n e a r l y correlated 
calculated descriptors. The descriptors that are currently 
available i n ADAPT are as follows: 

(a) Fragment descriptors. These include counts of the 
number of atoms of each type, the number of bonds of each type, 
the molecular weight, the number of basis rings, and the number 
of ring atoms. 

(b) Substructure descriptors. ADAPT has a substructure 
searching routine that can be used to develop descriptors. Each 
of the structures comprising a set of compounds under study i s 
searched for the presence of the substructure of interest. If 
i t i s present, then the number of occurrences i s computed. If 
not, then the descriptor i s given the value of zero. The sub
structures to be used are problem dependent and must be found 
through the application of common sense and experience by the 
researcher. 

(c) Environment descriptors. The information present i n 
the fragment and substructure descriptors indicates the compo
nents of the molecular structure. However, the manner of in t e r -
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connection i s missing. Environment descriptors supply information 
about the connections by coding the immediate surroundings of sub
structures. To generate an environment descriptor, the molecule 
being coded i s searched for the presence of the substructural 
fragment that forms the heart of the environment being sought. 
If no match i s found, the descriptor i s given the value of zero. 
If the substructure i s found, then the descriptor i s computed by 
performing a path one molecular connectivity calculation on the 
atoms comprising the substructure, as imbedded within the 
structure, and i n addition the f i r s t nearest neighbor atoms. 
Thus, the value of the path one molecular connectivity represents 
the immediate surroundings as imbedded within the molecule being 
coded. 

(d) Molecular connectivity descriptors. The molecular 
connectivity (44) of a
of the structure. It
each bond i n the structure, where the contribution of each 
bond i s determined by the connectivity of the atoms that are 
joined by that bond. This i s the path one molecular connectivity. 
Higher order molecular connectivities can also be computed by con
sidering a l l paths of length two, three, etc. These descriptors 
have been shown i n several published reports to be correlated 
with a number of physicochemical parameters, such as p a r t i t i o n 
coefficients and s t e r i c parameters. 

(e) Geometric descriptors. Given a three dimensional model 
of the structures being coded, one can calculate descriptors 
designed to represent the shape of the molecules. We calculate 
the three p r i n c i p a l moments of i n e r t i a and their ratios and the 
molecular volume. 

(f) Electronic descriptors. The f i r s t electronic des
criptors interfaced into ADAPT were sigma charges calculated by 
a method due to Del Re (45) and discussed by Hopfinger (46). 
This approach allows a quick calculation of p a r t i a l charges 
on each atom i n a molecule. The results were found to be useful 
in studies of chemical carcinogens (41,42). More recently, we 
have been interfacing an extended Hiickel calculation into our 
descriptor development routines. We are using the program 
IC0N8 of Hoffmann. This w i l l allow the calculation of a number 
of r e a c t i v i t y indices previously reported i n the l i t e r a t u r e to be 
useful i n quantum mechanical studies of polycyclic aromatic 
hydrocarbons (47,48,49). Included w i l l be superdelocalizability, 
free balance index, bond orders, p a r t i a l charges for d e f i n i t i o n 
of e l e c t r o p h i l i c or nucleophilic s i t e s , and possibly others. 

(g) P a r t i t i o n c o e f f i c i e n t . We have developed a routine 
(50,51) to estimate log P, the logarithm of the p a r t i t i o n co
e f f i c i e n t between a model l i p i d phase (usually 1-octanol) and 
an aqueous phase. It i s based on the constructionist approach 
developed by Leo and Hansch (52). Log P has been shown to be 
highly correlated with various types of b i o l o g i c a l a c t i v i t i e s of 
organic compounds including pharmaceutical potency, odor quality 
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and intensity, t o x i c i t y , p e s t i c i d a l a c t i v i t y , and bioaccumula-
tion, among others. The log P estimation program provides a 
true physicochemical parameter for study. Log P values are 
used for pattern recognition and other analyses. In addition 
we can calculate correlations between log P and calculated 
molecular structure descriptors, e.g., molecular volume, mole
cular connectivity, etc. Thus we can d i r e c t l y test hypotheses 
regarding the degree to which these calculated molecular 
structure descriptors are correlated with log P for sets of 
olfactory stimulants. 

In addition to the individual descriptor generation routines, 
ADAPT has several other supporting routines. There i s a general 
purpose descriptor f i l e management routine that allows the 
review of any stored descriptor, for example. There i s a routine 
that allows mathematica
addition, multiplication
t i a t i o n , autoscaling, etc. There i s a routine that allows the 
user to input descriptors from outside the system so that they 
can be studied in p a r a l l e l with the computer-generated descrip
tors, e.g., gas chromatographic retention indices. 

The development of adequate sets of descriptors for the 
compounds forming a data set comprises the most d i f f i c u l t part 
of SAR research. With an adequate set of descriptors, the 
analysis portion of the study i s r e l a t i v e l y straightforward. 
With a set of descriptors that i s inadequate, one has no choice 
but to keep searching for better descriptors. Thus, descriptor 
development for a particular data set can consume quite a l o t 
of time and can be a trial-and-error operation. 

Pattern Recognition Analysis. Once each compound in a 
data set has been represented by a set of molecular structure 
descriptors, then the analysis phase of the SAR study begins. 
ADAPT has a variety of pattern recognition and s t a t i s t i c a l 
methods available for use. The object of the analysis phase i s 
to find discriminants that separate subsets of the data into 
the proper categories. That i s , one i s trying to find mathe
matical models that w i l l c l a s s i f y compounds as belonging to 
the active or inactive subset based on the molecular structure 
descriptors available. This phase of SAR studies i s guided by 
the user i n a highly interactive manner in order to search 
through the available descriptors for the best set. 

Pattern recognition i s a subfield of a r t i f i c i a l intelligence 
developed largely by e l e c t r i c a l engineers and computer s c i e n t i s t s . 
It comprises a set of nonparametric techniques used to study data 
sets that may not conform to well-characterized probability 
density functions. A voluminous l i t e r a t u r e describes the f i e l d 
(e.g., 53,54). 

Most of the pattern recognition methods share a set of 
common properties. The data to be analyzed, here molecular 
structures of compounds of interest, are represented by points 
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i n a high dimensional space. For a given compound, which i s 
represented by a given point, the value of each coordinate i s 
just the numerical value for one of the molecular structure 
descriptors comprising the representation. The expectation 
i s that the points representing compounds of common b i o l o g i c a l 
a c t i v i t y (e.g., compounds with a common odor quality) w i l l 
cluster i n one limited region of the space, while the points 
representing the compounds of another b i o l o g i c a l a c t i v i t y w i l l 
cluster elsewhere. The clusters are regions of high l o c a l 
density which are r e l a t i v e l y far apart from each other. Pattern 
recognition consists of a set of methods for investigating data 
represented i n this manner to assess the degree of clustering 
and general structure of the data space. 

Parametric methods of pattern recognition attempt to find 
c l a s s i f i c a t i o n surface
s t a t i s t i c a l properties
of points. For example, Bayesian c l a s s i f i c a t i o n surfaces are 
developed using the mean vectors for the members of the classes 
and the covariance matrices for the classes. If the s t a t i s t i c a l 
properties can not be calculated or estimated, then nonpara-
metric methods are used. Nonparametric methods attempt to find 
clustering definitions or c l a s s i f i c a t i o n surfaces by using the 
data themselves d i r e c t l y , without computing mean vectors, 
covariance matrices, etc. Examples of nonparametric methods 
would include error-correction feedback linear learning machines 
(threshold logic units or perceptrons) and simplex optimization 
methods of searching for separating c l a s s i f i c a t i o n surfaces. 

Once discriminants have been found that do separate the 
data set into the appropriate subsets, then these discriminants 
can be used to assess predictive a b i l i t y . This i s usually done 
by a round-robin procedure involving leaving out a small number 
of data set members to act as "unknown" compounds. When 
available, true unknowns can also be input to the system for 
prediction of a c t i v i t y . 

The f i n a l output of the ADAPT-based SAR study i s the 
identity of the descriptors shown to be correlated with the 
b i o l o g i c a l a c t i v i t y of interest and the discriminants developed. 
Study of these can lead to further insights into the b i o l o g i c a l 
a c t i v i t y of interest. 

Structure-Activity Studies Using Pattern Recognition 
Techniques. A number of studies of the application of pattern 
recognition to the problem of searching for correlations between 
molecular structure and b i o l o g i c a l a c t i v i t y have been reported. 
A large fraction of the e f f o r t i n this area must be devoted to 
the generation of appropriate descriptors from the molecular 
structures available. Areas of study include drug structure-
a c t i v i t y relations, studies of chemical communicants, etc. 
Applications of pattern recognition to drug design have been 
reviewed by Kirschner and Kowalski (15) and a book has appeared 
as well (8). 
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Studies of Musks 

In a previously published study (33) the relationships 
between molecular structure and the musk odor quality were 
investigated using the computer assisted methods discussed 
here. A data set consisting of 60 musk compounds and 240 non-
musk compounds was employed. The 60 musk compounds included 23 
macrocyclic, 19 polynitrobenzenes, 11 steroids, 5 gamma-
butyrolactones and two other structural classes. The 240 non-
musk compounds were randomly selected from a larger set of data, 
and included were 49 camphoraceous, 44 f l o r a l , 32 ethereal, 41 
mint, 51 pungent, and 23 putrid compounds. Linear discriminants 
were found that could d i f f e r e n t i a t e between the musk compounds 
and the nonmusk compounds using 13 molecular structure descrip
tors. The discriminant  tested  compound f unknow
olfactory quality and wer
quality with very high probability

In the course of that research a common substructural 
unit was observed to be present i n a large fraction of the 
steroid and polynitroaromatic musk compounds. Upon f i r s t 
inspection, these two classes of musks appeared to have l i t t l e 
i n common struct u r a l l y . However, the substructures shown i n 
Figure 3 are quite similar. They are not i d e n t i c a l because 
i n the steroid musks the ring portion of the substructure i s i n 
a chair conformation whereas i n the polynitroaromatic musks the 
ring portion of the substructure i s a planar aromatic ring. 
However, the degree of s i m i l a r i t y demonstrated i n the substructure 
led us to investigate further the spacial relationships i n the 
structures of musk odorants. 

Geometrical considerations seem to be important for the 
presence of the musk quality. To investigate geometrical r e l a 
tionships we have used a set of several hundred musk olfactory 
stimulants stored i n ADAPT disc f i l e s . The data set contains 
representative compounds from a number of different structural 
classes, e.g., steroidal musks, polynitroaromatic musks, macro-
c y c l i c musks, isochroman musks, ortho musks, meta musks, etc. 
The six compounds shown i n Figure 4 are representative of some 
of these structural classes. Each of the musk compounds i n 
the disc f i l e s has had a three-dimensional molecular model 
constructed by the MOLMEC routine of ADAPT. In looking closely 
at the musk odorants we find r e l a t i v e l y invariant spacial re
lationships between a pair of bonds, one of which contains one 
or two heteroatoms (usually an oxygen atom). This relationship 
i s most easily seen in steroid structure 6 i n Figure 4 as 
the spacial relationship between the methyl substituent at the 
junction of rings A and B and the hydroxy substituent on ring A. 
The three-dimensional nature of this spacial arrangement can be 
seen i n Figure 2. The top side of the steroidal musk, facing 
the viewer, i s dominated by the two methyl substituents, and 
the oxygen atom of the hydroxy group i s cross-hatched. This 
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spacial relationship can be quantified by measuring the distances 
between the four atoms involved and the angle formed by the two 
bonds. For structure 6 of Figure 4 the distance between the 
methyl substituted and the oxygen atom i s 5.51 A and the distance 
between the junction of rings A and B and the carbon to which the 
hydroxy substituent i s attached i s 3.06 A. The angle between 
the two bonds i s 141°. We are in the process of searching for 
the best matches of this spacial arrangement (which we c a l l an 
"olfactophore" by analogy with the term "phamacophore") of atoms 
in other known musk compounds. Those compounds i n Figure 4 
are a l l musk odorants, and their distances corresponding to 
those described for structure 6 are given in Table I. The 
degree of agreement i n the distances and angles i s very good, 
suggesting that this portion of these musk compounds may be 
implicated i n the elucidatio

Table I 
Geometric Relationships Within the Six Musk Odorants. 

Compound 

Distance Between 
Heteroatom and 
Methyl Group 

Distance Between 
Bases of the 

Two Bonds 
Angle Between 
the Two Bonds 

71 A 
68 I 
62 £ 
51 A 
6 i ; 
51 A 

A 
o 
A 

3.26 
2.86 
2.64 I 
3.37 A 
3.14 I 
3.06 A 

153° 
157° 
139° 
140° 
134° 
141° 

We are in the process of using the c a p a b i l i t i e s of the ADAPT 
system to investigate the properties of the several hundred musk 
compounds that are stored i n ADAPT disc f i l e s . Our studies of 
olfactory stimulants have led us to believe that musk compounds 
must be r e l a t i v e l y large compounds with r e l a t i v e l y high l i p i d 
s o l u b i l i t y . These characteristics are very different from 
compounds known to be trigeminally active (39) which are r e l a 
t i v e l y small compounds with higih aqueous s o l u b i l i t y . While this 
hypothesis was advanced several years ago, we can now estimate 
the log P values for our musk compounds. The log P values for 
the six musks shown i n Figure 3 are as follows: 6.08, 4.93, 
5.27, 5.91, 6.48, and 8.17, respectively. These are certainly 
compounds that prefer to be i n the l i p i d phase rather than the 
aqueous phase. 

In addition to those studies outlined above, we are now 
investigating musk olfactory stimulants using another data set. 
On an ADAPT disc we have a set of 284 musks taken from a chapter 
on musk compounds in the book by Beets (20), a book by Amoore 
(55), and a series of papers by Wood (56). The musk chapter by 
Beets contains 109 compounds that are c l a s s i f i e d as odorless, 
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nonmusk, other, or faint and which are of similar structural 
types as the musk odorants. We have randomly selected 70 of 
these compounds to form a set representative of nonmusk compounds. 
In order to keep our data set manageable i n size we have taken 140 
musks from the three sources above to represent the musk category. 
Thus, a well characterized data set of 210 compounds results. 
Each of these compounds has been represented by a large number of 
calculated molecular structure descriptors, including fragments, 
molecular connectivity indices, geometrical descriptors, mole
cular volume, environment descriptors, log P, and etc. A multiple 
linear regression routine has been used to identify descriptors 
that are highly correlated with one another. After these i d e n t i 
fications were made, then the interrelationships were broken 
down by eliminating descriptors i n order to produce a set that 
does not contain an unacceptabl
After these selections
mained. The log P for each compound was one of these descriptors, 
and i t was correlated with a l l other descriptors generated. The 
mean correlation c o e f f i c i e n t found was 0.282 with the largest 
value being 0.83 vs. a path one molecular connectivity descriptor. 
The 20 descriptors forming the present set include 3 fragments, 
one molecular connectivity descriptor, four molecular connectiv
i t y environment descriptors, 9 path environment descriptors, the 
molecular volume, log P, and one molar r e f r a c t i v i t y environment 
descriptor. Thus, 14 of the 20 descriptors are substructure 
sensitive environment descriptors. In a series of preliminary 
pattern recognition studies we have used this set of 20 descrip
tors to attempt to find linear discriminants that would separate 
the 140 musks from the 70 nonmusks. The best results to date 
have been obtained with the it e r a t i v e least squares program, 
which developed a linear discriminant that correctly c l a s s i f i e d 
183 out of the 210 compounds for a 87.1% success rate. This 
discriminant c l a s s i f i e d 133/140 or 95.0% of the musks correctly 
but only 50/70 or 71.4% of the nonmusks correctly. We are 
currently attempting to identify descriptors that w i l l improve 
this performance l e v e l for c l a s s i f i c a t i o n of the 210 compound 
data set. The goal i s to generate the most powerful discriminants 
possible based on the fewest number of descriptors possible, and 
then to use the discriminants to predict new musk compounds. 
In performing further studies using these 210 compounds, we 
have found sets of descriptors that would support complete 
separation between the musk and nonmusk compounds. F u l l details 
of these experiments w i l l be available when the studies are 
fi n a l i z e d . 
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Structure Recognition as a Peripheral Process in 
Odor Quality Coding 

ALFRED A. SCHLEPPNIK 

Monsanto Company, Biomed Department, 1800 North Lindbergh Blvd., 
St. Louis, MO 63166 

The odor quality of a compoun
ed i n t r i n s i c a l l y by the chemical structure: Odorant molecules 
encode the structural modalities of the stimulant molecule i n a 
transduction process, which, taking a l l changes of orientation 
and conformation into account, produces informational modalities. 
The l a t t e r are expressed as topologically defined structural fea
tures of high v a r i a b i l i t y and complexity. 

Odor/Structure Correlation attempts to elucidate the mechanisms 
which mediate the information transfer from structural features 
of a molecule to a corresponding information pattern. The l a t t e r 
originates in olfactory neurons and i s encoded i n nerve impulses. 
It i s projected for further analysis, discrimination and recog
n i t i o n to the higher olfactory centers of the CNS. This informa
ti o n transfer includes the transduction process which converts 
chemical to e l e c t r i c a l signals. 

Many odor theories have been proposed i n the past, attempting to 
explain the multitude of often very complex phenomena observed 
i n human olfaction. Most of them were only p a r t i a l l y , i f at a l l , 
successful. Nevertheless, slowly a consensus developed and today 
i t i s generally assumed that the primary process of chemorecep-
tio n takes place at the c e l l membrane of a sensory neuron and 
involves physical contact of the stimulant with potential or ac
tu a l receptor sites which could be either s p e c i a l i s t s - reacting 
only with one structural class - or generalists which would react 
with a multitude of structural classes. 
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Then, interaction of the stimulant molecule with the receptor s i t e 
regardless of the nature of the processes involved, has to achieve 
the following results: 

a) Graded transduction of a chemical into an e l e c t r i c a l 
signal (intensity Grading) 

b) Transcription of a l l or significant parts of the struc
t u r a l modality of the stimulant molecule into a set of 
informational modalities which are combined i n a precise 
and specific "Odor Information Pattern" (Quality Coding) 

c) Amplification of the primary energy gained by adsorption 
of a few stimulant molecules to a l e v e l high enough to 
trigger the electrogenic processes involved i n signal 
generation (Depolarization of the sensory neuron, f i r i n g 
of a spike) 

d) High speed o
a few 100 msec

e) Do a l l t h i s without involving the stimulus i n any chemi
cal changes, but release i t unchanged rapidly after t e r 
mination of the transduction process. 

In t h i s communication the focus i s on b): Odor/Structure Corre
l a t i o n . 

Most, perhaps a l l of the odor theories advanced so far made the 
assumption that the transcription of structural information en
coded i n the stimulant molecule into an odor information pattern 
i s an integral process: One odorivector (AMOORE, 2) interacts with 
one receptor s i t e and t h i s interaction results i n transcription of 
a l l structural components simultaneously into t h e i r corresponding 
informational modalities. However, observation t e l l s us that o l 
factory information i s inherently complex: Ambergris for instance 
i s described (0HL0FF, 3) by six d i s t i n c t l y different notes. This 
would imply that i n an integral process of the peripheral molecu
l a r interaction one single neuron has to detect at least six d i f 
ferent p r o f i l e s with six different receptor sites and project the 
informational modalities intact to the higher centers. 

Since the single b i t of olfactory information i s one spike of the 
olfactory neuron which i s independent of the number and qualities 
of the detector sites an insurmountable problem for quality coding 
arises. One way to avoid t h i s problem i s simply to deny the exis
tence of specific receptor sites and specialized detector c e l l s i n 
AMOORE}s terms and replace the specialised concept with a "General 
Concept" i n which quality coding i s achieved through a sp a t i a l 
d i s t r i b u t i o n of collections of a large number of struct u r a l l y 
different generalist receptor sites which would interact with the 
stimulant molecule i n a l l i t s orientations and conformations. In 
th i s way a l l structural features of the stimulant molecule - the 
structural modalities - would be converted into informational mo
d a l i t i e s distributed over an information pattern with more or less 
d i s t i n c t topological characteristics. Therefore the p r o f i l e i s not 
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expressed at the molecular or microscopic, but at the macroscopic 
l e v e l , as defined areas of the olfactory epithelium. However i t 
has to be noted that again, even i n t h i s diffuse pluriform i n t e r 
action scheme the integral process i s used: One stimulant molecule 
interacting with one generalist receptor s i t e i s su f f i c i e n t for 
quality coding. 

The alternative to the integral process i s a d i f f e r e n t i a l process 
of the type of a "Multiple P r o f i l e - Multiple Receptor S i t e " i n 
teraction f i r s t suggested by POLAK J r . (h). In a system of thi s 
kind the p r o f i l e and the receptor s i t e have to be s t e r i c a l l y com
plementary l i k e a substrate to an active s i t e of an enzyme; or a 
drug molecule to i t s specific receptor s i t e ; or a hormone to i t s 
complementary regulatory s i t e of a membrane bound adenyl cyclase 
system. It i s characteristi
regulated by interactio
c i f i c sites of a t e r t i a r y protein structure. Staying within the 
well established and accepted principles of molecular biochemistry 
and assuming that there i s indeed no drastic difference between 
the peripheral processes of substrate/enzyme-, drug/specific re
ceptor s i t e - and stimulant/specific receptor s i t e interactions one 
can postulate that the t e r t i a r y protein structure - the receptor 
s i t e - i s part of the regulatory subunit of an adenyl cyclase sys
tem. The same regulatory subunit could contain a second regulatory 
s i t e . 

Adenyl cyclases are highly complex enzyme systems consisting of 
several interacting subunits. The system described above contains 
a subunit with two regulatory s i t e s : One for the odorivector which 
acts as an activator for the c a t a l y t i c s i t e of the adenyl cyclase 
system imbedded i n a second subunit. The other regulatory s i t e i n 
the f i r s t subunit then can act as an a l l o s t e r i c regulatory s i t e 
for activators or inhibitors and i n t h i s manner regulate the con
formation of the specific odorivector receptor s i t e . 

The second subunit of the adenyl cyclase system i s the ca t a l y t i c 
subunit. It forms a stable binary complex with the magnesium salt 
of adenosine triphosphate (ATP) i n i t s resting state. The stabi
l i t y of the binary complex i s caused by the complexed ATP-mole-
cule which acts as an undersized blocking agent. A r r i v a l of an 
odorivector at the activating a l l o s t e r i c s i t e i n the regulatory 
subunit and the subsequent complex formation of the odorivector 
with the "Detector subunit" results i n conformational changes of 
the detector subunit which are communicated through cooperative 
effects to the c a t a l y t i c subunit. The l a t t e r then can adapt again 
through conformational changes of the t e r t i a r y structure the cata
l y t i c s i t e to the substrate -ATP- which i t already contains. This 
"Induced F i t " (KOSHLAND, j>) activates the c a t a l y t i c s i t e , the ca
t a l y t i c (enzymatic) reaction takes place very rapidly and ATP i s 
converted to 3 f,5 f-adenosine monophosphate. This " c y c l i c adenosine 
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monophosphate (cAMP)" i s the second messenger: s t i l l a chemical 
signal, the ubiquitous information ca r r i e r i n regulatory enzyma
t i c processes. 

Adenyl cyclase systems isolated from mammals contain as a t h i r d 
component an additional guanosine triphosphate specific subunit 
and i n a l l probability even more components whose function and 
structure are not known as yet. It i s interesting to note that 
adenyl cyclases, Na-K-activated adenosine phosphatases (ATPases) 
have been located i n the membrane of olfactory neurons; and cAMP 
was found to have the highest concentration i n man i n the o l f a c 
tory mucosa. 

The second messenger, cAMP, couples the adenyl cyclase which func
tions as a "Detector Enzyme
Na-K-ATPase which operate
active transport against t h e i r concentration gradient. Changes of 
the a c t i v i t y of the ATPase produce changes of the membrane poten
t i a l . Therefore regulation of the ion pump by the second messenger 
-cAMP- produces regulation of the membrane potential. Furthermore, 
assuming that both the detector enzyme (adenyl cyclase) and the 
transducer protein (ATPase) are monomers of a heterogenic polymer
i c enzyme system arranged i n a two dimensional pattern i n which ac
t i v a t i o n of one coupled enzyme pair would, by positive cooperative 
effects, activate a large number of acceptor units (transducer + 
detector enzymes) not only a single Na/K pump (the transducer en
zyme), but a very large number of Na/K-pumps would be regulated. 
As a consequence of such a mechanism a powerful amplification fac
tor would be introduced: The two dimensional multienzyme system 
operates l i k e a bioamplifier. 

A r r i v a l of a single odorivector molecule at i t s complementary spe
c i f i c receptor s i t e consequently leads to p a r t i a l depolarization 
of a l l transducer c e l l s involved i n the bioamplifier. The r e s u l 
t i n g change i n membrane potential has been observed as the "Gener
ator Potential". If i t builds up high enough i t triggers a t h i r d 
enzyme system which instantly depolarizes the olfactory neuron. 
The resulting change in membrane potential i s a single nerve im
pulse, a spike. Since t h i s t h i r d enzyme system produces a strong 
signal on reception of a weaker one i t works as a true transponder 
which indicates by generation of a spike that a generator potenti
a l had reached a c r i t i c a l l e v e l . The spike i s the single b i t of 
chemoreceptory informational modality transcribed from structural 
modalties of the odorivector. 

In short, ligand formation of one odorivector molecule with a re
ceptor s i t e having a complementary structure to structural ele
ments of the odorivector would result i n formation of a single b i t 
of chemoreceptory information. The acceptor system i s a modular 
system i n which the transducer and the transponder can remain un-
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changed and only a change of the detector enzyme in the regulato
ry subunit of the detector enzyme i s required (and s u f f i c i e n t ) to 
provide for the accommodation of a p r a c t i c a l l y unlimited number 
and variety of structural features of the odorivector through com
plementary structural features of the receptor s i t e . 

At f i r s t glance t h i s seems to resurrect the old "Specialised Con
cept" in which a specific receptor s i t e for a " t y p i c a l odorivec
tor structure" and i t s congeners would engage in ligand formation 
in an integral process. This would be i n sharp contrast to exper
imental results obtained i n single c e l l electrophysiological stud
ies. These demonstrate that at least i n vertebrates the olfactory 
neurons are not s p e c i a l i s t s , but GENERAL!STS AS FAR AS THE OVER
ALL STRUCTURE OF THE MOLECULE IS CONCERNED: They interact with 
a multitude of structurall
tion insinuates that no
of the odorivectors, NOT THE OVERALL STRUCTURE, i s encoded, but 
a SPECIFIC PARTIAL STRUCTURAL FEATURE which may very well be part 
of many otherwise t o t a l l y different overall structures of odori
vectors. 

M. G. J. BEETS (6) has introduced the term " P r o f i l e " for t h i s type 
of p a r t i a l - or submolecular - structure. This pri n c i p l e and the 
term were adopted, but i n the system discussed now - the ENZYME 
MODEL OF OLFACTION - the meaning of " p r o f i l e " was defined more 
sharply. In i t the term " p r o f i l e " describes a limited number of 
well defined substructures of the odorivector. In the EMO a pro
f i l e of the odorivector consists of a three dimensional spatial 
arrangement of a sequence of atoms i n a well defined overall ge
ometry. It can be present e x p l i c i t l y , preformed i f the odorivec
tor or a significant part of i t has a r i g i d structure with p r a c t i 
c a l l y almost no conformational freedom. However the p r o f i l e can 
be contained i m p l i c i t l y i n odorivector molecules with varying de
grees of conformational freedom. Such molecules have either "elo
quent" structures with high degrees of conformational freedom, 
capable of expressing their structural modalities i n many d i f f e r 
ent ways; or f l e x i b l e molecules with a limited range of conforma
t i o n a l freedom in which one or a few conformations would be vast
l y preferred and others excluded. It follows that eloquent, and 
to a lesser degree, f l e x i b l e molecules can, a l l other s t e r i c a l 
requirements provided, assume the same p r o f i l e as one preformed 
in a r i g i d odorivector structure. However, with increasing con
formational freedom the probability of assuming a specific pro
f i l e diminishes rapidly. 

It furthermore follows that a p r o f i l e may constitute only a s i g 
n i f i c a n t part of the overall structure of the odorivector mole
cule: either a shape - the Van der Waals molecular outline pro
posed by AMOORE - which can degenerate to a molecularly defined 
plane; or i t can be a functional group i n the t r a d i t i o n a l sense 
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of "Osmophores" (RUZICKA's odor theory, 7) which may contribute 
stereoelectronic features, such as Pi-electron clouds etc. 

In discussions of Odor/Structure correlations the odorivector 
can be treated as a co l l e c t i o n of a number of e x p l i c i t or impli
c i t p r o f i l e s which are either d i r e c t l y connected or imbedded i n 
a larger "frame structure". The resulting molecular weight of 
the structures generated i n t h i s way has l i t t l e influence on the 
interactions with olfactory receptor sites as long as the fuga-
c i t y of the odorivector i s high enough to allow a su f f i c i e n t num
ber of odorivector molecules to reach receptor s i t e s . Small mo
lecules with a molecular weight of less than 100 Daltons display 
i n addition to the i r normal interaction with complementary recep
tor sites projecting signals into the olfactory nerve, strong i n 
teractions with a branc
well known effects of
ception (CAIN and MURPHY, 8). 

Typical odorivectors - most "odorant molecules" - have a molecu
l a r weight i n the range of 100 to about 350 Daltons. They con
t a i n therefore enough "sk e l e t a l " atoms to bu i l d frame structures 
for e x p l i c i t functional groups or d i s t i n c t shapes. It i s t h i s 
type of odorivector with one functional polar group attached to 
or imbedded i n an often very complex frame which i s the one most 
commonly encountered. Since the frame part can potentially con
t a i n a p l u r a l i t y of p r o f i l e s the t o t a l odorivector i t s e l f can 
carry a vast amount of structural information. Conversely, the 
small molecules with a molecular weight below 100 Daltons have 
only very small "frames", i f any at a l l , and consequently carry 
only a limited amount of structural information beyond t h e i r i n 
herent trigeminus i r r i t a n t contribution to the overall sensory 
perception. 

In any case, whatever amount of structural modality may be con
tained i n the odorivector structure has to be transcribed t o t a l l y 
or p a r t i a l l y i n the transduction process. More precisely, t h i s 
transcription process has to be effected i n the peripheral i n t e r 
action of the odorivector with the receptor s i t e leading to l i -
gand formation. The resulting complex i s bound by weak and re
versible bonds, such as hydrogen bonds or Van der Waals forces. 
In most cases the receptor s i t e i s the proton donor, most l i k e l y 
through free t h i o l groups. In some special cases the reverse 
process, i n which the odorivector acts as a proton donor, may be 
operational. 

In order to achieve weak bond formation the ligand has to f i t i n 
to the receptor s i t e i n such a way as to bring weak bond forming 
sites of the odorivector and the receptor s i t e within s t r i k i n g 
distance. This i s the same process as the one assumed i n drug/ 
receptor interactions. It was recognized i n molecular pharmacolo-
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gy that the ligand could be construed to consist of an " A f f i n i t y 
Part" and an "Int r i n s i c A c t i v i t y Part" (ARIENS, 9 ) . This concept 
i s loosely comparable to the description of a "normal odorivector 
molecule" as a "frame plus one polar functional group". 

The a f f i n i t y part determines the ease with which the complementa
r i t y of p r o f i l e and receptor s i t e i s achieved. This i s dependent 
of the equlibrium structure of both the p r o f i l e and the receptor 
s i t e and the energy required to change the conformation of either 
component or both. 

The " I n t r i n s i c A c t i v i t y Part" determines the ease of weak bond 
formation of the functional group with the active group of the 
receptor s i t e . It has been suggested that t h i s weak bond forma
tion occurs as the f i r s
f i n i t y part which encode
to assume the proper orientation before the complex formation i s 
finished by induced f i t of the receptor s i t e . It i s noteworthy 
that i n such cases weak bond formation to the functional group 
does not encode the structural modality of the functional group, 
but of that of the shape. Functional groups have t h e i r own, i n 
most cases s t e r i c a l l y less demanding, spec i f i c receptor s i t e s . 

From th i s follows that increased size and s t e r i c a l complexity of 
the frame ( a f f i n i t y moiety) potentially provides a larger number 
of shape-profiles. Assuming that a l l these s t e r i c a l modalities 
are expressed i n informational modalities the contribution of 
functional groups becomes proportionally less d i s t i n c t i v e , and, 
given a s u f f i c i e n t l y effective st e r i c hindrance of the functional 
group may render i t s informational modality i n the overall odor 
information pattern negligeable. In thi s way the older "Func
t i o n a l Group Odor Theory" of RUZICKA (1920) and the "Stereoche
mical Theory of Odor" of AM00RE (1962) are reconciled: Both are 
t o t a l l y compatible with the "Enzyme Model of Olfaction" and de-
ducible from the general molecular requirements of ligand forma
tion. 

Odorivector molecules can contain an almost unlimited number of 
pr o f i l e s . Of these are only a few e x p l i c i t , but with increasing 
conformational freedom a rapidly increasing number of imp l i c i t 
ones are potentially possible. This raises the question about the 
number of complementary receptor sites necessary to deal unambig
uously and e f f i c i e n t l y with the transcription of structural into 
informational modalities. The concept of multiple p r o f i l e - mul
t i p l e receptor sites provides no indication how the actual num
ber of receptor s i t e types could be deduced. However the minimum 
number required to encode the t o t a l olfactory spectrum perceived 
by man can be estimated by means of basic principles of informa
tion theory. For that a few simple assumptions have to be made: 
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1) Each receptor s i t e produces only one informational moda
l i t y , a monoosmatic component. 

2) Each olfactory neuron contains exclusively or vastly pre
dominantly receptor sites specific for only one p r o f i l e . 

3) The contributions - nerve impulses - of the individual 
active neurons are summated i n the next higher center, 
the glomeruli of the olfactory bulb. I f the combined ac
t i v i t y of 20.000 - 25.000 olfactory neurons, which a l l 
feed into one glomerulus, excede a threshold value, the 
glomerulus i s activated - turned on to produce a signal 
which indicates a sp e c i f i c monoosmatic component. 

k) A l l specific monoosmatic components are combined i n s t i l l 
higher centers to produce an "Odor Information Pattern". 

5) Each discernible odor has a sp e c i f i c unique individual 
odor informatio

It has been observed that the discriminatory c a p a b i l i t i e s of hu
man o l f a c t i o n are tremendous: It was estimated that an untrained 
person could d i f f e r e n t i a t e up to ten m i l l i o n odors, perhaps even 
s i g n i f i c a n t l y more than that. Information theory then shows that 
i n order to encode the qualities of ten m i l l i o n odors i n a simple 
binary mode (Monoosmatic components on or o f f , t h e i r intensity, 
albeit important, i s i n t h i s connection disregarded) only 2k to 
27 specific p r o f i l e s , disregarding possible and probable redun
dancies, and therefore the same number of complementary receptor 
sites would be required. Assuming furthermore that said redundan
cy, i n which the informational modalities of two different speci
f i c receptor sites of two different olfactory neurons are conflu
ent i n one collector c e l l and therefore contribute to the expres
sion of only one monoosmatic component i s indeed operational i t 
becomes necessary to increase the t o t a l number of types of speci
f i c receptor sites to 2U-30. This means that only 2^-30 s p e c i f i c 
detector proteins are required for structure recognition i n the 
transduction process. This compares to about U000 enzyme systems 
i n different stages of a c t i v i t y estimated to be present i n a c e l l 
any time. 

The next question arisi n g i s that about the minimum number of mo
noosmatic components required to encode an odor quality. It has 
been recognized by BEETS that an inherent "Principle of informa
t i o n a l complexity" makes the perception of even a single odorant 
molecular species informationally complex, even i f the odor i n f o r 
mation pattern i s dominated by the terminal derivative (monoosma
t i c component) of a single chemoreceptory modality. But there has 
to be something l i k e a minimum complexity s t i l l . In terms of the 
EM0 there must be a minimum number of monoosmatic components es
sential to produce a minimal odor information pattern. Again, 
since t h i s problem i s not i n the domain of peripheral processes, 
the Enzyme Model of Olfaction cannot provide an answer. However, 
experimental results obtained by P0LAK (10) indicate that one 
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single informational modality does not encode a quality but only 
signals the presence of an odorant. 

As a consequence the minimum number of monoosmatic components re
quired to encode an odor quality i s two. This seems to rule out 
the concept of primary odors. However, taking into account the 
r e l a t i v e i n t e n s i t i e s of the monoosmatic components one could ex
pect that an odor p r o f i l e with two monoosmatic components of which 
one dominates decisively would signal an odor quality approaching 
the simplicity of a primary odor. 

A r r i v a l of the odorivector i n i t s prefered orientations and con
formations at the olfactory epithelium leads to simultaneous com
plex formation of many odorivector molecules through different 
p r o f i l e s contained as structura
ture with t h e i r correspondin
leads to signal generation and signal modification and produces 
an odor information pattern i n which each monoosmatic component 
indicates the presence of a d i s t i n c t chemical structural feature. 
Consequently the odor information pattern denotes not only a well 
defined odor quality, but, by signaling the presence of s p e c i f i c 
functional groups, characteristic shapes and electron d i s t r i b u 
t i o n , expresses an abridged qualitative analysis of the odorivec
tor. 

Therefore i n any attempt of odor-structure correlation not the 
t o t a l (or overall) structure of the molecule should be considered 
but the individual contributions of the molecular p r o f i l e s . Per
haps t h i s could be done by a combination of computer assisted con
formational analysis of the odorivectors which would provide i n 
formation about the nature of the e x p l i c i t and i m p l i c i t p r o f i l e s 
as well as the probability of the formation of the l a t t e r , with 
multidimensional scaling of the highly processed information the 
odorivectors deliver. 

Furthermore the odorivectors could be treated the same way, with 
the same methods, as drug molecules are i n QSAR (Quantitative 
Structure A c t i v i t y Correlation). A computerized approach to bio
chemical quantitative structure-activity-correlations was i n t r o 
duced by the HANSCH APPROACH ( l l ) . D efinition of a l l the essenti
a l p r o f i l e s , those capable of being expressed i n monoosmatic com
ponents, would afford the foundation on which an algorithm for 
the calculation of odor quality based on the chemical structure 
of the odorivector conceivably could be designed. 

Up to t h i s point only speculations have been presented. They were 
based on the assumption that the peripheral process i n o l f a c t i o n 
i s mediated by specific receptor sites of a group of membrane 
bound adenyl cyclases and that the Multiple P r o f i l e - Multiple Re
ceptor Site concept i s viable. I f these assumptions are correct 
the following extrapolations could be made: 
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1) Adenyl cyclases are regulatory enzymes and themselves 
subject to a l l o s t e r i c regulation of t h e i r s p e c i f i c re
ceptor s i t e . Therefore i t should be possible to regu
late the a c t i v i t y , and hence the s e n s i t i v i t y of the de
tector subunit. 

2) Regulation of the detector system of a s p e c i f i c regula
tory subunit would result only i n the change of the con
tr i b u t i o n of one monoosmatic component - the one whose 
detector s e n s i t i v i t y i s changed. Therefore the odor i n 
formation pattern would remain unchanged except for the 
contribution of that single monoosmatic component whose 
corresponding receptor s i t e has been regulated (activat
ed or inhibited). 

3) Regulation of
to noticeable changes i n odor quality. 
Inhibition would reduce or even eliminate the contribu
tion of a dominant or s i g n i f i c a n t l y modifying monoosma
t i c component and thereby cause a noticeable antagonis
t i c effect. Further reduction of a minor monoosmatic 
component or i t s elimination would go i n a l l p r o b a b i l i 
ty undetected. 
Activation could raise the contribution of a minor mo
noosmatic component to either modifying or dominant 
status and thus create a noticeable synergistic effect. 
Both antagonistic and synergistic effects are very com
mon i n multicomponent odorivector systems and are well 
known to experienced perfumers. 

k) These observed synergistic and antagonistic effects i n 
dicate that the regulatory a c t i v i t y has to be encoded 
in an odorivector present i n the mixture, i n a l l proba
b i l i t y i n the same way as the activators of the detec
tor adenyl cyclase - as an "Active P r o f i l e " 

In terms of established principles of enzyme chemistry there i s 
no difference between the interaction of a molecular p r o f i l e 
with i t s complementary receptor s i t e and that of an active pro
f i l e with i t s corresponding complementary regulatory s i t e . In 
both cases normal ligand formation through weak bonds takes 
place. 

The active p r o f i l e can be a spe c i f i c regulatory one which does 
not interact with a normal detector s i t e . Consequently i t would 
not produce a monoosmatic component and the regulatory a c t i v i t y 
would be independent of the i n t r i n s i c odor of the regulatory mo
lecule i t s e l f . The other p o s s i b i l i t y of course i s that the same 
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molecular p r o f i l e could direct ligand formation with a comple
mentary receptor s i t e and contribute i n t h i s way to the forma
tio n of the corresponding monoosmatic component. Beyond that i t 
could direct ligand formation with a regulatory s i t e and i n this 
way interfere with the transcription of the structural i n f o r 
mation modalities of a copresent odorivector. F i n a l l y , an ac
t i v e p r o f i l e i n an odorivector could interfere with i t s own 
transcription. 

In a l l of these examples of regulation of transcription of pro
f i l e s by a l l o s t e r i c regulation of receptor sites by active pro
f i l e s THE DUAL NATURE OF 0D0RIVECT0RS manifests i t s e l f . This i s 
a new pri n c i p l e postulated to be pertinent i n a l l mixtures of 
odorivectors. In i t s most extended scope t h i s p r i n c i p l e states 
that a l l odorivectors hav
i n t r i n s i c odor and at th
perception of a copresent odorivector. The l a t t e r i s achieved 
by a l l o s t e r i c regulation i n a peripheral process. 

The Dual Nature of Odorivectors explains the observed nonlinear 
a d d i t i v i t y of odors. In odor mixtures the contribution of each 
component i s not necessarily the odor quality i t would display 
i f presented as a single odorant - the i n t r i n s i c odor - but an 
odor quality which i s changed by the a l l o s t e r i c regulation caused 
by a co-present odorivector. The extent of t h i s change i s a func
t i o n of the concentration of the regulatory odorivectors present. 

The concept of the Dual Nature of Odorivectors furthermore ex
plains a l l observed i r r e g u l a r i t i e s , synergistic and antagonistic 
effects at least i n part by assuming the causative processes 
take place at the periphery and not exclusively at the CNS-level 
as has been generally assumed so far. 

That t h i s peripheral interaction of odorivectors i s a r e a l i t y 
and not just a postulate resulting from lengthy speculations has 
been confirmed by s t a t i s t i c a l l y significant experimental proof 
obtained i n malodor/"antimalodor"-interaction studies (12), and 
on a more general base, i n odor/odor-interactions. These results 
give i m p l i c i t proof that s p e c i f i c receptor sites for molecular 
and active p r o f i l e s exist. 

The "Antimalodors" (AMALs) mentioned above were discovered i n a 
chance observation i n 1968 (13). In a routine screening program 
of new aroma chemicals i t was found that several new compounds 
had the unique property to suppress the perception of malodors 
caused by molecules which have pronounced proton donor or proton 
acceptor properties. The most commonly encountered malodors be
long i n t h i s group: lower fatty acids, phenols, mercaptans, 
amines etc. Even more important was the observation that these 
"Antimalodors" produced a very s p e c i f i c counteraction effect 
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which did not interfere with the perception of a l l other odor 
qu a l i t i e s . On top of that the AMAL-activity was highly s p e c i f i c 
and rapidly and t o t a l l y reversible. In other words, the AMALs 
induced specific reversible anosmia. Later on, i n an extensive 
screening program i t was demonstrated that the AMAL-activity of 
odorivectors was t o t a l l y independent of th e i r i n t r i n s i c odor 
qu a l i t i e s . Psychophysical precision measurements f i n a l l y showed 
that at the very high dilutions of t h e i r application levels the 
AMALs were a l l subthreshold. 

A l l these observations combined make i t obvious that we had i n 
deed a regulatory interaction and not one of the t r a d i t i o n a l 
malodor counteractions such as simple overpowering or masking. 
This view i s supported by the fact that the antimalodors have 
no structural s i m i l a r i t
sent "normal" aroma chemica
above 100 Daltons and different degrees of po l a r i t y . 

In contrast the malodors - proton donors or proton acceptors 
with no exception - are a l l small molecules with molecular 
weights well below 100 Daltons, they are highly polar compounds 
and have l i t t l e or no s t e r i c requirements. They share no struc
t u r a l features (Methyl mercaptan - trimethyl amine - isobutyric 
acid - phenol) and a l l are strong i r r i t a n t s . 

These observations lead to two very important conclusions: 

a. The oberved i n h i b i t i o n of malodor perception cannot 
be caused by competitive i n h i b i t i o n . In such a mech
anism the AMAL-molecule would block the common recep
tor s i t e for a l l prototropic malodors and the st e r i c 
requirements for the malodors and the AMALs would 
have to be very similar i n order to make ligand f o r 
mation of both types with the same receptor s i t e pos
si b l e . As has been pointed out already exactly the 
opposite i s the case: AMALs with t h e i r s t e r i c a l l y 
well defined active p r o f i l e s require s t e r i c a l l y equal
l y well defined receptor sites for ligand formation, 
whereas the receptor s i t e for the common entity of 
a l l malodors has no s t e r i c a l requirements at a l l . 

This points to a l l o s t e r i c regulation of the c r i t i c a l 
receptor s i t e common to a l l malodors. The a l l o s t e r i c 
s i t e undergoes ligand formation with the AMAL active 
p r o f i l e . This process causes changes i n the conforma
ti o n of the regulatory subunit of the detector enzy
me which alters the overall geometry of the s t e r i c a l 
l y indifferent c r i t i c a l receptor s i t e to such an ex
tent that i t s a c t i v i t y for ligand formation with mal
odors i s decreased or t o t a l l y inhibited. Consequent-
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l y , i f the AMAL reaches i t s regulatory receptor s i t e 
prior to the a r r i v a l of a malodor molecule at the 
c r i t i c a l receptor s i t e the ensuing conformational 
change of the l a t t e r makes ligand formation d i f f i c u l t 
or impossible, the transduction process i s slowed 
down or t o t a l l y inhibited. Consequently the c o n t r i 
bution of the monoosmatic component common to a l l 
malodors i s reduced or t o t a l l y eliminated. As a re
sult the malodor cannot be perceived i n i t s o r i g i n a l 
intensity or not at a l l . 

b. The receptor s i t e common to a l l prototropic malodors 
- the " c r i t i c a l " receptor s i t e - then has to have the 
a b i l i t y to recognise the presence or absence of a 
proton donatin
philes) or a
ph i l e ) . Several structures which would have th i s pro
perty and can be assembled from functional groups com
mon i n proteins, such as carboxyl- , mercapto- or p r i 
mary amino groups. A "Reinforced ionic bond" formed 
from a carboxyl- and a primary amino group would give 
through formation of two hydrogen bonds between two 
hydrogens on nitrogen and the two oxygens i n the carb-
oxylate anion a resonance s t a b i l i s e d six membered ring 
system. A proton donor would donate a proton to the 
ring system which would then open to give an ammonium 
carboxylic acid; whereas a proton acceptor would ac
cept a proton and break the resonance s t a b i l i s e d six 
membered ring to give an amino carboxylate anion. 
Since both functional groups can be part of distant 
amino acids brought into proximity i n the t e r t i a r y 
protein structure formation of a resonance s t a b i l i s e d 
reinforced ionic bond could s t a b i l i z e one conforma
tion and i t s ring f i s s i o n could bring about profound 
conformational changes. 

The f i n a l unequivocal experimental proof that the observed ef
fects were indeed peripheral ones was obtained i n psychophysical 
experiments. Tertiary butyl mercaptan was used as the target i n 
a monorhinal presentation. Its perceived odor intensity remained 
unchanged when i n a dichorhinal experiment the contralateral na-
r i s was exposed to a very low intensity of U-cyclohexyl -U-methyl-
2-pentanone (CMP, 13). However, i n agreement with established 
crossover a d d i t i v i t y , the t o t a l perceived overall odor intensity 
showed a small, but s t a t i s t i c a l l y significant increase. Then the 
two separate odorant streams of the dichorhinal experiment were 
combined and the mixture of malodor (t.-butyl mercaptan) and 
AMAL (CMP) presented to the subjects again. Perceived ov e r a l l 
intensity was reduced by lh% and perceived malodor intensity by 
&5% at a significance l e v e l of 5%. 
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Similar experiments with other malodor/AMAL-combinations gave the 
same results. For example when iso v a l e r i c acid and CMP were used 
perceived ov e r a l l intensity i n the monorhinal presentation of the 
mixture was reduced by 6k% i n comparison with the dichorhinal pre
sentation; and perceived malodor intensity by 96%. 

When l i n a l y l acetate was used as the target i n place of the proto-
tropic malodors i n the same experimental protocol no difference 
between monorhinal presentation of the target and mono- and dicho
r h i n a l presentation of target and AMAL (CMP) was observed. 

These results cannot be explained with any of the older theories 
of olf a c t i o n whereas the Enzyme Model of Olfaction not only can 
do that e f f o r t l e s s l y , but actually allows to predict these effects 
on the basis of generall
chemistry. The concep
PROCESS IN ODOR QUALITY CODING  represents only the special a p p l i
cation of a more general mechanism of structure recognition i n 
peripheral processes to the problems of quality coding i n o l f a c 
t i o n . 
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Abstract 

Interaction of odorivectors with receptors leading to signal ge
neration and subsequent formation of an odor information pattern 
composed of a limited number of monoosmatic components can be vi 
sualized to proceed by either an integral or differential process. 
The integral process is molecular: The total odorivector molecule 
is involved in a single interaction which triggers a transduction 
process capable of producing a multicomponent information pattern. 
The differential process is based on a multiple profile/multiple 
receptor site mechanism: Many odorivector molecules interact inde
pendently through different submolecular profiles with complemen
tary specific receptors in profile specific transduction process
es, each of which leads to formation of a specific monoosmatic 
component of the final odor information pattern. In this mechanism 
therefore specific regulation of formation of monoosmatic compo
nents should be possible and should lead to distinct changes in 
perceived odor quality caused by the resulting selective synergis
tic and antagonistic effects. Implications of the concept of the 
differential process and experimental results of selective speci
fic antagonistic effects are discussed in this communication. 
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10 
The Dependence of Odor Intensity on the 
Hydrophobic Properties of Molecules 

MICHAEL J. GREENBERG 

The Quaker Oats Company, 617 West Main Street, Barrington, IL 60010 

The quantitative approach to understanding biological activity 
depends upon being able t  structur  b  numerical value d the
relating these values to correspondin

Relatively little work in this area has been reported on how odor 
intensity is dependent upon odorant physical chemical properties. Davies 
and Taylor (1) related threshold to the cross-sectional areas and adsorption 
constants at an oil-water interface of the odorant molecules. However, 
these observed and calculated thresholds frequently varied by +1 
logarithmic units and sometimes as much as +2.5 units. Guadagni et. al. 
(2) related molecular weight with the odor threshold values of aliphatic 
aldehydes in water. Beck (3) assumed that a factor determining an 
odorant's threshold is its volume, shape, and axis (produced by the odorant's 
functional group "anchored" at a receptor site) around which the molecule 
rotates. In another study odor thresholds were related to odorant air water 
partition coefficients, hydrogen bonding, molecular volume and 
polarizability by Laffort (4). Laffort et. al. (5) also correlated odor 
intensity with GLC retention parameters. 

In still another study Dravnieks (6) correlated 14 structural features 
with odor threshold and suprathreshold data. More recently Dravnieks (7) 
correlated odor intensity equivalent to 87 ppm (Vol/vol) of 1-butanol with 
20 structural features represented by Wiswesser line notation. The 
molecular weight term, (log mw) , was reported to be the most statistically 
significant term. 

The use of computer techniques in the correlation of biological 
activity with substrate physical-chemical properties has received much 
attention in the area of medicinal chemistry. The use of these techniques, 
denoted Quantitative Structure Activity Relationships (QSAR), were 
developed mostly by Hansch and his coworkers and have been reviewed by 
Tute (8), Purcell et. al. (9) and Dunn (10). These techniques were utilized 
by Greenberg (Ujln the correlation of odor threshold and suprathreshold 
data with Log P, the log (n-octanol/water partition coefficient). In the 
same study it was reported that steric and polar effects as measured by the 
Taft Steric and Polar Constants poorly correlated with odor intensity data. 

The purpose of this paper is to describe how the Quantitative 
Structure Activity Relationship (QSAR) technique known as the Hansch 
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Approach was used in der iv ing mechan is t i c i n fo rmat ion about odor in tens i ty 
as we l l as insight in to how this b io log ica l ac t i v i t y may be p red ic ted . This 
paper w i l l f i r s t b r ie f l y descr ibe the h istory of Q S A R , the Q S A R parameters 
used, and how subst i tuents for Q S A R studies are se lec ted . Severa l 
examples of the Hansch Approach used in tas te and odor qual i ty studies w i l l 
next be presented. The ba lance of the paper w i l l deal w i th the 
development of quant i ta t i ve s t ruc tu re odor in tens i ty re lat ionships which 
w i l l fu r ther expand upon the ear l ie r study repor ted by this author (11). Fo r 
examp le , the use of re la t i ve ly new Q S A R s te r i c parameters in cor re la t ions 
w i th odor in tens i ty da ta , and cor re la t ions of log P wi th l i t e ra tu re odor 
in tens i ty data determined on an ima l panels w i l l be presented. This w i l l be 
fo l l owed by conclusions der ived f rom those studies, and areas of fu ture 
work. 

H i s to r i ca l l y one of the f i r s t Q S A R studies was conducted in 1893 by 
R i c h e t (12) who conc lude
and ketones was inverse ly

In 1899 Ove r ton (13) and Meyer (14) co r re la ted na rco t i c ac t i v i t y w i th 
l i p id so lub i l i ty (ch lo ro fo rm-water pa r t i t i on coe f f i c ien ts ) of a wide var ie ty 
of non- ion ized compounds. They found that na rco t i c ac t i v i t y increased 
wi th increas ing l i poph i l i c i t y unt i l l ip id so lub i l i t y became so high that the 
substance was v i r tua l l y water insoluble. They also found that these 
compounds penet ra ted t issue ce l l s as though the membranes were l i p id in 
nature . This is the f i r s t repor ted co r re la t i on between par t i t i on coe f f i c ien ts 
and b io log ica l ac t i v i t y . A second major development in Q S A R occur red in 
1939 when Ferguson (15) was able to ca l cu la te tox i c concent ra t ions of a 
ser ies of compounds f rom so lub i l i ty and vapor pressure da ta . 

The next s ign i f i can t advances were made by a t tempts to use 
subst i tuent constants rather than phys ica l measurements on the whole 
mo lecu le . In 1940 H a m m e t t (16) developed the (cr) subst i tuent constants , 
wh ich measure the degree of e lec t ron re lease /w i thd rawa l of a roma t i c 
subst i tuents. Based on the H a m m e t t equat ion, Hansen (17) co r re la ted 
bac te r i a l growth inh ib i t ion of a ser ies of compounds w i th the i r H a m m e t t cr 
constants . 

In the ear ly 1960's Hansch and coworkers developed the Hansch 
equat ion . Since then quantum mechan ica l Q S A R and pat te rn recogn i t ion 
Q S A R have emerged. The Hansch approach today is s t i l l a widely used 
technique in med ic ina l chemis t ry and insec t i c ide chemis t ry . 

H i s to r i ca l l y Hansch co r re la ted the H a m m e t t o~ constant and log (n-
oc tano l -wa te r par t i t i on coe f f i c ien t ) of phenoxyace t i c ac ids w i th the i r plant 
g rowth regulator ac t i v i t y producing equat ion 1: 

L o g A . = -K{ (log P A ) 2 + K 2 log P. + K 3 (1) 

In this equat ion A . ' s represents the ac t i v i t y of the i th member of the ser ies 
s tud ied and can be in te rms of a s tandard or re la t i ve b io log ica l response. 
F o r compara t i ve purposes A . is usual ly the rec ip roca l of the molar 
concen t ra t ion requi red to e l ic i t 1 a p rede te rmined b io log ica l response such as 
E D ^ Q , L D C Q , e t c . The te rm P . is the par t i t i on coe f f i c i en t of the compound 
between fne nonpolar biophase of the b io log ica l system and i ts aqueous 
phase, and accounts for the l i poph i l i c charac te r of the drug, odorant e t c . 
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The K's are constants determined by regression analysis. A detailed 
derivation of the equation can be found in a review by Tute (8). If activity 
is a function of the steric and electronic nature of the compound's 
substituents, these effects are assumed to be included in the term which 
can be factored into E and cr , the Taft and Hammett constants or other 
pertinent linear free energy constants (LFER) as shown in equation 2: 

K 3 = f(E , <r , LFER ) (2) 
Constant 

Making the appropriate substitutions produces equation 3: 

Log A. = - K 1 (log Pp 2 + K 2 log P. + K 3 cr E § + . . . (3) 

The log P term i
coefficient). This partition coefficient is used as a reference for the 
lipophilic character and thus a model for the interaction of compounds with 
lipoidal biophases. n-Octanol has been most extensively used. In cases 
where it has been possible to actually measure interactions of drugs with 
biological phases, the n-octanol-water partition coefficient have been a 
sufficient model for estimating the interaction. Also much work exists in 
the literature on this additive constitutive property of organic molecules. 
In theory, this is a linear free energy substituent constant since the free 
energy of the partitioning process in the n-octanol-water system is linearily 
related to that of lipoidal-aqueous biophases. 

In conducting a QSAR study using the Hansch Approach substituents 
must be chosen in order to obtain a wide range of hydrophobicity. This is a 
necessary requirement in order to determine whether there is an optimum 
hydrophobicity associated with maximum biological activity. More 
importantly, the separation of hydrophobic from steric or electronic 
effects requires that substituents be chosen to prevent colinearity of 
independent variables. There are several techniques which can be utilized 
in the rational selection of substituents to meet these requirements. Craig 
(18) has suggested E vs. log P or c vs. log P plots be constructed to 
reduce colinearity, Dut this technique is limited to two independent 
variables. Hansch, Unger and Forsythe (19) have used cluster analysis as an 
aid in aromatic substituent selection. Essentially, this is a multi
dimensional Craig Plot which generates clusters of substituents having 
similar electronic, hydrophobic, and steric properties. By selecting one or 
two substituents from each cluster little interrelationship between physical 
properties can be achieved. 

Several examples of the Hansch Approach used in the area of 
sweetners and odor quality exist in the literature. Hansch and Deutsch (20) 
found that the relative sweetness of 2-amino-4-nitrobenzenes increased 
with substituents being more hydrophobic and electron releasing in nature. 

Boelens (21) correlated almond odor quality with hydrophobic and 
steric parameters. Examining Boelens data it was found that a high degree 
of colinearity between S (Steric parameter) and log P. existed for the data 
set of odorants studied. This example illustrates the need for proper 
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subst i tuent se lec t ion in order to ach ieve max imum in fo rmat ion f rom a 
Q S A R study. In the same a r t i c l e a parabo l ic re la t ionship for musk odor 
qua l i ty was also repor ted by Boelens w i th a log Po value (opt imum log P 
va lue for best odor qual i ty) of 6.24. 

Procedures 

The procedures for doing the quant i ta t i ve s t ruc ture odor in tens i ty 
re la t ionship study invo lved the fo l l ow ing : 

(1) search ing the chem ica l l i t e ra tu re for odor de tec t ion threshold 
values and suprathreshold values of c lasses of chem ica l 
compounds whose members have noncol inear s te r i c , polar and 
hydrophobic constants , 

(2) ca l cu la t i ng or using repor ted s te r i c (Taf t , C h a r t o n , S te r imo l 
Constants) , Ta f

(3) co r re la t ing th
requ i red for a threshold value or suprathreshold value denoted 
log (1/c) w i th the corresponding po lar , s t e r i c , and log P va lues. 

C lasses of chemica l compounds having d i f fe ren t func t iona l groups and 
odor descr ip tors , some of wh ich are useful to the f lavor or per fume 
industr ies were se lec ted for this i n i t i a l study. Fo r example , a lcoho ls , 
a ldehydes, pyraz ines and var ious benzeno id compounds which have been 
iso la ted in the vo la t i les of cooked meat as rev iewed by Horns te in (22) were 
s tud ied. Fo r each c lass of chem ica l compounds l i t e ra tu re threshold values 
obta ined only f r om one labora tory were used in order to prevent errors 
assoc ia ted wi th technique or methodology between laborator ies that occur 
for threshold determinat ions as discussed by Guadagni e t . a l . (2) and Powers 
and Ware (23). 

Suprathreshold odor in tens i ty da ta f r om Dravn ieks (7) equat ing odor 
in tens i ty equivalent to 87 ppm (vol . /vol . ) of n-butanol was used s ince i t 
e l im ina ted errors between labora tor ies which occur for threshold 
measurements and the n-butanol re fe rence sca le has been approved by the 
A S T M (24) as a standard method of measur ing odor in tens i ty . 

The log C n-oc tano l /water pa r t i t i on coe f f i c i en ts ] ( log P) for 
compounds se lec ted for this study were obta ined f rom those repor ted by 
Hansch et . a l . (25), or were ca l cu la ted f rom f ragmenta l -cons tan ts as 
repor ted by Nys and R e k k e r (26). The Ta f t S te r i c (E $ ) and polar (cr *) 
constants were obta ined f rom those values repor ted by Ta f t (27). 

F o r a lcohols the E and cr * values for the subst i tuents bonded to the 
carb ino l moie ty were each summed and co r re la ted against log (1/c). Fo r 
aldehydes and ketones the E $ and cr * values for subst i tuents bonded to the 
carbony l group were each summed and co r re la ted against log (1/c) . The use 
of 2 E a n d X c r * has been rev iewed by Shorter (28). 

in addi t ion to the Ta f t s t e r i c constant , severa l re la t i ve l y new s te r i c 
parameters were used. The * v s te r i c parameter was developed by C h a r t o n 
(29) and is a measure of the degree of branching in subst i tuent groups. The 
v parameter for a subst i tuent X is def ined as the d i f fe rence of the van der 
Waals rad i i of the X group and hydrogen a tom. A s in the case of E § , * v is 
highly co r re la ted to ester hydro lys is . The V * parameter is much more 
ava i lab le and has been measured for a greater range of group type than the 
E„ constant , s 
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The Sterimol Steric constants were developed by Verloop et. al. (30) 
to measure steric effects of substituents which are due to a kind of fit to a 
surface such as when substituents are engulfed in a receptor site. The 
length (L), minimum width (B )̂ and maximum width (B )̂ parameters may 
provide an improved steric picture over that of parameters such as E § 

which are highly correlated to only average radii of substituents. 
The use of hydrogen bonding indicator parameter (HB) in Quantitative 

Structure Activity Relationships has recently been reviewed by Fujita et. 
al. (31). In that study it was found that an indicator parameter (HB) which 
represents the "extra" hydrogen-bonding effect on the biological activity is 
required in the Hansch-type correlations when the relative hydrogen-
bonding effect of bioactive compounds on phases involved in the binding at 
the site of biological action differs from that in the n-octanol-H20 
partitioning phases used as the reference to estimate hydrophobicity. 
Examples were presented
correlating activity of gaseou
methyl carbamates with acetylcholinesterase inhibition. In this study HB 
was used to ascertain whether it would improve the correlations involving 
series of congeners with substituents having appreciable association 
capability. Non-hydrogen bonders were assigned an HB value of 0 while 
hydrogen acceptors or donors were each assigned an HB value of 1. 

Regression studies of the odor intensity data were carried out using 
the Continental Can Co. Stepwise Multiple Regression program and the 
PDP-11-45 mini computer (Digital Equiment Corp.). 

Results and Discussion 

Results of the regression studies relating literature odor intensity to 
log P, E , cr*, or and the various sterimol parameters are presented in 
Tables 1-v. For each equation n is the number of compounds in the data 
set, R is the correlation coefficient, and S is the equation standard 
deviation. The numbers in parentheses are the calculated confidence 
intervals at the 95% level of confidence. 

In general it was found from the fifteen sets of data in Tables I-V 
very good correlations were achieved between log (1/c) and log P or log P 
and HB with fourteen sets having an equation with a correlation coefficient 
greater than 0.88 which was at least significant at the 95% level of 
confidence. Very good correlations with log P were found using literature 
threshold data as well as suprathreshold data. Thus two different odor 
intensity parameters correlated well with log P. Odor intensity of 
homologous series as well as for compounds with different functional 
groups were found to correlate well with log P, although correlations of the 
latter were improved by the addition of the hydrogen bonding parameter 
HB. For example, results in Table IV indicated that log P and HB 
correlated well with suprathreshold data for a data set of 50 compounds 
which include hydrocarbons, benzenoids, heteroaromatics, aliphatic ether, 
ketones, aldehydes, acids and esters. 

Specifically odor intensity was poorly related to E or£ E § , and the 
Sterimol steric parameters for data sets whose hydrophobic and steric 

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



TA
BL

E 
I:
 E
qu
at
io
ns

 Re
la
ti
ng
 A
ic
oh
ol
 Od

or
 I
nt
en
si
ty
 T
o 
Hy
dr
op
ho
bi
c,

 St
er
ic
 a
nd

 El
ec
tr
on
ic
 P
ar
am
et
er
s 

In
te
ns
it
y 

Ty
pe
 

(M
ed
iu
m)
 

Eq
. 

No
. 

Eq
ua
ti
on
 

n 
R 

s 
So
ur
ce
 

Su
pr
at
hr
es
ho
ld
 

(A
ir
) 

1 
lo
g 
(1
/c
) =

 1.
50
 +
 (0
.6
6)
 l
og
 P 
-1
.3
4 
+ 
(1
.2
5)
 

13
 

0.
83
 

1.
25
 

A 

Su
pr
at
hr
es
ho
ld
 

(A
ir
) 

2 
lo
g 
(1
/c
) =

 -0
.5
3 
+ 
(0
.7
1)

 (
lo
g P

)2 +
 3.
03
 +
 (2
.1
6)

 l
og
 P
 -
 1.
76
 +
 (
1.
18
) 

13
 

0.
87
 

1.1
6 

A 

Su
pr
at
hr
es
ho
ld
 

(A
ir
) 

3 
lo
g 
(1
/c
) =

 M
0 

i 
(0
.5
1)
 l
og
 P 

+ 
HB
 -
2.
81
 +
 (
1.
5)
 

13
 

0.
88
 

1.
09
 

A 

Su
pr
at
hr
es
ho
ld
 

(A
ir
) 

4 
lo
g 
(1
/c
) =
 -0
.3
7+

 (
1.
44
) 

E $
 +
 0.
35
 +
 (
2.
38
) 

9 
0.
22
 

1.
80
 

A 

Su
pr
at
hr
es
ho
ld
 

(A
ir
) 

5 
lo
g 
(1
/c
) =

 0.
96
 +
 (4
.9
1)
 

- 1
.1
4+
(3
.8
2)
 

9 
0.
25
 

1.
79
 

A 

Su
pr
at
hr
es
ho
ld
 

(A
ir
) 

6 
lo
g 
(1
/c
) =

 0.
61
 +
 (0
.9
0)
 L

 -5
.6
2 
+ 
(8
.1
6)
 

9 
0.
52
 

1.
58
 

A 

Su
pr
at
hr
es
ho
ld
 

(A
ir
) 

7 
lo
g 
(1
/c
) =

 0.
51
 +
 (2

.1
0)
 B

j 
-2
.2
2 
+ 
(1
.0
0)
 

9 
0.
21
 

1.
80
 

A 

Su
pr
at
hr
es
ho
ld
 

(A
ir
) 

8 
lo
g 
(1
/c
) =

 0.
76
 +
 (0

.4
5)
 B

^ 
-5
.0
0 
+ 
(3
.0
2)
 

9 
0.
83
 

1.
03
 

A 

Su
pr
at
hr
es
ho
ld
 

(A
ir
) 

9 
lo
g 
(1
/c
) =

 0.
30
 +
 (3

.2
0)
 o
*-
0.
36

 +
 (
1.
88
) 

9 
0.
11
 

1.
35
 

A 

Th
re
sh
ol
d 

(A
ir
) 

10
 

lo
g 
(1
/c
) =

 0.
78
 +
 (0
.3
9)
 l
og
 P 
+ 
3.
06
 +
 (
0.
93
) 

11
 

0.
83
 

0.
97
 

B 

Th
re
sh
ol
d 

(A
ir
) 

11
 

lo
g 
(1
/c
) =

 -0
.2
9 
+ 
(0
.1
5)

 (l
og
 P
)2 +

 1.
84
 +
 (0
.6
0)
 l
og
 P 
+ 
3.
91
 +
 (
2.
01
) 

11
 

0.
95
 

0.
55
 

B 

Th
re
sh
ol
d 

(A
ir
) 

12
 

lo
g 
(1
/c
) =

 -1
.2
7 
+(
1.
92
) 

E $
 +
8.
16
+ 
(4
.4
3)
 

11
 

0.
45
 

1.
56
 

B 

Th
re
sh
ol
d 

(A
ir
) 

13
 

lo
g 
1/
c)
 =
 = 
0.
69
 +
 (0
.4
0)
 l
og
 P 
+ 
3.
94
 +
 (
0.
92
) 

13
 

0.
76
 

1.
05
 

C 

Th
re
sh
ol
d 

(A
ir
) 

14
 

lo
g 
(1
/c
) =

 -0
.3
3 
+ 
(0
.1
7)

 (
lo
g 
P)

2 +
 1.
92
 +
 (0
.6
3)

 l
og
 P
 +
3.
73
 + 

(2
.5
8)
 

13
 

0.
93
 

0.
64
 

C 

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



© o tn
 

tn
 

z DO
 

TA
BL

E 
I:
 E
qu
at
io
ns

 Re
la
ti
ng
 Al

co
ho
l O

do
r 
In
te
ns
it
y 
To

 Hy
dr
op
ho
bi
c,

 St
er
ic
 a
nd

 El
ec
tr
on
ic
 P
ar
am
et
er
s 

(C
on
t'
d.
) 

£j
 O 

In
te
ns
it
y 

Ty
pe
 

(M
ed
iu
m)
 

Eq
. 

No
. 

Eq
ua
ti
on
 

n 
R 

S 
So
ur
ce
 

Odor 

Th
re
sh
ol
d 

(A
ir
) 

15
 

lo
g 
(1
/c
) =

 -0
.2
1  ± 

(1
.2

9)
lE

s •
 5.
33
 +
 (
2.
92
) 

13
 

0.
09
 

1.
60
 

C 

IntenSi 

Th
re
sh
ol
d 

(A
ir
) 

16
 

lo
g 
(1
/c
) =

 0.
81
 +

 (6
.0
5)
V 
+ 
4.
31
 +
 (
4.
51
) 

13
 

0.
09
 

1.
60
 

C 

ity at 

Th
re
sh
ol
d 

(A
ir
) 

Th
re
sh
ol
d 

(A
ir
) 

17
 

18
 

lo
g 
(1
/c
) =

 -1
.4
9 
+ 
(3
.4
3)
 B
j 
+ 
10
.2
7 
+ 
(5
.8
3)
 

lo
g 
(1
/c
) =

 -0
.2
5 
+ 
(0
.6
9)
2 <

r*
 +
 5.
11
 •
 (
1.
27
) 

11
 

13
 

0.
31
 

0.
06
 

1.
65
 

1.
61
 

C C 

id Molecu 

Th
re
sh
ol
d 

(W
at
er
) 

19
 

lo
g 
(1
/c
) =

 1.
82
 +
 (0
.4
0)
 l
og
 P
 +
 6.
08
 +
 (
0.
50
) 

6 
0.
99
 

0.
37
 

D 
a"
 

-*
 

Th
re
sh
ol
d 

Wa
te
r 

20
 

lo
g 
(1
/c
) =

 -0
.2
9 
+ 
(0
.1
8)

 (
lo
g P

)2 +
 2.
31
 +
 (0
.3
6)
 l
og
 P
 +
 6.
48
 +
 (
0.
22
) 

A 
- D

ra
vn
ie
ks
 (
7)
 

B 
- L

af
fo

rt
 (3

2)
 

C 
- L

af
fo

rt
 (5
) 

D 
- S

ta
hl
 (
33
) 

6 
0.
99
 

0.
14
 

D 

hydrophobic Properties oo
 

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



184 ODOR QUALITY AND CHEMICAL STRUCTURE 

properties were not colinear. Poor correlations between log (1/c) and or* 
(the Taft polar constant) were observed for the same suprathreshold data 
sets. This is illustrated in the following examples. Table I indicates that 
alcohol Suprathreshold odor intensity correlated well with log P and HB; 
and poorly with^E $ or £c *. The Charton and Sterimol parameters also 
correlated poorly with odor intensity. (Note that in equation 8,21 B^ was 
colinear with log P resulting in a correlation coefficient of 0.9, thus the 
importance of B^ can not be ascertained with this particular data set.) 

Threshold data for aliphatic alcohols also correlated well with log P 
and poorly with2E s and?o**. Results in equations 11 and 14 indicate a 
parabolic dependence of alcohol odor intensity upon P. Log Po was found 
to be 3.17. Thus aliphatic alcohols having a log P value of 3.17 should have 
maximum odor intensity based upon threshold data. Poor correlations were 
also found for the Charton and Sterimol parameters. For the threshold 
data the Sterimol parameter
and thus were not include

The alcohol data indicates that the bulkiness of the substituents on 
the carbinol moiety does not determine the level of odor intensity. The 
suprathreshold data also indicates that the polar effects of the groups 
bonded to the carbinol moiety did not effect the level of odor intensity. 

Aldehyde and ketone suprathreshold odor intensity correlated well 
with log P and HB as shown in Table II. No significant relationship between 
steric or electronic parameters with aldehyde-ketone suprathreshold data 
was found with the exception of the Sterimol parameter-? L which was 
highly correlated to log P (R=0.95). Aldehyde threshold data was found to 
be linearly related to log P as shown in equations 10 and 13. The same data 
was poorly correlated with E and vas shown in Table II (eq. 12, 15 and 16). 
Note that two different aldehyde threshold data sets from two different 
sources produced very similar equations having slopes, intercepts, 
correlation coefficients and standard deviations which are not statistically 
different at the 95% level of confidence (eq. 10 and 13). 

This indicates that log P can be used to reproduce predictive 
equations. The aldehyde-ketone results indicate that the bulkiness of the 
substituents on the carbonyl group does not determine the level of odor 
intensity. Suprathreshold correlations indicate that the polar effects of the 
groups bonded to the carbonyl group does not determine the level of odor 
intensity. Similar conclusions regarding the importance of hydrophobic and 
steric effects can be made from the alkane odor intensity -log P and E § 

equations in Table III. 
The other results in Table III are those of data sets not having 

noncolinear physical-chemical properties. Log P was highly correlated with 
these data sets as well. Ethylesters threshold data in air was linearly 
related to log P (eq. 4) while 3-alkyl-2-methoxy pyrazines had threshold 
odor intensity which was parabolically related to log P (eq. 7). The 
pyrazine data indicates that 3-alkyl-2-methoxy pyrazines having a log P 
value of 2.43 would have the most intense odor of the series. 

Benzenoids and heteroaromatics odor intensity was highly correlated 
to log P. Addition of the HB indicator variable improved this correlation 
significantly (Table III - eq. 9). 

The data in Table IV indicates that odor intensity of a wide variety of 

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



TA
BL

E 
II.

 E
qu
at
io
ns

 Re
la
ti
ng
 A
ld
eh
yd
e-
Ke
to
ne
 O
do
r 

In
te
ns
it
y 
To

 H
yd
ro
ph
ob
ic
, S

te
ri
c a

nd
 E
le

ct
ro

ni
c 
Pa
ra
me
te
rs
 

In
te
ns
it
y 

Ty
pe
 

(M
ed
iu
m)
 

Eq
. 

No
. 

Eq
ua
ti
on
 

n 
R 

s 
So
ur
ce
 

Su
pr
at
hr
es
ho
ld
 

1 
lo

g(
l I

c)
 =
 1.
49
 +
 (1

.5
8)

 l
og
 P-
0.
06
 + (

2.
19
) 

9 
0.
64
 

1.6
6 

A 
(A
ir
) 

Su
pr
at
hr
es
ho
ld
 

2 
lo

g(
l I

c)
 =
 1.
89
 +
 (0

.6
6)

 l
og
 P
 +
 2.
23
 + 
(0
.8
8)
 H
B 
-3
.2
3 +
 (0
.8
9)
 

9 
0.
96
 

0.
66
 

A 
(A
ir
) 

lo
g(

l 
*>

 
Su
pr
at
hr
es
ho
ld
 

3 
lo

g(
l I

c)
 =
 -0
.4
7 
+ 
(1
.6
1)

 (
lo
g P

r 
+ 
2 '.6
4 
+ 
(4
.3
3)

 l
og
 P
 -0
.4
4 
+ 
0.
88
) 

9 
0.
68
 

1.7
2 

A 
(A
ir
) 

lo
g(

l 

Su
pr
at
hr
es
ho
ld
 

4 
lo

g(
l I

c)
 =
 -1
.0
8 
+ 
(1
.4
4)
^E
 
+ 
0.
07
 +
 (1
.7
0)
 

7 
0.
65
 

1.3
8 

A 
(A
ir
) 

lo
g(

l 

Su
pr
at
hr
es
ho
ld
 

5 
log

 (1
 Ic

) 
= 
2.
03
 +

 (3
A2

)?
V 

-1
.7
3 
+ 
(4
.2
4)
 

7 
0.
59
 

1.4
6 

A 
(A
ir
) 

Su
pr
at
hr
es
ho
ld
 

6 
log

 (1
 Ic

) 
= 
1.2

5 
+ 
(0
.8
7)
£ L

 -9
.3
6 
+(
7.
16
) 

7 
0.
93
 

1.
02
 

A 
(A
ir
) 

log
 (1

 

Su
pr
at
hr
es
ho
ld
 

7 
lo

g(
l I

c)
 =
 -0
.4
3 
+ 
(7
.8
9)̂

"B
. 
+ 
2.
14
 +
 (2
3.
28
) 

7 
0.
06
 

1.8
2 

A 
(A
ir
) 

lo
g(

l 

Su
pr
at
hr
es
ho
ld
 

8 
lo

g(
l I

c)
 =
 0.

75
 +
 (1

.9
8)
^ B

^ 
-3
.0
1 
+ (

10
.3
7)
 

7 
0.
40
 

1.6
7 

A 
(A
ir
) 

lo
g(

l 
— 

*f
 

— 
Su
pr
at
hr
es
ho
ld
 

9 
lo

g(
l I

c)
 =
 0.
31
 +
 (4
.8
61
2:

 cr
* 
+ 
0.
63
 + (

1.
79
) 

7 
0.
48
 

1.
79
 

A 
(A
ir
) 

lo
g(

l 

Th
re
sh
ol
d 

10
 

lo
g(

l I
c)

 =
 0.

19
 +
 (0

.0
4)

 l
og
 P
 +
 3.

88
 + (

0.
24
) 

8 
0.
97
 

0.
21
 

B 
(W
at
er
) 

lo
g(

l 

Th
re
sh
ol
d 

11
 

lo
g(

l I
c)

 =
 0.

15
 +
 (0

.5
1)

 (
lo
g 
P)

+0
. 15

 +
 (0

.1
5)

 l
og
 P
 +
 3.
81
 +
 (
0.
24
) 

8 
0.
98
 

0.
22
 

B 
(W
at
er
) 

lo
g(

l 

Th
re
sh
ol
d 

12
 

lo
g(

l I
c)

 =
 -3
.9
0 
+ 
(6
.8
2)
 E
 
+ 
1.
09
 +
 (4
.3
3)
 

8 
0.
50
 

0.
79
 

B 
(W
at
er
) 

lo
g(

l 
— 

s 
— 

Th
re
sh
ol
d 

13
 

lo
g(

l I
c)

 =
 0
.4
2 
+ 
(0
.2
5)

 l
og
 P
 +
 3.
60
 + (

0.
64
) 

7 
0.
97
 

0.
42
 

C 
(W
at
er
) 

lo
g(

l 
9 

Th
re
sh
ol
d 

14
 

io
g(

i I
c)

 =
 0
.0
2 

+ 
(o
.i

o 
(l
og

 p
r 

+ 
o.

 36
 +
 (0

.3
6)

 l
og
 P
 +
 3.
64
 (0

.2
5)
 

7 
0.
97
 

0.
22
 

C 
(W
at
er
) 

io
g(

i 

Th
re
sh
ol
d 

15
 

lo
g(

l I
c)

 =
 -3
.2
4 
+ 
(6
.0
0)
 E
„ 
+ 
3.
49
 +
 (1
.8
3)
 

7 
0.
53
 

0.
72
 

C 
(W
at
er
) 

lo
g(

l 
a 

—
 

Th
re
sh
ol
d 

16
 

lo
g(

l I
c)

 =
 6.

49
 +
 (9

.9
1)

 V
 +
 3.
02
 +
 (
6.
79
) 

7 
0.
60
 

0.
54
 

C 
(W
at
er
) 

lo
g(

l 

A 
- D

ra
vn
ie
ks
 (
7)
 

B 
- G

ua
da
gn
i 
et
. a

l.
 (
2)
 

C 
- A

hm
ed

 e
t.

 al
. 
(3
4)
 

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



oo
 

as
 

TA
BL
E 
III

. 
Eq
ua
ti
on
s R

el
at
in
g 
Od
or

 In
te
ns
it
y T

o 
Hy
dr
op
ho
bi
c,

 S
te
ri
c 
an
d 
El
ec
tr
on
ic
 Pa

ra
me
te
rs

 Fo
r 
Va
ri
ou
s 
Co
mp
ou
nd
s 

In
te
ns
it
y 

Ty
pe
 

Eq
. 

Co
mp
ou
nd
s 

(M
ed
iu
m)
 

No
. 

Eq
ua
ti
on
 

n 
R 

s 
So
ur
ce
 

Al
ka
ne
s 

Th
re
sh
ol
d 

lo
g (

1/
c)
 =
 0.7
6 
+ 
(0
.4
2)
 l
og
 P
 +
 1.
20
 +
 (1

.8
1)
 

0.8
9 

0.
69
 

A 
(A
ir
) 

lo
g (

1/
c)
 =
 

Al
ka
ne
s 

Th
re
sh
ol
d 

2 
lo
g (

1/
c)
 =
 -0.
24
 +
 (0
.1
8)

 (l
og
 P
P 
+ 2
.57

 +
 (
1.
42
) 
lo
g P

 + 
1.3
6 
+ 
(1
.0
8)
 

7 
0.9

7 
0.
39
 

A 
(A
ir
) 

lo
g (

1/
c)
 =
 

Al
ka
ne
s 

Th
re
sh
ol
d 

3 
lo
g (

1/
c)
 =
 10
.4
2 
+ (
24
.0
) 
E 
+8
.1
2+

 (1
.5
5)
 

7 
0.5
1 

0.
60
 

A 
(A
ir
) 

lo
g (

1/
c)
 =
 

— 
s 

— 
Et
hy
le
st
er
s 

Th
re
sh
ol
d 

4 
lo
g (

1/
c)
 =
 0.4
2 
+ (
0.
15
) 
lo
g P

 +
 5.
43
 +
 (0

.6
3)
 

7 
0.9

6 
0.2

7 
A 

Et
hy
le
st
er
s 

(A
ir
) 

lo
g (

1/
c)
 =
 

Et
hy
le
st
er
s 

Th
re
sh
ol
d 

5 
log

 (1
/c
) 
= -
0.
05
 *
 (0

.1
2)

 (l
og
 P
)z +

 0.
45
 +
 (
0.
50
) 
lo
g P

 
+ 
5.
37
+(
0.
83
) 

7 
0.9

6 
0.
30
 

A 
Et
hy
le
st
er
s 

(A
ir
) 

log
 (1

/c
) 
= 

3-
al
ky
l-
2 

Th
re
sh
ol
d 

6 
lo
g (

1/
c)
 =
 2.3
7 
+ 
(1
.4
9)
 l
og
 P
 +
 4.
14
 +
 (2

.1
6)
 

7 
0.8

8 
1.4
6 

B 
Me
th
ox
y-

(W
at
er
) 

lo
g (

1/
c)
 =
 

Py
ra
zi
ne
s 

3-
al
ky
l-
2-

Th
re
sh
ol
d 

7 
lo
g (

1/
c)
 =
 -1.
04
 •
 (0
.7
7)

 (l
og
 P)

^ •
 5.
05
 +
 (2

.1
9)
 l
og
 P + 
3.3

8 
+ 
(1
.2
3)
 

7 
0.9

7 
0.7

7 
B 

Me
th
ox
y-

(W
at
er
) 

lo
g (

1/
c)
 =
 

Py
ra
zi
ne
s 

Be
nz
en
oi
ds
 an

d 
Th
re
sh
ol
d 

S 
lo
g 
(1
/c
) 
= 0.
93
 +
 (0
.6
1)
 l
og
 P
 -0
.4
8 
+ 
(1
.3
5)
 

11
 

0.7
5 

0.
68
 

C 
He
te
ro
ar
om
at
ic
s 

(W
at
er
) 

lo
g 
(1
/c
) 
= 

Be
nz
en
oi
ds
 an

d 
Th
re
sh
ol
d 

9 
lo
g (

1/
c)
 =
 1.1
2 
+ (
0.
41
) 
lo
g P

 +
 1.
21

 ± 
(0
.7
2)
 H
B 
-1
.9
2 +
 (0

.8
6)
 

11
 

0.9
2 

0.
43
 

C 
He
te
ro
ar
om
at
ic
s 

(W
at
er
) 

lo
g (

1/
c)
 =
 

A 
- L

af
fo
rt
 (3

2)
 

B 
- S

ei
fe
rt
 (3

5)
 

C 
- S

ta
hl
 (
33
) 

O 8 jo
 

O d > r H > z o o X
 m g > r1 o H W
 

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



TA
BL
E 
IV
. 
Eq
ua
ti
on
s 
Re
la
ti
ng
 Hy

dr
op
ho
bi
ci
ty
 T
o 
A 
Wi
de

 Va
ri
et
y 
of
 O
do
ra
nt
s 

In
te
ns
it
y 

Ty
pe
 

Eq
. 

Co
mp
ou
nd
s 

(M
ed
iu
m)
 

No
. 

Eq
ua
ti
on
 

n 
R 

s 
So
ur
ce
 

Al
de
hy
de
s,
 K
et
on
es
 

Su
pr
at
hr
es
ho
ld

 1
 

lo
g (

1/
c)

 = 
0.3

8 
+ 

(0
.3

7)
 lo

g P
 + 

0.1
2 

+ 
(0

.4
5)

 
50

 
0.2

9 
1.7

5 
A 

Ac
id
s,
 E
st
er
s 

(A
ir
) 

2
 

lo
g (

1/
c)

 = 
-0

.5
5 

+ 
(0

.2
2)
 (l

og
 P
)2
 + 

2.4
6 

+ 
(0

.9
1)
 lo

g 
P -

0.
85

 
• 

(0
.5

5)
 

50
 

0.6
3 

1.4
3 

A 

Et
he
rs
, 
Al
co
ho
ls
 

Hy
dr
oc
ar
bo
ns
, 

Be
nz
en
oi
ds
 

3 
lo
g (

1/
c)

 = 
-0

.3
8 

+ 
(0

.1
9)
 (l

og
 P
)2
 • 

2.1
2 

+ 
(0

.7
4)
 lo

g 
P 

HB
 -

 5
.23

 •
 (0

.4
5T

 
+

 1
.1

8
 (

0.
48

) 
50

 
0.8

0 
1.1

7 
A 

A 
- D

ra
vn
ie
ks
 (7

) 

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



188 ODOR QUALITY AND CHEMICAL STRUCTURE 

odorants is related to log P and HB. As before HB improves correlations of 
log P and odor intensity for nonhomologous series. 

Table V presents correlations of animal odor intensity data and log P. 
Once again log P was highly correlated to odor intensity, for aliphatic acids 
(2-dog panel), aliphatic alcohols (29 rats) and aliphatic acetates (42 rats). 

The concept of odorant hydrophobicity, as measured by log P, 
determining the level of odor intensity offers insight into the mechanism of 
olfaction. As discussed by Wright and Burgess (37) it is known from 
electron microscopy that in vertebrates the olfactory epithelium contains a 
tangle of cilia floating in a mucus layer. At any instant the cilia which 
contains many receptor cells may be totally or partially immersed in this 
mucus layer. Thus the ability of an odorant to partition through the mucus 
layer and membrane layers of the cilia will affect the concentration of the 
odorant that reaches the binding sites and thus odor intensity. An odorant 
may still partition throug
or membrane layer of recepto
reaches the receptor site. 

Hansch and Dunn (38) have concluded that the log P coefficient is a 
measure of the systems sensitivity to hydrophobic effects. Coefficient 
values greater than 0.85 were typical of hydrophobically sensitive systems 
such as those found for drugs interacting with membranes. Coefficient 
values between 0.40 and 0.84 were typical of intermediate hydrophobic 
sensitivity such as those found for drugs interacting with proteins. All 
correlations of suprathreshold and threshold data sets had coefficient 
values typical of those found for drugs interacting with membranes. 
Aldehyde threshold and alkane threshold produced values typical of 
intermediate hydrophobic sensitivity. This further supports the view that 
the partitioning through membrane layers is crucial in determining the 
odorant concentration at receptor sites and thus odor intensity. 

The log P term will also contain a contribution owing to the ability of 
an odorant to partition from the media in which it is dissolved into the 
atmosphere. This volatility contribution has been measured by Buttery et. 
al. (39, 40) and Nawar (41) for compounds in dilute aqueous solutions and is 
called the air/water partition coefficient (A/W). Table VI presents 
equations relating log P with log (A/W) for homologous series of methyl 
ketones, alcohols and aldehydes. For each homologous series log P is 
linearly related to log A/W. These equations indicate that volatility of 
odorants in aqueous solutions increases with increasing homolog 
hydrophobicity. The aldehyde threshold data indicates that the more 
hydrophobic aldehydes have more intense odors because of their high 
volatility in aqueous solutions and their ability to partition through 
biolayers to reach olfactory receptor sites. On the other hand, the 3-alkyl-
2-methoxy pyrzaine threshold data (Table III Eq. no. 7) indicates that there 
is an optimum log P value of 2.43 for maximum odor intensity. This 
indicates that pyrazines with log P values greater than 2.43 are more 
volatile in aqueous solutions but have a weaker odor intensity than a 
pyrazine with a log P value of 2.43; therefore, with a congeneric series the 
analogs with the highest volatility are not necessarily the most intense 
odorants. 

Similar arguments can be made for alcohol threshold data results. 
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Fo r odorants in a i r this point is fur ther i l l us t ra ted by cons ider ing vapor 
pressure, log P and H B values and equat ion no. 2 in Tab le II. Subst i tu t ion of 
log P and H B values for acetone and acetophenone in to equat ion no. 2 in 
Tab le II produces log (1/c) values which i nd i ca te that over 2,000 t imes more 
acetone (vapor pressure = 202 tor r at 25°C) is needed to produce Q the same 
odor in tens i ty of acetophenone (vapor pressure = 1.09 tor r at 25 C ) based 
on molar concen t ra t ion needed to produce odor in tens i ty equivalent to 87 
ppm n-butanol . Thus the more vo la t i l e odorant acetone is a weaker odorant 
in te rms of in tens i ty than the more hydrophobic odorant , acetophenone. 

The use of log P and H B parameters as a too l for p red ic t ing odor 
in tens i ty seems promis ing . A l though many exce l len t cor re la t ions were 
ob ta ined as presented in Tab les I-V fur ther studies are needed to 
inves t iga te severa l unresolved areas. The quest ion on whether log P is 
l inear l y or parabo l i ca l l y re la ted to odor in tens i ty for a spec i f i c medium 
needs to be reso lved. Si
odor in tens i ty , wh i le f i ve
an op t imum hydrophobic i ty (log P) assoc ia ted w i th max imum odor in tens i ty . 
L o g P o values observed were 3.17 and 2.90 for a lcohols ( threshold-ai r ) . 
A lkanes had a log Po value of 5.35 ( threshold-a i r ) . In aqueous med ia 
a lcohols had a log P o value of 3.98 wh i le 3 -a l ky l -2 -methoxy pyraz ines had a 
value of 2.43. The an ima l da ta ind ica tes that rats had log Po values of 5.40 
for ace ta tes and 7.91 for a lcoho ls . 

The log Po values d i f fe r fo r the var ious ser ies . S t ruc tu ra l l y d i f fe ren t 
sets of compounds ac t ing by the same mechan ism on the same receptor 
s i tes would a l l have the same log Po va lue. Hansch has ex tens ive ly 
i l l us t ra ted this for drugs such as barb i tura tes having hynot ic ac t i v i t y . It is 
there fo re possible that the above compounds in te rac t w i th d i f fe ren t 
receptor s i tes and/or by d i f fe ren t mechan isms. More work is needed to 
ver i f y th is point . 

A s discussed by C a m m a r a t a and Rogers (42) the more complex the 
b io log ica l system on which a ser ies of b ioac t i ve compounds is tes ted , the 
more l i ke l y the b io log ica l ac t i v i t i es w i l l be found to be non- l inear w i th 
respect to par t i t i on coe f f i c i en t s . The ra t iona le for this is that compounds 
w i th a par t i cu la r pa r t i t i on coe f f i c i en t (Po) va lue ach ieve su f f i c ien t 
concent ra t ions in a receptor compar tmen t to lead to a max imum in 
b io log ica l response. Compounds w i th pa r t i t i on coe f f i c i en ts greater or less 
than Po tend to become invo lved in k i ne t i c or energe t ic processes wh ich 
cause decreased concent ra t ions of the b ioac t i ve compound in the receptor 
compar tmen t . The b io log ica l ac t i v i t i es of s imple test systems may at 
t imes show a non- l inear dependence w i th respect to pa r t i t i on coe f f i c i en t s , 
but th is usual ly occurs when the b ioac t i ve substances are in t r ins ica l l y of 
high l i poph i l i c i t y , and a wide range of log P values is represented by the 
ser ies . It is possible that the observed l inear re lat ionships between odor 
in tens i ty and log P would become parabo l i c i f the authors would have 
s tud ied data sets w i th compounds having la rger log P ranges such as 5-6. 

The equations in Tab le I i nd ica te that fo r a lcohols odor in tens i ty is 
parabo l i ca l l y dependent upon log P for threshold values de termined in a i r 
(Eq. no. 11,14) and in water (Eq . no. 20) and l inear ly dependent upon log P 
for suprathreshold values in a i r (Eq. no. 1). The a lcoho l odor in tens i ty also 
cou ld be parabo l i ca l l y dependent upon log P for the suprathreshold values in 
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air, if the authors would have studied additional compounds having log P 
values of 3.75-5.00 since the log P value that gives optimum odor intensity 
in equation 11 is 3.17. The log P range for the suprathreshold in air data is 
(-0.32 to 3.25) which have few data points with log P values greater than 
the optimum log P value of 3.17. The aldehyde -ketone suprathreshold data 
also had a narrow log P range of -0.24 to 2.75. The same can be said for 
aliphatic aldehydes, esters and benzenoid threshold data sets log P ranges. 
More work is needed in this area. 

Another area of further study is the reproducibility and accuracy of 
derived predictive equations. Two different data sets of aliphatic aldehyde 
threshold values in water were subjected to QSAR techniques to determine 
whether log P can be used to accurately reproduce predictive equations for 
odor intensity data of a compound in a given medium determined by two 
different laboratories. Results in Table II indicate that equations 10 and 13 
have slopes, intercepts, correlatio
which are not statisticall
data sets also produced equations giving poor correlations of E § and log 
(1/c) which were not statistically significant. 

Summary 

The use of the QSAR technique known as the Hansch Approach in the 
investigation of odor intensity and odorant physico-chemical properties has 
indicated that hydrophobic properties of homologous series of compounds, 
not steric or polar properties, are highly correlated to the level of odor 
intensity. This was shown to be the case for literature odor threshold and 
suprathreshold data determined at different laboratories using various 
media. The poor correlation between odor intensity and the steric 
properties of molecules (Taft Steric Constant) which had been reported 
earlier by this author (11) have been further verified by the use of Charton 

and Verloop Sterimol steric parameters. 
The hydrophobicity term as measured by log P, the log n-

octanol/water partition coefficient , indicates that the ability of an 
odorant to partition from the medium in which it is dissolved into the 
atmosphere and its ability to partition through mucus and membrane layers 
to reach olfactory receptor sites is highly correlated to odor intensity. 
Results of this study also indicated that within a congeneric series, the 
analogs with the highest volatilities are not necessarily the most intense 
odorants. 

The ability of these techniques to predict odor intensity of organic 
compounds in a given medium seems promising. Many good correlations 
between literature odor intensity data and log P were observed for 
different media and for two different methods of measuring odor intensity, 
odor threshold and suprathreshold techniques. Log P correlated well with 
homologous and nonhomologous series. The addition of a hydrogen bonding 
indicator parameter, HB, to equations relating odor intensity to log P for 
nonhomologous series of compounds resulted in significantly improved 
correlations in four cases. The reproducibility of the predictive power of 
the derived equations was shown to be very good. This was demonstrated 
by predictive equations for literature aldehyde threshold values determined 
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in water by two d i f fe rent labora tor ies . The der ived equat ions were shown 
to be s ta t i s t i ca l l y equiva lent at the 95% leve l of con f idence . 

Fur the r work is needed in this a rea before a general p red ic t i ve 
equat ion can be der ived re la t ing odor in tens i ty of compounds in a given 
med ia to log P and H B . The quest ion on whether log P is l inear ly or 
parabo l i ca l l y re la ted to odor in tens i ty needs to be reso lved. D a t a sets of 
odorants having large log P ranges of 5-6 need to be stud ied to resolve this 
issue. 

Hope fu l l y , fu r ther evaluat ions of log P as an odor in tens i ty p red ic t ing 
too l w i l l generate general equat ions re la t ing log P to odor in tens i ty for a 
wide range of impor tant f lavor compounds in spec i f i c med ia . A study 
re la t ing taste in tens i ty and phys i co -chemica l proper t ies of organic 
molecu les is present ly being conducted in this labora tory . The tas te 
in tens i ty study may provide i n fo rma t ion wh ich when used in con junct ion 
w i th odor in tensi ty equation
designing novel f lavor compound
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11 
Odorants as Chemical Messengers 

JOHN N. LABOWS, JR. 

Monell Chemical Senses Center, 3500 Market Street, Philadelphia, PA 19104 

The relationship between chemical structure and perceived 
odor has been studied by electrophysiological  chemical-analyti
cal, and psychophysica
to being detected by th y syste  specifi
ral responses. Recent studies on various mammalian species have 
attempted to equate specific odor sources with behavioral patterns 
and to profile the odorants in hopes of identifying the biologi
cally active components (1). In addition, studies on human odor 
suggest similarities in odor sources and types with other 
mammalian species and also suggest some of these odors may be 
reflective of internal body processes. 

Our initial research efforts have been directed at chemically 
characterizing the odors which normally emanate from the body and 
using this information to diagnose disease states, sexual 
receptivity, and stress. Vaginal secretions, saliva, secretion 
from the apocrine gland in the axillae (underarm), and sebum from 
the sebaceous gland all represent unique substrates which can be 
metabolized by the resident microorganisms to generate odoriferous 
materials. Table I summarizes the useful types of information 
which may be contained in these odors. Described below are some 
of the attempts at profiling these odors and relating them to 
physiological states. 

The present interest in the characterization of both animal 
and human secretions has paralleled the development in psycho
physical measurement techniques and in analytical methods such 
as headspace concentration, gas chromatography, and the combina
tion of gas chromatography/mass spectrometry (GC/MS) which have 
made it possible to routinely separate and identify submicrogram 
quantities of organic compounds. GC/MS profiling of the small 
organic compounds present in body secretions, such as blood 
serum, cerebrospinal fluid, and urine of diseased and healthy 
individuals, has provided useful diagnostic information (2). 
The metabolic profiles are analyzed for qualitative or quantitative 
changes in individual components which might correlate with the 
onset of disease processes or the female reproductive cycle. 

0097-6156/81/0148-0195$05.00/0 
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196 ODOR QUALITY AND CHEMICAL STRUCTURE 

GC/olfactory analysis i s useful for determining which components 
of these complex mixtures contribute to the observed odor ( 3 ) . 

Table I Diagnostic Potential of Human Odors 
Microorganisms 

Odor Source Information Content Acting on 
Scalp Sebum 
Oral Time of Ovulation Saliva 

Periodontal Disease 
Gastrointestinal Disorders 

A x i l l a e Stress Level Apocrine 
Mental Health Secretion 

Vaginal Time o
Metaboli y 

Foot Bacterial Infection Eccrine Sweat 
Epidermal L i p i d 

Odor and Disease: 
Systemic disease processes such as gastrointestinal disorders 

and diabetic keto-acidosis (acetone) manifest themselves i n 
odors associated with breath and/or s a l i v a (4). The c l a s s i c 
uremic breath odor has been described as 'fishy' or 'ammoniacal' 
and involves the presence of dimethylamine and trimethylamine i n 
the breath (5). Elevated levels of mercaptans and C2-C5 
aliphat i c acids are found i n the breath of patients with ci r r h o s i s 
of the l i v e r (6) , Other il l n e s s e s such as skin ulcers, gout, 
typhoid, diphtheria, smallpox and scurvy have been reported to 
have d i s t i n c t odors (7). In most cases no odor description or 
chemical characterization of the odor has been attempted. 

The most important use of body odors i n disease diagnosis 
relates to the infant diseases involving errors i n amino acid 
metabolism. Strong and unusual odors are manifest i n the breath, 
sweat, and urine of these individuals. Table II summarizes 
several known acidurias, the amino acids that are not properly 
metabolized, and the odors associated with the compounds which 
accumulate and can be detected in the urine (8). In the case of 
the Maple Syrup Urine and Oasthouse syndrome, the keto- and 
hydroxy- acids which have been i d e n t i f i e d may not be responsible 
for the observed maple and celery/yeast odors (9). Alternatively, 
these odors could be the result of conversion of 2-keto-butyric 
acid to methyl-ethyl-tetronic acid (Slusser's lactone) which i s 
used as an extender in maple and celery flavors and has a maple 
syrup-like odor (R. Soukup, personal communication). With these 
acidurias i t i s imperative that an immediate diagnosis i s made, 
since corrective diet can prevent the brain damage that results 
from these diseases. This i s readily done on an olfactory basis 
which can subsequently be supported by gas chromatographic 
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analysis of the urine. It i s accepted procedure for the 
pediatrician to 'smell his patient 1 and at least one medical 
school uses odors as a part of i t s lecture material (10). As we 
understand what odors are associated with various disease processes, 
i t would be appropriate for the physician to use ol f a c t i o n for a 
diagnosis. 

There appears to be a relationship between various oral 
pathologies and the chemicals found i n human sa l i v a (11). 
Various v o l a t i l e compounds such as skatole, indole, sulfides, and 
long chain alcohols have been i d e n t i f i e d i n the headspace of 
sal i v a samples. These materials increase i n both a quantitative 
and qualitative fashion with varying degrees of periodontitis. 
S p e c i f i c a l l y , a l k y l pyridines appear to be present i n the s a l i v a 
only i n individuals with periodontal disease. The monitoring of 
these compounds may allo
this disease process whic

Odor and Communication: Mammalian 
Studies which have been undertaken to implicate s p e c i f i c 

chemicals i n mammalian olfactory signals must f i r s t be considered 
in order to appreciate the p o s s i b i l i t y of human odor communication. 
Chemical odorants, present i n animal skin glands, urine, s a l i v a , 
and vaginal f l u i d s have pronounced physiological and behavioral 
effects (1,12). The scent-marking skin glands are either 
apocrine-like and analogous to the human apocrine gland or are a 
combination of apocrine-sebaceous glands. A variety of these 
glands present i n the rabbit and deer convey alarm and frig h t 
messages as well as information on individual identity (13). 
The isolated boar ketones, 5a-androst-16-en-3a-ol (androstenol) 
and androst-16-en-3-one (androstenone) secreted by the sub
maxillary gland, have a direct effect on the sexual receptivity 
of the sow and are used commercially to assist i n a r t i f i c i a l 
insemination (14). The fact that estrus can be determined i n 
the sow by her response to these compounds suggests that there i s 
a heightened acuity for these compounds at the time of ovulation. 
This i s similar to the increase in olfactory acuity for certain 
compounds noted i n human females prior to ovulation (15)• A 
somewhat unique but analogous situation i s the elephant temporal 
gland which i s an apocrine gland that i s active under stress and 
possesses an 'elephanty odor 1 (16). Table III summarizes some of 
the mammalian communication systems that have been studied and 
the chemicals which have been found to have behavioral ef f e c t s . 
In some cases there are unique odors, such as Vabbit odor 1, 
'monkey odor', 'deer odor', which are associated with specialized 
skin glands and s p e c i f i c chemical structures (13). 

The characterization of a behaviorally active chemical i s a 
tedious task and involves i s o l a t i o n and structural i d e n t i f i c a t i o n 
of numerous constituents from a secretion. A suitable bioassay, 
which involves presenting the chemical(s) to the animal i n a 
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natural context and 'measuring1 a behavioral response, i s then 
necessary to determine i f the chemical(s) are of interest to the 
animal (1,17,28) . Though many mammalian secretions have been 
found which give behavioral responses, few chemicals with 
d e f i n i t i v e effects have been characterized (Table I I I ) , The best 
example i s the two androgen steroids used by the boar. Recently, 
methyl-p-hydroxybenzoate has been isolated from the vaginal 
secretions of female dogs and shown to be a highly effective 
sexual excitant to males (22). 

An understanding of the chemical language that controls 
the s o c i a l and feeding behavior of an individual species would be 
useful i n the care and breeding of that species. However, 
research on the assignment of structure-activity relationships i n 
mammalian behavior i s only in i t s infancy. 

Odor and Communication
Anecdotal stories i n the l i t e r a t u r e refer to the a b i l i t y of 

human odors to effect sexual and s o c i a l behavior (29). 
Psychologists have recently attempted to decipher the information 
content of these various odors (30). The control of endocrine 
states by odor i s suggested by the work on the synchronization 
of cycles of females l i v i n g together (31). Russell demonstrated 
that subjects can detect sexual differences and individual 
identity using a x i l l a r y odors (32). In a similar experiment using 
a different protocol, Doty determined that individuals equated 
the more intense odors with male subjects (20). No effects were 
found for al i p h a t i c acids on sexual behavior (33), while neither 
the acids nor androstenol had any s i g n i f i c a n t effects on i n d i v i 
dual judgments (34). In the presence of the androstenol, 
photographs of women were judged as more attractive although no 
control odors or other 'synthetic musks' were evaluated i n this 
study (35). 

The chemical and psychological changes associated with the 
menstrual cycle include changes in olfactory acuity as well as 
c y c l i c changes i n numerous biochemical processes. The l a t t e r may 
be reflected in c y c l i c a l variations i n body odors, as i s the 
case in many mammalian species where information on female 
receptivity i s transmitted to the male through odors from body 
secretions. Odors from the mouth and vagina have been examined 
as possible sources of chemicals which undergo c y c l i c a l changes. 
Preliminary work with female breath samples has centered on 
three v o l a t i l e sulfur compounds (hydrogen s u l f i d e , methyl 
mercaptan and dimethyl sulfide) which are primarily responsible 
for endogenous bad breath ("halitosis"). These three compounds 
were found to change i n c y c l i c a l fashion increasing at the time 
of ovulation and again during menstruation (36). With a gas 
chromatograph adapted for the detection of sulfur compounds, 
these materials can be quantitated at the low nanogram lev e l s . 
Their increase corresponds to increases i n both b a c t e r i a l counts 
and in ex f o l i a t i o n of c e l l s i n the oral cavity. 
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Olfactory analysis of vaginal odors has shown that human 
observers rate the odor least unpleasant and less intense at 
the time of ovulation. However, the large variations in response 
on individual subjects suggests that this i s not a useful pre
dictive approach (37). Detailed chemical p r o f i l i n g of vaginal 
secretions has led to the i d e n t i f i c a t i o n of a variety of low 
molecular weight organic compounds (38). Long chain acids and 
alcohols, 3-hydroxy-2-butanone, dimethysulfone, f u r f u r a l , cresol, 
phenol, f u r f u r y l alcohol, pyridine, propylene glyc o l , glycerol, 
benzoic acid, and cholesterol were consistently present i n a l l 
subjects. Lactic acid concentrations did r i s e at midcycle and 
this information may be useful i n predicting the time of ovulation. 
Short-chain a l i p h a t i c acids were present i n only six of fourteen 
women and did not vary i n concentration i n a c y c l i c a l manner. 
These al i p h a t i c acids,
o r i g i n a l l y i n rhesus monke
pheromonal effects have been questioned (20,21). 

The odorants that may be of importance for human olfactory 
communication are those for which man possesses s p e c i f i c 
olfactory receptors as shown by the studies on s p e c i f i c anosmias, 
i. e . the i n a b i l i t y to detect the odor of s p e c i f i c chemicals. 
These odors include spermous, musky, fishy, urinous, malty and 
sweaty, and can be related to some observed human odors (39). 
Thus, Amoore suggests that, i f we have a s p e c i f i c olfactory 
receptor for a given odorant then that odorant might be naturally 
given off by the body. The sweaty odor of i s o v a l e r i c acid i s 
probably part of the foot odor and i s produced by the action of 
skin bacteria on apocrine secretion (see below). Pyrolline, the 
spermous odor, has been shown to be produced by enzymatic break
down of the polyamines in semen (40). Androst-16-en-3-one, the 
urinous primary odor, has a x i l l a r y - l i k e odor; the related 
androstenol, which i s found i n urine, i s perceived as a musky odor 
to some individuals (41). Both steroids are found i n a x i l l a r y 
sweat and may be formed as metabolites of apocrine secretion. 
Chemicals which f i t the malty anosmia have not as yet been 
reported from human odor sources. The natural musks, such as 
cycloheptadecenone (c i v e t ) , were f i r s t obtained from animal 
scent glands. 

It i s of interest to note that observed odorants are i n most 
cases metabolic by-products of human secretions, rather than 
odorants which were d i r e c t l y secreted. The same situation may be 
true in a number of mammalian species where bacteria may be 
involved in the eventual formation of chemicals used i n odor 
communication (42). 

Odor Analysis: 
There has been an interest i n developing techniques for 

sampling t o t a l body odors. Dravnieks 1 group has sampled the 
v o l a t i l e s emitted by individuals by placing them i n a glass 
cylinder and sweeping the tube with a i r to concentrate the 
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v o l a t i l e s ( 3 ) . He has a l s o developed systems f o r sampling s k i n 
and a x i l l a r y odors. E l l i n used a telephone b o o t h - l i k e chamber i n 
which human v o l a t i l e s were sampled ( 4 3 ) . Here approximately 
300-400 i n d i v i d u a l chemicals were d e t e c t e d and 135 i d e n t i f i e d . 
The o b j e c t o f these t r i a l s was to e x p l o r e the p o s s i b i l i t y t h a t 
body odors might be unique to a g i v e n i n d i v i d u a l or a g i v e n r a c e 
and serve as a p e r s o n a l s i g n a t u r e . Room a i r a l s o has been 
sampled i n the presence and absence of i n d i v i d u a l s i n an attempt 
to determine what contaminants were added to the environment by 
body v o l a t i l e s ( 4 4 ) . T h i s i s p a r t i c u l a r l y r e l e v a n t to r e s t r i c t e d 
environments such as submarines and space c a b i n s were a i r r e 
c i r c u l a t i o n i s a n e c e s s i t y . The t h e r m a l l y induced t o t a l body 
sweat o f s c h i z o p h r e n i c p a t i e n t s was c o l l e c t e d f o r a n a l y s i s of 
unique odors by the use o f l a r g e p l a s t i c bags ( 4 5 ) . In a l l of 
these c o l l e c t i o n s , i n c l u d i n
pads ( 4 6 ) , no v o l a t i l
odors' were i d e n t i f i e d . The sampling and i d e n t i f i c a t i o n o f 
'body odors' and t h e i r r o l e i n d i a g n o s i n g and m o n i t o r i n g d i s e a s e 
s t a t e s has r e c e n t l y been reviewed ( 4 7 ) . 

A major c o n t r i b u t o r to whole body odor are the s k i n odors 
which r e s u l t from the i n t e r a c t i o n o f microorganisms w i t h 
s e c r e t i o n s from the e c c r i n e , sebaceous and a p o c r i n e glands. 
These s e c r e t i o n s d i f f e r i n t h e i r c hemical composition and thus 
p r o v i d e unique s u b s t r a t e s f o r the organisms ( 4 8 ) . The e c c r i n e 
glands which are p r e s e n t over most of the body are the thermo
r e g u l a t o r y sweat glands which respond to p h y s i c a l a c t i v i t y . The 
e c c r i n e s e c r e t i o n has been w e l l c h a r a c t e r i z e d and c o n s i s t s of an 
aqueous s o l u t i o n of i n o r g a n i c s a l t s and amino a c i d s which has no 
s i g n i f i c a n t odor. The sebaceous glands which are l o c a t e d 
p r i m a r i l y on the forehead, f a c e and s c a l p are under hormonal 
c o n t r o l and s e c r e t e l i p i d m a t e r i a l s such as t r i g l y c e r i d e s , 
c h o l e s t e r o l and wax e s t e r s . T h i s s e c r e t i o n has a s l i g h t p l e a s a n t 
odor but can be r e a d i l y m e t a b o l i z e d by s k i n microorganisms. The 
t h i r d g l a n d u l a r system i s t h a t of the a p o c r i n e glands which are 
l o c a t e d p r i m a r i l y i n the g e n i t a l and a x i l l a r y a r e a s . They become 
a c t i v e a t puberty because of the presence of androgen s t e r o i d s 
from the a d r e n a l glands, t e s t e s and o v a r i e s , and s e c r e t e i n 
response to emotional s i t u a t i o n s ( 4 9 ) . A n a l y s i s has shown t h a t 
the s e c r e t i o n c o n t a i n s p r o t e i n (10%), c h o l e s t e r o l (1%), and 
s t e r o i d s (~0.02%). 

The most p r o d u c t i v e approach to the study o f s k i n odors 
has been the d u p l i c a t i o n of the n a t u r a l odors i n v i t r o by i n 
c u b a t i n g the normal s k i n microorganisms w i t h these s e c r e t i o n s . 
For example, the y e a s t P i t y r o s p o r u m o v a l e , the major s c a l p 
r e s i d e n t , i s a b l e t o m e t a b o l i z e l i p i d s u b s t r a t e s t o 4-hydroxy-
a c i d s which r e a d i l y undergo r i n g c l o s u r e to the v o l a t i l e and 
odorous Y ~ l a c t o n e s . The technique o f headspace c o n c e n t r a t i o n on 
Tenax f o l l o w e d by gas chromatographic/mass s p e c t r o m e t r i c a n a l y s i s 
has been used to p r o f i l e a l l the v o l a t i l e s produced by P i t y r o 
sporum ( F i g u r e 1 ) . These compounds i n c l u d e i s o p e n t a n o l , b e n z y l 
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Figure 1. Odor profile of Pityrosporum ovale (50) 
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In Odor Quality and Chemical Structure; Moskowitz, H., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1981. 



11. LABOWS Odorants as Chemical Messengers 205 

alcohol, phenyl ethanol, and several lactones, including 
y-octalactone (coconut f l a v o r ) ; y-nonalactone (cream, f r u i t y ) ; 
y-decalactone (peach, pear). The odor of the culture i s similar 
to that of unwashed hair and closely matches that of y-decalac
tone, the major lactone component. Because of the compounds i t 
produces, this scalp microorganism has the potential to be used 
for the natural formation of flavor additives (50). Interestingly, 
a similar lactone-profile i s observed for another yeast., 
Sporobolomyces odorus isolated from orange leaves (51). 

This odor-profile may also be used for the detection of the 
Pityrosporum genus, since other yeasts that may be found as 
transients on the skin grown on the same media f a i l e d to y i e l d 
any lactones. In addition, when sebum i s the major substrate 
and longer incubation times are used a 'scalp odor' i s generated. 
Our preliminary headspac
contains short-chain a l i p h a t i
The formation of odors on the scalp may be a cooperative e f f o r t 
of Propionibacterium acnes, which readily hydrolyzes 
tr i g l y c e r i d e s , and Pityrosporum ovale, which can metabolize the 
resultant fatty acids and/or glycerol to various odorants. 

The odor p r o f i l e of a skin pathogen, Pseudomonas aeruginosa 
has also been investigated. This organism, though present 
normally i n some individuals, i s responsible for serious i n 
fections i n burn victims and i n lung infections i n cystic 
f i b r o s i s patients. The v o l a t i l e p r o f i l e i s shown i n Figure 2 
where 2-aminoacetophenone (2-AA), methyl ketones and sulfide are 
the major unique odorants (51a). The 2-AA, which imparts a 
grape-like odor to the culture, i s formed from tryptophan and i s 
characteristic of this species (52). The methyl ketones also 
appear to be species s p e c i f i c and may be of value in the detection 
of lung infections through breath analysis. 

The unique human a x i l l a r y odor i s the result of microbial 
action on an odorless secretion. The two major residents of the 
axill a e are diphtheroids ( l i p o p h i l i c and large colony) and the 
micrococci bacteria. Specific odorants can be produced by 
incubating these bacteria with apocrine secretion either on a 
cleansed forearm or i n a test tube. The micrococci produce a 
sweaty, acid odor which by headspace analysis has been shown to 
be is o v a l e r i c acid (Figure 3). The diptheroids also produce this 
acid, but i t s odor i s masked by other odor components which 
impart a heavier 'apocrine odor' to the incubated sample (63)« 
Bacterial sampling along with olfactory analysis of individual 
subjects further demonstrates that the 'apocrine odor' i s 
associated with the diphtheroid bacteria. These odorants, which 
represent unique human odors i n analogy to the animal scents, 
are presently being investigated. However, the following 
experimental observations relate to the possible i d e n t i f i c a t i o n 
of these odorants. The boar pheromone, androst-16-en-3-one and 
i t s precursor, androsta-di-4,16-en-3-one, both have intense 
odors which closely resemble the 'apocrine odor' (53). Both of 
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Table IV 0 Steroids Found in Human Ax i l l a e (63) 

Steroid Sample 

Androst-4-ene-3, 17-dione 
Androsterone (sulphate) 
DHA (sulphate) 
Cholesterol 
Androst-4-ene-3, 17-dione 
P re gn-5-en-3 &-o1-2 0-one 
5a-Androst-16-en-3a-ol 
5a-Androst-16-en-3-one 
Androsterone (sulphate) 
DHA (sulphate) 
Cholesterol 

A x i l l a r y Hairs 
and sweat 

A x i l l a r y Sweat 

A x i l l a r y Sweat 
A x i l l a r y Sweat 
Apocrine Secretion 

Reference 

55 

56 

57 
58,58a,59 
60 

Perfumer and Flavorist 
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these 16-androstene steroids i n addition to 5a-16-androsten-3a-ol 
circulate i n human blood (54). Trace amounts of androstenone 
and androstenol as well as other steroids have been reported to 
be present i n human a x i l l a r y sweat (Table IV). More recently we 
have found that heated apocrine secretion (>150°) gives an 
apocrine-like odor. The major contributors to this odor are 
isomeric androstadien-17-ones and androst-2-en-17-one which arise 
from the thermal breakdown of dehydroepiandrosterone and 
androsterone sulfates respectively (60). Thus the apocrine 
secretion contains s p e c i f i c steroid materials, i n addition to 
cholesterol, which may be metabolized to the odorous A ̂ -androgens 
by the diphtheroid bacteria. Whether this i n fact occurs remains 
to be demonstrated. However, i f i t i s the case, the fact that 
about 50% of the population i s anosmic to these odorants (61) 
suggests that a x i l l a r y
by anosmic individuals
'apocrine odor 1. F i n a l l y , the fact that these steroids have 
demonstrated sexual effects in one animal suggests that they 
might also be physiologically active i n other species. 

The apocrine secretion and the resultant odor i s a normal 
response to emotional stimuli. Dehydroepiandrosterone, which i s 
present i n the apocrine secretion, also has been reported to 
increase i n urine i n individuals under stress (62). Thus, a 
sensitive method for monitoring of the a c t i v i t y of the apocrine 
gland could provide information r e l a t i v e to the emotional 
state of an individual. 

Since man possess odor sources similar to mammalian species, 
i t i s of value to determine both the nature and the biochemical 
ori g i n of these odorants. P r o f i l i n g of human odors represents 
a non-invasive technique which might prove useful i n the 
detection of many metabolic and infectious disorders and for 
monitoring normal body processes. Alternatively, we may be 
unknowingly emitting and perceiving odorants which could effect 
our interpersonal relationships. Only further research i n this 
area w i l l determine to what extent this occurs. 

Ackn owledgemen t s 
The work described on skin odors i s i n cooperation with the 

Department of Dermatology, University of Pennsylvania and i s 
supported by a grant from the National Institute of A r t h r i t i s , 
Metabolic, and Digestive Diseases. 

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



208 ODOR QUALITY AND CHEMICAL STRUCTURE 

Literature Cited 
1a. Müller-Schwarze, D., Mozell, M.M., Eds. Chemical Signals 

in Vertebrates; Plenum Press, N.Y., 1977. 
1b. Müller-Schwarze,D., Silverstein, R.M., eds. Chemical 

Signals Vertebrates and Aquatic Invertebrates; Plenum 
Press, N.Y., 1980. 

2. Jellum, E., J. of Chromatogr., 1977 143: 427. 
3. Dravnieks, A., J. Soc. Cosmet. Chem., 1975 26: 551. 
4. Krotoszynski, B., Gabriel, G. O'Neill, H., J. Chrom. Sci., 

1977, 15: 239. 
5. Simenhoff, M.L., Burke, J.F., Saukkonen, J.J., Ordinario, 

A.T., Doty, R., New Engl. J. Med. 1977, 297: 132-135 
6. Chen, S., Mahadevan, V., Zieve, L. , J. Lab. Clin. Med., 

1970, 75: 622-628. 
7. Lidell, K., Postgrad
8. Mace, J.W., Goodman

Clin. Ped., 1976, 15: 57. 
9. Sulser, H., Depizzol, J., Buchi, W., J. of Food Sci., 1967, 

32: 611-615. 
10. Lukas, T., Berner, E., Kanakis, C., J. Med. Educ., 1977, 

52: 349. 
11. Kostelc, J.G., Preti, G., Zelson, P.R., Stoller, N.H., 

Tonzetich, J., J. Periodont. Res., 1980 15: 185-192. 
12. Freeman, S.K., J. Soc. Cosmet. Chem., 1978, 29: 47. 
13. Mykytowycz, R., Goodrich, B.S., J. of Inv. Derm., 1974, 

62: 124. 
14. Reed, H., Melrose, D., Patterson, R.L.S., Brit. Vet. J., 

1974, 130: 61-67. 
15. Doty, R.L., Ed., Mammalian Olfaction, Reproductive 

Processes, and Behavior, Academic Press, 1976. 
16. Adams, J., Garcia, A., Foote, C.S., J. Chem. Ecol., 1978, 

4: 17. 
17. Müller-Schwarze, D., Ref. 1, p. 413. 
18. Epple, G., Golob, N.F., Smith, A.B., in Chemical Ecology: 

Odour Communication in Animals, ed. F.J. Ritter, Elsevier/ 
North Holland Biomedical Press, 1979 p. 117-130. 

19. Singer, A.G., Agosta, W.C., O'Connell, R.J., Pfaffmann, C., 
Bowen, D.V., Field, F.H., Science, 1975, 191: 948-950. 

20. Goldfoot, D.A., Kravetz, M.A., Goy, R.W., Freeman, S.K., 
Hormones and Behavior, 1976, 7: 1-7. 

21. Michael, R.P., Bonsall, R.W., Zumpe, D., Evidence for 
Chemical Communication in Primates, in Vitamins and 
Hormones, Academic Press, 1976, 137-183. 

22. Goodwin, M., Gooding, K.M., Regnier, F., Science, 1979, 
203: 559. 

23. Goodrich, B.S., Hesterman, E.R., Murray, K.E., Mykytowycz, R. 
Stanley, G., Sugowdz, G., J. Chem. Ecol., 1978, 4(5), 
581-594. 

24. Anderson, G., Brundin, A., Anderson, K., J. of Chem. Ecol. 
1978, 5(3): 321-333. 

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



11. LABOWS Odorants as Chemical Messengers 

25. Brundin, A., Anderson, G., Anderson, K., Mossing, T., 
Kallquist, L . , J. Chem. Ecol., 1978, 4: 613-622. 

26. Müller-Schwarze, D., Müller-Schwarze, C., Singer, A.G., 
Silverstein, R.M., Science, 1974, 183: 860-862. 

27. Anderson, G., Anderson, K., Brundin, A., Rappe, C., J. Chem. 
Ecol, 1975, 1(2): 275-281. 

28. Beauchamp, G.K., Doty, R.L., Moulton, D.G., Mugford, R.A., 
in Mammalian Olfaction, Reproductive Processes, and 
Behavior ed. Doty, Academic Press, NY, 1976, 144-157. 

29. Bloch, I., Odoratus Sexualis, Panurge Press, New York, 1934. 
30. Doty, R.L., Ref. 1, p. 273. 
31. McClintock, M.K., Nature, 1971, 229: 244. 
32. Russell, M.J., Nature, 1976, 260: 520. 
33. Morris, N., Udry, R., J. Biosoc. Sci., 1978, 10: 147-157. 
34. Cowley, J., Johnson

Psychoneuroendocrinology
35. Kirk-Smith, M., Booth, D., Carroll, D., Davies, P., 

Res. Comm. in Psychol., Psychiatry, and Behavior, 1978, 
3: 379-384. 

36. Tonzetich, J., Preti, G., Huggins, G.R., J. Int. Med. 
Res., 1978, 6: 245. 

37. Doty, R., Ford, M., Preti, G., Huggins, G., Science, 1975 
190: 1316-1318. 

38. Preti, G., Huggins, G.R., in The Human Vagina, ed. E. Hafez 
and T. Evans, Elsevier/North Holland Biomedical Press, 
1978. 

39. Amoore, J., Chemical Senses and Flavor, 1977, 2: 267. 
40. Chvapil, M., Eskelson, C., Jacobs, S., Chvapil, T., Russell, 

D.H., Obstet. Gynecol., 1978, 52: 88. 
41. Kingsbury, A.E., Brooksbank, B.W.L., Hormone Res., 1978, 

9: 254-270. 
42. Albone, E., Gosden, P., Ware, G., Ref. 1a, p. 35. 
43. Ellin, R.L., Farrand, R.L., Oberst, F.W., Crouse, C.L., 

Billups, N.B., Koon, W.S., Musselman, N.P., Sidell, F.R., 
J. Chromatogr., 1974, 100: 137. 

44. Savina, V.P., Sokolov, N.L., Ivanov, E.A., Kosm Biol 
Aviakosm Med., 1976, 9: 76. 

45. Gordon, S.G., Smith, K., Rabinowitz, J .L. , Vagelos, P.R., 
J. of Lipid Res., 1973, 14: 495. 

46. Labows, J.N., Preti, G., Hoelze, E. , Leyden, J., Kligman, A. 
J. Chromatogr. - Biomed. Applic., 1979, 163: 294-299. 

47. Sastry, S., Buck, K., Janak, J., Dressler, M., Preti, G., 
in Biochemical Applications of Mass Spectrometry ed. 
G. Waller and O.C. Dermer, Wiley, 1980, p. 1086-1123. 

48. Montagna, W., Parakkal., P., Structure and Function of Skin 
Academic Press, 1974. 

49. Hurley, J., Shelley, W., The Human Apocrine Gland in Health 
and Disease, Thomas, Springfield, Illinois, 1960. 

50. Labows, J.N., McGinley, K.J., Leyden, J.J., Webster, G.F., 
Appl. and Environ. Micro., 1979, 38: 412-415. 

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



210 ODOR QUALITY AND CHEMICAL STRUCTURE 

51. Tressel, R., Apetz, M., Arrieta, R., Grunewald, K., 
in Flavor of Foods and Beverages, ed. G. Charalamborus 
and G. Inglett, Academic Press, 1978, p. 145. 

51a. Labows, J.N., McGinley, K.J., Webster, G.F., Leyden, J .J . , 
J. Clin. Microbiol., 1980, accepted for publication. 

52. Cox, C.D., Parker, J., J. of Clin. Micro., 1979, 9: 479-
484. 

53. Kloek, J., Psychiat. Neurol. Neurochir., 1961, 64: 309. 
54. Kingsbury, A., Brooksbank, B.W.L., Hormone Res., 1978, 9: 

254-270. 
55. Julesz, M., Acta Med., Academy Science Hungar., 1968, 

25: 273. 
56. Brookbank, B.W.L., Experentia, 1970, 26: 1012. 
57. Brookbank, B.W.L., Brown, R., Gustafsson, J.A., Experentia, 

1974, 30: 864
58. Gower, D.B., J
58a. Bird, S., Gower, D.B., J. Endocrinol, 1980, 85: 8p-9p. 
59. Claus, R., Alsing, W., J. Endocr., 1976, 68: 483. 
60. Labows, J.N., Preti, G., Hoelzle, E., Leyden, J., Kligman, A. 

Steroids, 1979, 3: 249-258. 
61. Amoore, J .E. , Pelosi, P., Forrester, J.L. , Chemical 

Senses and Flavor, 1977, 2: 401. 
62. Spiteller, G., Pure and Appl. Chem., 1978, 50: 205. 
63. Labows, J.N. Jr., Perfumer and Flavorist, 1979, 4: 12-17. 

RECEIVED October 13, 1980. 

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



12 
Structure-Activity Relations in Olfaction 
From Single Cell to Behavior—The Comparative Approach 

DAVID G. MOULTON 

Veterans Administration Medical Center and Department of Physiology, 
University of Pennsylvania, Philadephia, PA 19104 

Odorants excite recepto
with the hypothetical recepto , 
odorants must first be transported from a point at which their 
concentration is known, across the liquid secretions (mucus) 
lining the surface nasal of nasal airways, through the mucus/air 
phase boundary and possible to the base of the mucociliary blank
et. The mucus is rich in microproteins, Na+ ions and pigmented 
granules. Within the mucus, odorant molecules may partition be
tween different liquid phases. Thus separate subsets of physio-
chemical factors govern stages of transport and odorant-receptor 
interaction. Consequently, the verbal response - the indicator 
used in human psychophysical studies of structure-activity rela
tions - reflects the end product of events whose separate contri
butions are unknown. 

What is needed in interpreting such data, is a means of se
gregating and manipulating separate phases of the process or of 
components of the chemosensory system and assessing their rela
tive influences on the final measured response. To do so we must 
turn to animal studies. Thus, in the appropriate preparation, it 
is possible to eliminate certain transport factors; to employ an 
aqueous rather than a vapor phase to transport odorants to the 
olfactory surface; to study separately the response character
istics of subpopulations of receptors differing in their struc
ture-activity relations (including the separate contributions of 
the olfactory receptors and the highly chemosensitive endings of 
the trigeminal nerve in the nasal mucosa), and to take advantage 
of the various anatomical and functional features peculiar to 
specific animal groups such as the extreme absolute sensitivity 
to certain odorants shown by the dog. The power of the compara
tive approach to structure-activity relations can be illustrated 
with selected examples drawn from electrophysiological studies 
in fish, amphibians and mammals; and behavioral studies in mam
mals. What follows is a selective and not a comprehensive 
review of relevant comparative research. 

This chapter not subject to U.S. copyright. 
Published 1981 American Chemical Society 
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Electrophysiological studies i n f i s h 

The most extensive studies on structure-activity relations 
in o lfaction - apart from those on humans - have been on f i s h . 
This interest relates partly to the commercial importance of this 
group. But there are advantages i n delivering odorants i n the 
aqueous phase: sorption onto the f l u i d secretions (mucus) cover
ing the olfactory surface i s l i k e l y to be less than occurs with 
gaseous odorants and the odorant p a r t i t i o n coefficient for water/ 
mucus w i l l be closer to one than would be the case for air/mucus. 
For example, carvone i s strongly sorbed anteromedially when 
flowed i n the vapor phase over the frog's olfactory epithelium 
and has a r e l a t i v e l y long retention time on this tissue (_1,2) . 
The same compound i n the aqueous phase (Ringer's solution) was 
flowed over the frog's
washing with t r i t i a t e d
protein reagent). Sites protected by carvone from attack by NEM 
were subsequently found distributed evenly across the epithelium. 
This suggests that sorptive effects do not control odorant dis
tribution i n the aqueous phase (3). 

It i s true that most of the compounds that normally excite 
the olfactory organ i n f i s h d i f f e r from those to which a i r breath
ing vertebrates are exposed, but there i s no evidence that the 
basic transduction mechanisms i n a i r and water d i f f e r significant
l y . It i s known, for example, that the same odorants delivered 
i n the aqueous phase, are as effective as when delivered i n the 
vapor phase as judged by the slow voltage s h i f t recorded when a 
macroelectrode t i p was positioned i n the nasal cavity of a box 
tu r t l e during odorant stimulation (k_) . 

A further advantage i n using f i s h i s anatomical. In a i r -
breathing vertebrates the olfactory chamber extends from the 
respiratory airway; i n most f i s h , however, i t is a separate organ 
divorced from respiratory functions. This feature, and the pre
sence of an aqueous medium, allows us to place a conductivity 
electrode at the i n l e t and one at the outlet of the nasal chamber. 
If electrolytes are used as odorants, their a r r i v a l and departure 
from the chamber can then be measured by conductivity changes. 
Since conductivity i s proportional to concentration we can spec
i f y odorant concentration, within known l i m i t s , close to the re
ceptors - something which cannot be done with the intact nasal 
chamber i n air-breathing vertebrates. It i s also possible to 
deliver the odorant i n a way that closely imitates that i n which 
i t normally arrives (5). 

Among the most effective olfactory stimuli for f i s h are 
amino acids. For example, thresholds of 10" have been reported 
for L-glutamine i n the Conger eel (6) and of 3.2 x 10" i n the 
Atlantic salmon (7) and cat f i s h (8). This s e n s i t i v i t y i s pre
sumably related to the widespread dist r i b u t i o n of amino acids i n 
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f i s h skin extracts, which e l i c i t f r i g h t and alarm reactions i n 
other f i s h of the same species (e.g. 9); i n mammalian skin, 
which act as a repellant to salmon (10,-13); and i n substances 
that attract or e l i c i t feeding behavior i n f i s h (14,15). It i s 
not surprising, therefore, that most structure-activity studies 
on f i s h o l f a c t i o n have centered on amino acids. 

Despite the range of species that have been investigated, 
the variety of techniques used and the presence of some species 
differences i n response (see, for example, 6), there is consider
able agreement between workers on the factors that govern neural 
response,irrespective of whether a c t i v i t y i s recorded at a p e r i 
pheral or higher l e v e l (16-19,6). For example, ^-amino acids 
e l i c i t the maximum responses, and the most effective member of 
a c h i r a l pair i s the L-isomer. (Of these, L-glutamine or L-
alanine are the most powerfu
so far tested, but not

An amino acid consists of an asymmetrical carbon center 
surrounded by four functional groups: (1) ̂ -amino (2) primary-
carboxyl (3) ̂ -hydrogen and (4) a side chain, R: 

Response amplitudes can be reduced by substituting other func
tio n a l groups (-H, -CHo, -OH) for the oc-amino group; by methyl-
ation or acetylation or the ̂ -amino moiety; by substitution of 
the ^-hydrogen; or, i n some cases, at least, by replacing the 
primary-carboxyl group. 

The most effective amino acids are generally those with 5-6 
carbon atoms and with linear and uncharged side chains. Amid-
ation greatly increases the effectiveness of aspartic and glut
amic acid, and sulfur-containing amino acids are also particular
ly strong excitants. However, Caprio (19) has concluded that, 
in general, the S atom may be equivalent to another C atom i n the 

The above interpretations of the data do not consider the 
alternative implications of a multiple receptor s i t e model for 
the odorant-receptor interaction. In such a model the response 
e l i c i t e d by a ligand results from the simultaneous binding of 
several groups rather than one. Thus i f one group i s modified 
i t may a l t e r the odorant molecule i n such a way that i t no longer 
binds to other si t e s contributing to the response. 

Hara (17) has proposed a model of the amino acid receptor 
s i t e consisting of two charged subsites, one cationic and one 
anionic, capable of interacting with ionized ^-amino and p r i -
mary-carboxyl groups of amino acid molecules. He assumes that 
the L-isomers have more ready access to the receptor and accounts 

chain. 
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for this by postulating that the two subsites are arranged around 
the third central subsite i n such a way that i t accommodates the 
^-hydrogen atom of an amino acid molecules. Since the fourth 
rc-amino moiety greatly influences stimulating effectiveness he 
proposes that there is a further region which recognizes this 
moiety and accounts for discrimating amino-acid quality. Caprio 
(19), however, has argued that the binding of the primary car-
boxyl group may not be primarily i o n i c . 

In the rainbow trout, olfactory bulb neurones seem to d i s 
criminate between various chemical stimuli having only s l i g h t l y 
dissimilar molecular structures and conformations. In fact, 
several c e l l s , i n one study, gave opposite responses to members 
of enantiomeric pairs of amino acids: the L-isomer generally 
excited while the D-isomer inhibited the c e l l (18). 

There are three problem
terpretation of much o
i n o l f a c t i o n . F i r s t , the different techniques used often y i e l d 
data that are not s t r i c t l y comparable. Recordings from a single 
or a few receptors, for example, are more r e l i a b l e indicators 
of the odorant-receptor interaction than are recordings of the 
massed action of many neural elements i n the olfactory bulb. 
Thus discrepancies among results are to be expected. Second, 
many workers record without regard to the existence of topo
graphic differences i n the s e n s i t i v i t y of the system to different 
odorants. For example, DtJving et a l (20) showed that b i l e acids 
e l i c i t e d responses (in the olfactory bulb of chars and graylings) 
which differed s p a t i a l l y from those of two amino acids. 

A third d i f f i c u l t y i s that many workers investigate the re
sponse to only one concentration of each odorant. But i t i s 
well known that some odorants can increase neural a c t i v i t y at low 
concentrations and suppress i t at higher concentrations (21,20,5). 
This raises the p o s s i b i l i t y that the r e l a t i v e stimulating effec
tiveness of a group of odorants established at one concentration, 
i s not the same as that existing at another l e v e l . The point i s 
well i l l u s t r a t e d i n a study by Meredith (22,_23,j>) . The aim was 
to establish and analyse response s i m i l a r i t i e s of single bulbar 
neurones i n the goldfish when stimulated successively by seven 
amino acids - each acid being presented i n not one, but two d i f 
ferent concentrations. The compounds used, their structures and 
certain physical properties are shown i n Table I. 

Response s i m i l a r i t y was measured by correlating temporal 
patterns of c e l l f i r i n g rate (rather than maximum f i r i n g rate -
which was less characteristic of odor type and concentration) 
using the Spearman Rank Order Correlation (p). (A mean s i m i l a r 
i t y measure for a given stimulus pair was determined by finding 
the average f i r i n g rate across a l l units tested. Guttman-Lingoes 
nonmetric mulitdimensional scaling procedure was applied to the 
matrix representing a l l pairs of mean s i m i l a r i t y measures r e s u l t 
ing i n the arrangements i n Figure(1). In these plots the rank 
order of distances between points i s the inverse of the rank 
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Table I. 

Physico-chemical Constants and Structures of Amino Acids 
Substance MW Symbol Structure Substance MW Symbol Structure 

Glycine 75.1 G H-CHC0 2 H 
I 
NH2 

Taurine 125.1 T 
CH 2 -CH 2 S0 3 H 
I 
NH 2 

Alanine 89.1 A CH 3 -CHC0 2 H 

NH2 

Taurine 125.1 T 
CH 2 -CH 2 S0 3 H 
I 
NH 2 

Alanine 89.1 A CH 3 -CHC0 2 H 

NH2 Phenyl
alanine 165.2 P < ^ ) - C H 2 - C H C 0 2 H 

NH2 
/3-alanine 89.1 B CH 2 -CH 2 C0 2 H 

NH 2 

Phenyl
alanine 165.2 P < ^ ) - C H 2 - C H C 0 2 H 

NH2 
/3-alanine 89.1 B CH 2 -CH 2 C0 2 H 

NH 2 

Arginine 174.2 R 
NH 

/ C-NHCH 2 CH 2 CH 2 -CHC0 2 H 

NH 2 NH2 

Serine 105.1 S 
H0CH 2 -CHC0 2 H 

NH2 

Arginine 174.2 R 
NH 

/ C-NHCH 2 CH 2 CH 2 -CHC0 2 H 

NH 2 NH2 
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Figure 1. Multidimensional scaling of responses to a group of amino-acids. 

The responses ultimately are derived from the temporal firing patterns of single cells in 
the goldfish olfactory bulb. Symbols for acids presented at 10~2M are shown in large case 
while symbols for acids presented at 10 4M are shown in small case. (i.e. higher concen
trations are low in the space while lower concentrations are high in the space). G,A,S 
and to a lesser extent P, form a related group whose distances from one another (response 
similarities) are relatively constant across concentrations. The distances between R,B 
and the other acids are markedly altered by changing concentration. (W, the tap water 
in which the fish were kept, is included as a control substance, but is likely to contain 
amino acids originating from the fish themselves). For key to symbols see Table I. Data 
are from Meredith (23), and the multidimensional scaling analysis was performed by 
S. S. Schiffman who used a nonmetric method that involves no assumption about the 

underlying dimensions used (see text). 
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order of s i m i l a r i t y of response to stimulus pairs (A ve values). 
Acids e l i c i t i n g similar responses are thus, on average, closer 
than those giving dissimilar responses which are at the opposite 
ends of the space. Clearly the distances between alanine (A) and 
B-arginine (B) are markedly altered upon changing concentration. 
The conclusion i s that response s i m i l a r i t i e s measured at one con
centration do not necessarily predict those existing at other 
concentrations. A similar conclusion was reached on the basis 
of animal psychophysical studies (24). 

Fig. 1 i l l u s t r a t e s a further point: distances between some 
compounds are consistent at both concentrations tested, for com
pounds which are either proximate to one another (alanine, gly
cine and serine) or distant from one another (e.g. alanine and 
taurine). As Meredith (23) points out, the persistence of re
sponse s i m i l a r i t i e s i
structure of the three
s t i t u t i o n of -CH and -Cl^OH for -H on the ̂ -carbon of the gly
cine. Consequently they may activate the same receptor s i t e s . 
The amino acid, phenylalanine, with aromatic ring, although 
close at 10 ^ M, f a l l s s l i g h t l y separate from the ali p h a t i c amino 
acids. The complete separation of taurine from the other com
pounds i s most probably related to the sulfur atom. This ar
rangement i s similar to one derived for tastes of amino-acids 
(25,26,27). For example, serine, alanine and glycine are sweet 
and cluster together i n space while taurine i s b i t t e r and f a l l s 
out i n space. 

Single unit studies i n amphibians 

Because of the central importance of human olfa c t i o n to 
many investigators interested i n structure-activity relations, 
mammals are often the animals of choice i n electrophysiological 
studies. Unfortunately, the bony turbinates, which support the 
olfactory receptor sheet i n mammals, are often elaborately con
voluted. This greatly complicates the problem of delivering the 
stimulus to the receptors i n a controlled fashion. In contrast, 
some amphibians have an unfolded olfactory epithelium and odor
ants are easily directed to any point on the surface. In par
t i c u l a r , the tiger salamander has a r e l a t i v e l y f l a t receptor 
surface and i s increasingly becoming the animal of choice i n i n 
vestigations of receptor properties. However, many workers con
tinue to use the frog despite a domed region i n i t s epithelium. 

One study analyzed the responses of single olfactory re
ceptors i n the frog to a group of 20 odorants. The odorants 
tended to f a l l into four groups: (i) An aromatic group including 
benzene, anisole, bromobenzene and dichlorobenzene. (Responses 
to thiophenol showed some re l a t i o n to this group). ( i i ) Camphor 
and cincole ( i i i ) Cyclohexanol, cyclohexanone and tert-butanol 
(iv) A fatty acid group consisting of butyric, v a l e r i c and i s o 
v a l e r i c acids. Thiophene f e l l outside these groups (28,29). One 
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surprizing feature was the r e l a t i v e l y poor effectiveness shown 
by sulfur compounds. In fact thiophene, butanethiol-1, and 
diethyl s u l f i d e f a i l e d to e l i c i t any measureable response i n 
most of the frogs. The authors suggest that frog receptors 
lack s i t e s for S or S-H groups. The r e l a t i v e l y greater stimulat
ing effectiveness of thiophenol may stem from i t s benzene nucleus 
rather than any contribution from i t s S-H group (28). 

There are differences among frog receptor c e l l s i n their 
a b i l i t y to discriminate among s t e r i c a l l y related odorants: One 
c e l l was excited by p-tolyurea but not by o- or m-tolyurea. 
Other receptor c e l l s did not discriminate among these isomers 
(30). In general, most workers report that although some recep
tor c e l l s do not respond to any odorant (31), many respond to the 
majority of odorants tested. But although the receptor c e l l as 
a whole may have low odo
the p o s s i b i l i t y that i
types of receptor s i t e each of which might show a high degree of 
s p e c i f i c i t y for a given odorant. It could be argued, then, that 
the ultimate target i n the study of structure-activity relations 
i s the receptor s i t e - odorant interaction. Is there any method 
that might give some insight into the numbers, kinds and pro
perties of s i t e types? One promising approach does exist. I t 
exploits the phenomenon of cross-adaptation to odorants. (Ol
factory cross-adaptation i s the decline i n response magnitude 
to an odorant that occurs as a result of prolonged exposure to 
another odorant). The idea i s that i f a receptor contains at 
least two types of s i t e sensitive to odorants A and B respective
l y , i t should be possible to adapt out those sit e s sensitive to 
A. If the second odorant B i s now delivered the response of the 
c e l l w i l l depend on whether B occupies the same or different 
s i t e s . Response amplitude to B w i l l be reduced (relative to the 
control response to B) i f the sites are the same, but remain 
unchanged i f the sites are different. 

This was the approach used by Baylin and Moulton (32) i n 
studying the properties of single e p i t h e l i a l c e l l s i n the tiger 
salamander. They tested seven odorants i n 4 pairs i n which the 
odors of members of a pair are similar - at least, to humans. 
(The pairs were methyl butyrate and ethyl butyrate, butanol and 
propanol; benzaldehyde and nitrobenzene; and benzaldehyde and 
acetophenone. An odorant pulse lasted 5 sec. Each odorant was 
delivered as a single pulse as two successive pulses, and paired 
with a pulse of the second odorant as follows: A/A,A/A,B/B/B,B/B, 
A. A l l pairs of pulses were separated by t sees, where t=0-10 
sees and was fixed i n any sequence but varied between experiments. 
The A,A and B,B pairings gave measures of self-adaptation while 
the A,B and B,A pairings gave measures of cross-adaptation). 

A given c e l l showed either s e l f - or cross-adaptation to both 
or to either memebers of a pair of odorants. But the most s t r i k 
ing finding was that a l l cross-adaptation was nonreciprocal. 
Thus, i n some c e l l s A adapted B (but not vice versa), while i n 
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others the reverse occurred. Cross-adaptation could occur inde
pendently of self-adaptation and i n some receptors neither occur
red. In addition, receptors were found which responded to either 
butanol or propanol but not both. In fact, the data suggested 
that, with one possible exception, receptive sit e s existed which 
responded to each of the seven odorants tested. 

Baylin and Moulton suggest that the simplest model for 
cross-adaptation that could explain those findings assumes that 
sites exist that respond to A alone, to B alone and to both A 
and B. Thus, i f B sites were absent from a c e l l i t would respond 
to A and B separately, but while A would adapt B, B could not 
adapt A. 

Spatial patterning of response to odorants 

The rod and cone receptor
gated on the r e t i n a l surface. If the olfactory surface were or
ganized according to similar p r i n c i p l e s , i t would greatly f a c i l 
i t a t e the analysis of structure-activity relations. No such 
sharp separation has yet emerged. Yet the olfactory receptors 
do show some sp a t i a l segregation according to their odor speci
f i c i t i e s , even though i t i s not absolute. In fact, odorants tend 
to f a l l into three broad categories depending on the s p a t i a l 
gradient of excitation that they e l i c i t i n the olfactory epithe
lium of the tiger salamander. Most are more effective anterior
ly than posteriorly; some show the reverse pattern and a few 
cannot be c l a s s i f i e d into either category but seem to stimulate 
more uniformly. In the case of butanol (anterior stimulant) and 
limonene (posterior stimulant) the average composite difference 
in s e n s i t i v i t y exceeds one order of magnitude (33). The c l a s s i 
f i c a t i o n , structures and physical properties of odorants so far 
tested are summarized i n Figure 2. From this i t i s clear that 
posterior stimulants d i f f e r from a l l other odorants i n combining 
both i n s o l u b i l i t y i n water with s o l u b i l i t y or complete m i s c i b i l -
i t y i n alcohol. A f u l l structure-activity analysis i s not war
ranted u n t i l the regional d i s t r i b u t i o n of stimulating effec t i v e 
ness for more odorants have been measured. Nevertheless, there 
i s a suggestion here that l i p o p h i l i c i t y may be a s i g n i f i c a n t 
factor controlling structure-activity relations i n some types of 
odorant-receptor interaction. 

These categories provide only an i n i t i a l sorting of odor
ants based on a comparison of response magnitudes recorded elec-
trophysiologically from two micropipette positions (one anterior 
and the other posterior). When 30 e p i t h e l i a l positions are 
sampled i n this way, a map can be generated for each odorant. 
Such maps show a further type of more sp e c i f i c s p a t i a l pattern
ing superimposed on the general anterior-posterior organization. 
This takes the form of small zones of greatly heightened sensi
t i v i t y . Among odorants so far tested, the shape and position of 
these regions i s s p e c i f i c for one or two odorants. For example, 
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Anterior stimulants 
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Figure 2. Structures and selected properties of odorants used to stimulate olfactory 
epithelium of tiger salamander. Odorants are classified according to their relative 

effectiveness in stimulating different epithelial regions (33). 
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Posterior stimulants Unifor
Compound 100 150 n-Octane 114 126 H Cyclohexanone 98 1 5 5 B M 
Molecular Weight^ / / / 
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• U B i 1 
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Figure 2, Continued 
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pentyl acetate generally stimulates maximally along a d i s t i n c t 
ridge extending anteriorly for about 2mm from the d-limonene 
sensitive zone located posteriorly. Foci for peak s e n s i t i v i t y 
to eugenol and iso-eugenol are also c l e a r l y segregated (34). 

In this study odorants were delivered by way of a micro-
pipette positioned less than a mm from the olfactory surface (a 
modification of a technique described by Kauer and Moulton (35)) . 
This eliminates any p o s s i b i l i t y that the differences reported re
sulted from a d i f f e r e n t i a l sorption of odorant molecules by the 
mucus. In the behaving animal, however, odorants flow over the 
mucus anteriorly to posteriorly. Because different odorants have 
different mean r e l a t i v e retention times on the olfactory mucosa 
O ,36) they may create different gradients of excitation across 
i t (except for those with r e l a t i v e l y short mean retention times). 
To what extent such factor
pattern of excitation i

Cone entra t ion-response r elat ions 

Despite the apparently widespread conformity of many sensory 
functions to the Weber-Fechner or Steven's Power Laws, the re
lations between stimulus intensity and response magnitude can 
sometimes be more complex. For example, discontinuities i n this 
r e l a t i o n are associated with dual somesthetic receptor functions 
(38) and with dual functions of a single receptor type i n the 
retina (39). Should such deviations occur i n olfactory functions, 
they may not have been i d e n t i f i e d i n many studies because of the 
very assumption that a simple r e l a t i o n must exist between con
centration and response. This assumption determines the concen
trations at which response measures are made - a number which 
may be inadequate to reveal any deviations from a simple relation. 
Alternatively, i f they do appear, they may be dismissed as sta
t i s t i c a l l y i n s i g n i f i c a n t aberrations. Yet, even i f a curve re
flected only ligand binding i t i s unlikely to be simple. In a 
variety of neural and other tissues, binding curves are i n f l u 
enced by various froms of cooperativity (binding, effect and 
intermolecualr cooperativity). For example, i n binding cooper
a t i v i t y the presence of ligand molecules already bound can a l t e r 
the a f f i n i t y of the receptor for additional ligand binding (40). 
But i n fact, further complexity may be imposed by events pre
ceding and succeeding odorant binding. The most si g n i f i c a n t of 
these are transport factors and nonlinear transform functions 
within the central nervous system (in the case of measures taken 
at bulbar or higher l e v e l s ) . It has also been suggested that 
enzymes, which are probably present i n the mucus, may degrade 
odorant molecules dif f u s i n g towards binding sites ( N i c o l l i n i 
41). Thus as Getchell and Getchell (42) have noted, pentyl 
acetate may degrade to pentanol and acetic acid. These events 
could further d i s t o r t the concentration-response curve. 

In view of these factors i t i s not surprizing that single 
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c e l l s i n the goldfish olfactory bulb y i e l d curves with a variety 
of shapes. Some, for example, show monotonic response functions 
while others show i n i t i a l l y increasing and then decreasing f i r i n g 
rates as concentration i s increased (Fig. 3 ) . Some non-monotonic 
response functions were also recorded i n frog and salamander o l 
factory receptors ( 4 3 , 4 4 ). The average of concentration response-
curves showing a variety of forms, such as those i n Fig. 3 , could 
be a r e l a t i v e l y complex function. But whatever the reason, for 
some odorants at least, curves derived from large populations of 
receptors do show marked notches. They appear i n data generated 
both electrophysiologically and psychophysical^ (Fig. 4 ) . In 
the case of the psychophysical curve for °=-ionone seen i n data 
from dogs, the notch i s highly s i g n i f i c a n t s t a t i s t i c a l l y and 
divides the curve into a slowly descending upper limb, best f i t t e d 
by a parabolic function
f i t t e d by a cubic functio
a l i p h a t i c acetates the position of this notch on the curve ascends 
with increasing chain length, and i t has been suggested that the 
notch may r e f l e c t the independent contributions of two types of 
receptors - the response of one, controlling the lower limb of 
the curve, and that of the other, controlling the form of the 
upper limb (24). An alternative explanation, however, i s that 
the a f f i n i t y of a single type of s i t e for the odorant changes as 
a c r i t i c a l concentration i s reached. 

The form of the concentration-response curve offers a poten
t i a l approach to grouping odorants, and Mathews (48) has made a 
promising start i n this direction. He recorded the averaged ac
t i v i t y from bundles of receptor nerve fibers i n the r a t . The 
seven odorants he tested f e l l into three groups according to the 
slope and form of the curves that they e l i c i t e d . Members of the 
f i r s t group were n-pentyl acetate and two compounds with a pepper-
minity odor: menthone and 2-sec butyl hexanone. Their curves 
showed clear notches and accelerated negatively towards their 
asymptotes. The second group contained l i n a l o o l and dimethyl 
benzyl carbonyl acetate - compounds with a f l o r a l odor and posi
t i v e l y accelerating curves. In the t h i r d group were camphor and 
iso-borneol, both with a camphoraceous odor and a curve consist
ing of a lower negatively accelerating limb and a linear upper 
limb. 

Further evidence that the slope of the concentration-response 
curve may be related i n a predictable way to the physiochemical 
properties of the odorant molecule comes from a study of the re
l a t i v e d e t e c t a b i l i t y of members of an homologous series of a l i 
phatic acetates (49). Probit regression lines were f i r s t derived 
from the concentration-response data for each member of the 
series. The slopes of these l i n e s , when plotted against log 
carbon chain length, yielded an approximately linear r e l a t i o n . 
One consequence of the r e l a t i o n i s that each of several probit 
regression lines intercepts one or more other l i n e s . Thus the 
r e l a t i v e effectiveness of these compounds depends on the perfor-
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1 I I 

10"6M lO'̂ M l(f 2M 

Journal of General Physiology 

Figure 3. Concentration-response relations of J1 units to glycine. Magnitude of 
response, measured as the normalized average firing rate for the rise and plateau 

phases of the stimulus, is plotted on the ordinate (5). 

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



12. MOULTON Structure-Activity Relations in Olfaction 225 

oLi 1 1 i I _ I i i lo 
-2 .0 -1 .5 -1.0 -0 .5 0.0 0.5 1.0 1.5 

Pentyl acetate (log Mg/I) 

Figure 4. Comparison of concentration-response functions for amyl acetate de
rived from psychophysical and electrophysiological measures of response. The 
partially overlapping curves are for the rat—one was generated by rats performing 
on an odor choice apparatus (24) while the other reflects the massed responses of 
receptor nerve bundles (45). The remaining curve is the averaged multiunit activity 

of the rabbit olfactory bulb (46). 
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Journal of Comparative Physiology 

Figure 5. (a) Performance of 4 dogs in detecting a-ionone in the vapor phase (dog 
no. 1 (%—%); 2 (O—O); 3 (A—A); 4 (A—A)); (b) least-squares curve fits to 
the data shown in (a), assuming the response function is the sum of two distinct 

processes (dog no. 1 ( ); 2( ); 3( ); 4 (— • — •)) (Al). 
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mance l e v e l that i s chosen as a basis for comparison. For ex
ample, i f a 50% correct response score i s taken as the c r i t e r i o n 
(chance being 50% correct), the r e l a t i o n between performance and 
response i s linear. I f , however, an 85% correct c r i t e r i o n i s 
chosen a p a r t i a l l y curvilinear r e l a t i o n emerges (49). The de
pendence of response s i m i l a r i t i e s (determined electrophysiologi-
cally) on concentration was discussed above i n r e l a t i o n to a 
group of amino acids. Thus the physicochemical properties of an 
odorant that control i t s r e l a t i v e stimulating effectiveness at 
one concentration are not necessarily those controlling effective
ness at another concentration. 
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A 

Acceptability curve for odorants 42-43 
Acceptance function to changes in 

odorant level, sensitivity of 47/ 
Acceptance optimization, odor 43-50 
Acetates 54 
Acetone, odor intensity of 191 
Acetophenone 71 

odor intensity of 191 
Acidurias 19
A D A P T (see Automatic data analysi

using pattern recognition 
techniques) 

Adenosine 
monophosphate, cyclic (cAMP) .163-164 
phosphatases, Na-K-activated 

(ATPases) 164 
triphosphate (ATP) 163 

3',5'-Adenosine monophosphate 163 
Adenyl cyclase system 163 

subunits of 163 
Air/water partition coefficient 188 
Alcohol(s) 

^-aliphatic 
air/water partition coefficient of 94 
on membrane systems, efficacy 

of 93-104 
relationship of chain length and 

efficacy of 99-104 
saturated vapor pressures 

(SVP) for 93 
solubility data for 94 

hydrophobicity of 100 
to modify lipid structure and 

functions, efficacy of 99-104 
odor intensity 191 

suprathreshold 184 
threshold 184 

Aldehyde suprathreshold odor 
intensity 184 

Aldehyde threshold odor intensity 184 
Alkane odor intensity 184 
3-Alkyl-2-methoxy pyrazines 

threshold odor intensity 184 
Allopregnan-3«-ol , space-filling 

representation of 149/ 
Allosteric regulation in a peripheral 

process 171 
Allosteric regulation of receptor site 

of malodors 173 

Almond odor quality with hydro
phobic and steric parameters, 
correlation of 179-180 

A L S C A L 13/ 
to map psychological odor 

quality 10 
Amino acid(s) 212 

metabolism, infant diseases involv
ing errors in 196 

2-Aminoacetophenone 205 
c A M P (cyclic adenosine mono

phosphate) 163-164 
Amphibians, olfactory structure-

activity relation studies in 217-219 
Amyl 

acetate 51 
and ethyl salicylate linear 

regression equations 34* 
linear regression equations, 

heptyl and 35* 
mixtures of 

and ethyl salicylate 28* 
heptyl and 29* 
isoamyl and 26* 

sensitivity of liking to levels of 
isoamyl and 46* 

butyrate 116 
and isoamyl acetate linear regres

sion equations 32* 
Androst-16-en-3-one 

(androstenone) 198 
boar pheromone 205 
the urinous primary odor 201 

5 a-Androst-16-en-3«-ol 
(androstenol) 198, 201 

Anesthesia 103 
Animal odor intensity data 188 
Animal skin glands 198 
Anosmias 201 
Antimalodor(s) (AMAL(s)) 171-174 

combinations, malodor/ 174 
Apocrine 

glands 198 
-sebaceous 198 
skin odors resulting from the 

interaction of microorga
nisms with secretions 
from 202 
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Apocrine (continued) 
odor 205,207 
secretion(s) 201, 207 

micrococci on 204/ 
A T P (adenosine triphosphate) 163 
ATPases (Na-K-activated adenosine 

phosphatases) 164 
Attractancy pattern, Medfly 128* 
Attractants, insect 127 
Attribute intensities and odorants, 

linear functions for 31 
Automatic data analysis using pattern 

recognition techniques 150-152 
-based SAR study 145-157 
computer software systems 145-157 
descriptors 

electronic 151 
environment 150-151 
fragment 15
geometric 15
geometrical 150 
molecular connectivity 151 
partition coefficient 151 
physicochemical 150 
structure 150-152 
substructure 150 
topological 150 

M O L M E C , three-dimensional 
molecular model builder 
routine in 148 

routines 148-152 
study of musk properties using 154-157 

Axillae, steroids found in human 206t 
Axillary odors 200 
Axillary sweat 201 

B 
Bacteria, diphtheroids 205 
Bacteria, micrococci 205 
Benzenoids odor intensity 184 
Bioamplifier 164 
Biochemistry, molecular 163 
Biological activity, correlation 

between partition coefficients and 178 
Biologically active compounds 144 
Bitter almond odor(s) 138 

peak number plots for 130/ 
Bitter almond pattern, redundancy in 137/ 
Bliss point for odors 42 
Boar pheromone, androst-16-en-3-one 205 
Body, odors 

emanating from 195 
cyclical variations in 200 
techniques for sampling total 201 

Body secretions 195 
Bond formation, ligand 166 
Butanol 116 

speed of response to odor and 
pungency of 112/ 

-vapor odor intensity scale 82 

1-Butanol, psychophysical functions 
for 110 

C 
Carbon dioxide 116 
Carvone 212 
Celery/yeast odors 196 
Charton steric constant 180 
Chemical(s) 

on cloth, retention of fragrance 
or aroma 71 

communication, mammalian 199/ 
messengers, odorants as 195-207 
senses 57 
structure and olfactory quality using 

pattern recognition techniques, 
computer studies of 143-157 

processes, hydrophobi
regions in 102-103 

processes, involvement of phospho
lipids in 102 

Chemoreceptory information 164 
Chemotactic thresholds 93 
Chemotaxis 103 
Chlorobenzene, vibrational assign

ments of 138 
Cilia, olfactory sensory 103 
Ciliastasis 120 
Cirrhosis of the liver 196 
Color vision, multidimensional scaling 

techniques applied to 1 
Common chemical sense, olfaction 

and 109-120 
Common chemical sense, temporal 

integration in 110-116 
Communication 

human, odor and 200-201 
mammalian chemical 199/ 
mammalian, odor and 198-200 

Computer 
-generated molecular descriptors .. 146 
language, F O R T R A N 146 
software system, A D A P T 145-157 

Craig Plot, multidimensional 179 
Cumin odors, peak number plots 180/ 
Cycloheptadecenone 201 
Cyclohexadecanolide 136 
4-Cyclohexyl-4-methyl-2-pentanone .. 173 

D 
y-Decalactone 205 
Dehydroepiandrosterone 207 
Descriptors, computer-generated 

molecular 146 
Descriptor(s), molecular structure 145 

generation 150-152 
Di-tert-butyl benzaldehyde 136 
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Diabetic keto-acidosis (acetone) 196 
Dichorhinic mixtures 119 
Dienophiles 109 
A^N-Diethyl-m-toluamide 127 
Dimethylamine 196 
Diphtheroids bacteria 205 
Disease(s) 

diagnosis, use of body odors in 196-198 
involving errors in amino acid 

metabolism, infant 196 
odor and 196-198 
processes, systemic 196 

Dose—response curves to describe 
odor intensities 67, 68*-70* 

Dravnieks mixture olfactometer 24 

£ 
Eccrine glands, skin odors resultin

from the interaction of micro
organisms with secretions from 202 

Electrophysiological studies in fish 212-217 
Endocrine states by odor, control of . 200 
Enzymatic processes, regulatory 164 
Enzyme model of olfaction 161-164 
Enzyme systems 163 

transducting 103 
Epithelial cells in the tiger sala

mander, properties of single 218 
Epithelium, olfactory 188 

of tiger salamander, structure and 
properties of odorants used 
to stimulate 220/-221/ 

Ether (fat) solubility as a requirement 
for olfactory stimulation 6 

Ethyl salicylate 
linear regression equations, amyl 

acetate and 34* 
linear regression equations, 

methyl and 33* 
mixtures of amyl acetate and 28* 
mixtures of methyl and 27* 

Ethylesters threshold odor intensity .... 184 

F 
Fat (ether) solubility as a require

ment for olfactory stimulation ... 6 
Fatty acids, w-aliphatic 

air/water partition coefficient of 94 
on membrane systems, efficacy of 93-104 
relationship of chain length and 

efficacy of 99-104 
saturated vapor pressures for 93 
solubility data for 94 

Fatty acids to modify lipid structure 
and functions, efficacy of 99-104 

Fish 
amino acid receptor site in 213 
electrophysiological studies in 212-217 

Fish (continued) 
olfaction, structure—activity 

studies on 212-217 
olfactory organ in 212 
olfactory stimuli for 212 

Flavor intensity and hedonics of 
glucose solutions 65* 

Flavors, quaititative measurement of.. 57 
F O R T R A N computer language 146 
Fragrance(s) 

or aroma chemicals or cloth, 
retention of 71 

with functional properties by mea
suring sensory and physical 
parameters, development of 57-75 

masking ability of 74 
use of partition coefficients to 

creat  substantiv  73* 

odorant, perceived sensory 
intensity of an odorant or 40/ 

Frog, olfactory raceptors in 217 
Functional group odor theory 167 
Functional groups associated with 

stimuli 8/ 

G 
Galaxolide 67 
Gastrointestinal disorders 196 
Glands 

animal skin 198 
apocrine 198 

-sebaceous 198 
skin odors resulting from the inter

action of microorganisms with 
secretions from 

apocrine 202 
eccrine 202 
sebaceous 202 

Glucose solutions, flavor intensity 
and hedonics of 65* 

Gustatory realm, M D S techniques 
applied to 1 

Gustatory thresholds 93 
Guttman-Lingoes method 4/ 

general nonmetric multidimensional 
scaling technique 2 

for Wright and Michels' psycho
physical olfactory data for 50 
stimuli 3/ 

H 
Halitosis 200 
Hammett equation 178 
Hansch approach 169, 177-178 

O S A R study using 179 
Hedonic(s) 

to concentration changes, 
sensitivity of odor 42 
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Hedonic(s) (continued) 
data, normalization of 65-66 
function for odor mixtures 42 
of glucose solutions, flavor 

intensity and 65/ 
tones, estimation of 59, 63-64 

2-Heptanone 127 
Heptyl 

and amyl acetate linear regression 
equations 35/ 

and amyl acetate, mixtures of 29/ 
butyrate 127 

Heteroaromatics odor intensity 184 
^/-Homocysteine thiolactone 

hydrochloride 127 
Human 

axillae, steroids found in 206/ 
communication, odor and 200-201 
evaluations of odors 13
odor profiles 20
odors, diagnostic potential of 196/ 
secretions, odorants as metabolic 

byproducts of 201 
Hydrogen bonding indicator parame

ter (HB) in Q S A R 181 
Hydrophobic constants 180 
Hydrophobic properties of molecules, 

dependence of odor intensity 
on 177-193 

Hydrophobicity, odorant 188 
Hydrophobicity term, log P, to 

predict odor intensity 177-192 

I 

Indisan 67 
Information pattern, odor 168, 169 
Information theory 167-168 
Infrared absorption spectra of odorous 

compounds, far 123-139 
Insect(s) 

attractants 127 
behavioral responses to odorous 

stimuli 129 
experiments, advantages of 127 
olfactory responses of 124 
repellents 127 

Intensity data, normalization of 65-66 
Intensity dimensions 14 
Ion pumps 164 
a-Ionone 223 
Ionic bond, reinforced 173 
Irritants 109, 172 

mechanism of action of mild 120 
odorless 116 

Irritation, difference in odor and 113 
Irritation, inhibitory potential of 

odor 116, 118/, 119 

Isoamyl 
acetate 51 

linear regression equations, 
amyl and 32/ 

and amyl acetate, mixtures of 26/ 
and amyl acetate, sensitivity of 

liking to levels of 46/ 
Isovaleric acid 174 

sweaty odor of 201 

K 
Ketone suprathreshold odor intensity .. 184 
Ketones, methyl 205 

L 
Laffort parameters 14 

bond 166 
of an odorivector molecule with 

a receptor site 164 
Liking 

equations, nonlinear 44/-45/ 
interaction of odor constituents for 50-51 
to levels of isoamyl and amyl 

acetate, sensitivity of 46/ 
nonlinear constrained optimization 

of 48/-49Z 
of the odorant, perceived sensory 

intensity of an odorant or 
fragrance and the rated overall 40/ 

with respect to physical concentra
tion, rate of change of a sen
sory characterization or 51-54 

Linalyl acetate 174 
Lipid 

solubility, correlation of narcotic 
activity with 178 

structure and functions, efficacy of 
alcohols to modify 99-104 

structure and functions, efficacy of 
fatty acids to modify 99-104 

Lipidic receptors 93 

M 

Magnitude estimation 
data, analysis of 65-66 
future of 74 
panel training 59 
panels, selection of panelists for 58 

Malodor(s) 171-174 
allosteric regulation of receptor 

site of 172 
/antimalodor combinations 174 
perception, inhibition of 172 
receptor site prototropic 173 
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Mammalian 
chemical communication 199* 
communication, odor and 198-200 
olfactory signals 198 

Maple odors 196 
Maple syrup urine 196 
Masking ability of a fragrance 74 
M D S (see Multidimensional scaling) 
Medfly attractancy pattern 128* 
Medfly pattern redundancy in 129* 
Membrane 

regions in chemoreceptive proc
esses, hydrophobic 102-103 

systems, efficacy of n-aliphatic 
alcohols on 93-104 

systems, efficacy of /i-aliphatic 
fatty acids on 93-104 

Menthol 127 
Mercaptan, tertiary butyl 17
Metabolic disorders in infants 197
Methyl 

and ethyl salicylate linear 
regression equations 33* 

and ethyl salicylate, mixtures of 27* 
ketones 205 
salicylate, odor of 134 

2-(2-Methyl-1 -propenyl)-4-methyl-
tetrahydropyran 132 

Micrococci on aprocrine secretion 204/ 
Microcci bacteria 205 
Molecular 

biochemistry 163 
descriptors, computer-generated .... 146 
formulae associated with stimuli .... If 

olfactory 6 
model builder routine in A D A P T 

( M O L M E C ) , three dimen
sional 148 

structure descriptor(s) 145 
generation 150-152 

structure and the musk odor qual
ity, relationships between .154-157 

vibration, odor and 123-139 
vibrations to olfactory quality 

utilizing Raman spectra, rela
tionship of low energy 10 

weights for stimuli, distribution of . 9/ 
olfactory 6 

M O L M E C , three-dimensional molecu
lar model builder routine in 
A D A P T 148 

Monoosmatic components required to 
encode an odor quality 168 

Mouth odors 200 
Mucosa, olfactory 222 
Mucosal tissue, chemoreceptive 

elements of 109 
Mucostasis 120 
Mucas, nasal 211 

Multidimensional profiles of odor 
mixtures and components 83 

Multidimensional 
scaling (MDS) 1 

to study neural data in olfaction . 1 
to study psychophysical data in 

olfaction 1 
techniques 

applied to color vision 1 
characterization of odor 

quality utilizing 1-18 
applied to the gustatory realm 1 
Gunman-Lingoes' general 

nonmetric 2 
Multiple objective programming 

method 36 
Multiple profile-multiple receptor 

sit  interactio  163 

compounds, polynitroaromatic 154 
compounds, steroid 154 
natural 201 
odor 138 

necessary qualities to evoke 136 
quality, relationships between mo

lecular structure and 154-157 
odorants 145, 155/ 

common substructural unit for 
steroid and polynitroaro
matic 155/ 

olfactory stimulants 156 
pattern, redundancy in 135* 
properties using A D A P T , study 

of 154-157 
xylol 136 

Musky odors, peak number plots 
for 130/, 131/ 

N 

Nasal cavity, innervation of the lateral 
wall of the human 111/ 

Nasal mucus 211 
Narcotic activity with lipid solubility, 

correlation of 178 
Nerve, olfactory 110 
Nerve, trigeminal 110, 111/ 

free nerve endings of 113 
Neural data in olfaction, multidimen

sional scaling to study 1 
Neurons, olfactory 161,214 

Oasthouse syndrome 196 
n-Octanol-water partition coefficient.. 179 
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Odor(s) 
acceptability (liking) 41^42 

judging 51 
optimization 43-50 

constrained, of overall 43 
Wilhelm Wundt, scheme of 41-42 

analysis 201-207 
androst-16-en-3-one, the urinous 

primary 201 
apocrine 205, 207 
axillary 200 
binary mixtures of 24 
bitter almond 138 
bliss point for 42 
body 

cyclical variations in 200 
in disease diagnosis, use of . 196 -198 
emanating from 19
techniques for sampling tota

celery/yeast 19
and communication (mam

malian) 198-200 
components to mixture intensity of 

specific characteristics, rela
tionship of concentrations of 36 

to the concentrations of compo
nents, nonlinear equations re
lating liking/disliking of 24 

concentrations, linear equaltions re
lating attribute perception 
levels and 24 

constituents for liking, interaction 
of 50-51 

control of endocrine states by 200 
correlation of physical with physi-
correlation of physical with 

physicophysical measure
ments of 67, 71-74 

description and perception, 
psychology of 37-41 

detection threshold values 180 
and disease 196-198 
hedonics to concentrate changes, 

sensitivity of 42 
human 

and communication 200-201 
diagnostic potential of 196/ 
to effect sexual and social be

havior, ability of 200 
evaluations of 139 
profiles 205 

information pattern 162, 168, 169 
intensity(ies) 

of acetone 191 
of acetophenone 191 
alcohol 191 
alkane 184 
3-alkyl-2-methoxy pyrazines, 

threshold 184 

Odor(s) (continued) 
intensity(ies) (continued) 

benzenoids 184 
and concentration, linear and power 

functions relating sensory 30/ 
data, animal 188 
determining 188 
dose-response curves to 

describe 67, 68/-70/ 
effect of solvent on 67 
heteroaromatics 184 
on the hydrophobic properties 

of molecules, dependence 
of 177-193 

hydrophobicity term, log P, to 
predict 177-192 

with partition coefficients, com

scale, butanol-vapor 82 
standard method of measuring .. 180 
suprathreshold 

alcohol 184 
aldehyde 184 
ketone 184 

vector model for addition of 23 
and irritation, difference in 113 
on irritation, inhibitory potential 

of 116, 118/, 119 
magnitude 110 
maple 196 
masking 74 

measurement of 75/ 
of methyl salicylate 134 
mixing effects, classification of 83-87 
mixture(s) 

components in 51 
and components, multidimen

sional profiles of 83 
fractional factorial statistical 

design to study 80 
hedonic function for 42 
mathematical model for 87-88 
optimization of liking in 42 
psychophysical scaling and 

optimization of 23-54 
qualities from component 

qualities, determining 23-54 
quality and hedonics of 23 
sensory structure of 79-90 

and molecular vibration 123-139 
mouth 200 
musk 138 

necessary qualities to evoke 136 
quality, relationships between 

molecular structure and .154-157 
and odorant structures, relations 

between 79 
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Odor(s) (continued) 
peak number plots for musty 131/ 
perceptual system, functional 

comparisons, pungency and 110-116 
of perilla aldehyde 139 
pleasant 6 
primary 169 
profile(s) 

of Pityrosporum ovale 203/ 
of Pseudomonas aeruginosa 204/ 
synthesis of predesigned 23-54 

properties, quantitative measure
ment of 57-75 

and pungency of butanol, speed 
of response to 112/ 

and pungency, psychophysical 
functions for 115/ 

pyrolline, spermous 201 
quality (ies) 

A L S C A L to map psychologica
coding, structure recognition 

in 161-174 
of a compound 161 
with hydrophobic and steric 

parameters, correlation of 
almond 179-180 

to a linear combination of 
concentration, conversion of 50 

mathematical representation of 50 
mixtures, algebra of 54 
from molecular structures of 

single odorants, prediction 
of 79 

monoosmatic components re
quired to encode 168 

utilizing multidimensional scaling 
techniques, characterization 
of 1-18 

relationship of Raman spectra 
to 10 

receptor(s) 
frequency-sensitive 127 
generalist 127 

sites 162 
specialist 127 

of rose oxide 139 
scalp 202-205 
of single odorants and their mix

tures, relationship between 79-90 
skin, resulting from the interaction 

of microorganisms with secre
tions from glands 

apocrine 202 
eccrine 202 
sebaceous 202 

sources 195 
of specific quality profiles and 

acceptability levels, 
generating 23-54 

Odor(s) (continued) 
stimulus(i) 31 

sensitivity to 31 
specificity 138 
validity of panelist ratings of 25 

stereochemical theory of 167 
-structure correlation 161-174 
sweaty 207 

of isovaleric acid 201 
peak number plots for 131/ 

systems, binary 50 
theory, functional group 167 
threshold(s) 177 

intensity 
ethylesters 184 
alcohol 184 
aldehyde 184 

 6 

vaginal 201 
vibrational theory of 123-139 

Odorant(s) 
acceptability curve for 42-43 
in aqueous solutions, volatility of 188 
as chemical messengers 195-207 
concentration at receptor sites 188 
or fragrance and the rated overall 

liking of the odorant, perceived 
sensory intensity of 40/ 

hydrophobicity 188 
ingredient levels, equations relating 

sensory characteristics and .... 36 
interaction, receptor site- 218 
level, sensitivity of acceptance 

function to changes in 47/ 
linear functions for attribute 

intensities and 31 
as metabolic by-products of 

human secretions 201 
musk 145, 155/ 
and their mixtures, relationship 

between the odors of single .79-90 
nonirritating 116 
prediction of odor quality from 

molecular structures of single 79 
relative importance for/or ...51, 52/-53/ 
structure-activity, relations in 211-227 
spatial patterning of response to 219-222 
used to stimulate olfactory epithe

lium of tiger salamander, 
structures and properties 220/-221/ 

structures, relations between odors 
and 79 

vapors, olfactometer for mixing 81/ 
Odorivector 163 

dual nature of 171 
molecule with a receptor site, 

ligand formation of 164 
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Odorivector (continued) 
profile of 165 
receptor site 163 
with receptors, interaction of 161-174 
structure, typical 166 

Odorless irritants 116 
Odorous 

chemicals in saliva 198 
chemicals in urine 198 
compounds, far infrared absorption 

spectra of 123-139 
interactions, receptor sites for 93 
stimuli, insect behavioral responses 

to 129 
Olfaction 

and the common chemical 
sense 109-120 

discriminatory capabilities of 
human 16

enzyme model of 161-17
mechanism of 188 
multidimensional scaling to study 

neural data in 1 
multidimensional scaling to study 

psychophysical data in 1 
peripheral process in 169 
redundancy in human 134 
stereochemical theory of 54 
structure-activity relations in .211-227 
structure-activity studies on fish 212-217 

Olfactometer for mixing odorant 
vapors 81/ 

Olfactometer, mixture 80 
Dravnieks 24 

Olfactophore 156 
Olfactory 

code, redundancy in 123-139 
cross-adaptation 218-219 
data for 50 stimuli, Guttman-

Lingoes' method for Wright 
and Michels' psychophysical . 3/ 

epithelium 188 
of tiger salamander, structures 

and properties of odorants 
used to stimulate 220/-221/ 

mucosa 222 
with basic histological elements . 114/ 

nerve 110 
neurons 161, 214 
organ in fish 212 
quality 

using pattern recognition tech
niques, computer-assisted 
studies of chemical struc
ture and 143-157 

predicting 1-18 
utilizing Raman spectra, relation

ship of low-energy molec
ular vibrations to 10 

Olfactory (continued) 
quality (continued) 

relationship of functional group 
to 6 

Schiffman methodology to dis
cover physicochemical vari
ables relevant to 10 

variables related to 1 
receptor(s) 113 

cells, vertebrate 103 
in the frog 217 

responses of insects 124 
sensory cilia 103 
signals, mammalian 198 
stimulants, musk 156 
stimulants, structure-activity 

studies of 144 
stimulation  mechanis f 127 

among 6 
for fish 212 
molecular formulae associated 

with 6 
problem of characterizing 2-6 
qualities associated with 5/ 
standard 132* 

structure-activity relation studies 
in amphibians 217-219 

surface 219 
test, materials used for 60/-61/ 
theories 136 
thresholds 93 
-trigeminal interaction 116 

Organoarsenicals 110 

Partition coefficient(s) 71 
air/water 188 
and biological activity, correla

tion between 178 
comparison of perceived odor 

intensities with 72/ 
to create substantive fragrances, 

use of 73/ 
H-octanol-water 179 

Pattern recognition 
analysis 152-153 
methods, flow chart of steps in 

structure-activity studies using 
chemical structure information 
handling and 147/ 

techniques, computer-assisted 
studies of chemical structure 
and olfactory quality 
using 143-157 

Peak difference plot 133/ 
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Peak number plot(s) 124 
derivation of 125/ 
odors 

for bitter almond 130/ 
cumin 130/ 
for musky 130/ 
for musty 131/ 
for sweaty 131/ 

Pentyl acetate 222 
Perfumers, professional 132, 134 
Perilla aldehyde, odor of 139 
Peripheral process, allosteric regula

tion in 171 
Peripheral process in olfaction 169 
Pheromone(s) 127 

androst-16-en-3-one, boar 205 
Phospholipids in chemoreceptive proc

esses, involvement of 10
Phospholipids as receptors 10
Physical senses 5
Physicochemical parameters 14 
Physicochemical variables 

to predict olfactory quality 14 
relevant to olfactory quality, 

Schiffman methodology to 
discover 10 

to reproduce the psychophysical 
space, weighting 11/ 

Pityrosporwn ovale 205 
odor profile of 203/ 
yeast 202 

Polar constants, Taft 180 
Polynitroaromatic musk compounds .. 154 
Polynitroaromatic musk odorants, 

common substructural unit for 
steroid and 155/ 

Profile 
-fitting, sensory 36-41 

to a predesigned 38f-39f 
-matching method 54 
-multiple receptor site interaction, 

multiple 163 
of odorivector 165 

Profiling Method, Texture 41 
Propionibacterium acnes 205 
Protein receptor molecules 110 
Protein structure, tertiary 163 
Proteinaceous receptor(s) 93 

sites 103 
Pseudomonas aeruginosa 205 

odor profile of 204/ 
Psychophysical 

data in olfaction, multidimensional 
scaling to study 1 

measurements of odors, correlation 
of physical with 67, 71-74 

olfactory data for 50 stimuli, Gutt
man-Lingoes' method for 
Wright and Michels' 3/ 

Psychophysical (continued) 
scaling and optimization of odor 

mixtures 23-54 
space, weighting 

Laffort's parameters to reproduce 18/ 
the physicochemical variables 

to reproduce 11/ 
the Raman frequencies to 

reproduce 15/ 
Pungency 109 

of butanol, speed of response to 
odor and 112/ 

and odor perceptual systems, 
functional comparisons 110-116 

psychophysical functions for odor 
and 115/ 

receptors for 113 
temporal integratio f 110-116 

Quantitative structure-activity corre
lation/relationship (QSAR) .169,177 

history of 178 
hydrogen bonding indicator param

eter (HB) 181 
study using the Hansch Approach .. 179 

Quantitative structure-odor intensity 
relationship study, procedures for 180 

R 

Raman frequencies to reproduce 
psychophysical space, weighting 15/ 

Raman spectra to odor quality, 
relationship of 10 
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