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Abstract

Chemosensory detection of airborne chemicals by humans is accomplished principally
through olfaction and mucosal chemesthesis. Odors are perceived via stimulation of the olfactory
nerve (CN I) whereas nasal chemesthetic sensations (i.e., prickling, irritation, stinging, burning,
freshness, piquancy, etc), grouped under the term nasal pungency, are mediated by the
trigeminal nerve (CN V). Airborne compounds elicit odor sensations at concentrations orders of

magnitude below those producing pungency but the physicochemical basis for odor and



pungency potency of chemicals, either singly or in mixtures, is far from being understood. The
sensitivity of the sense of smell often outperforms that of the most sophisticated chemico-
analytical methods like gas chromatography and mass spectrometry. Still, the combined used of
these techniques with human odor detection (i.e., olfactometry) has proved an invaluable tool to
understand the chemosensory properties of complex mixtures such as foods, flavors, and

fragrances.



1) Human chemosensory perception of airborne chemicals

Humans detect the presence of volatile organic compounds (VOCs) in their surroundings
principally through their senses of olfaction and "chemesthesis" [1, 2]. The latter is also known as
the "common chemical sense" [3, 4]. Activation of the olfactory nerve (CN ) produces odor
sensations. Chapter 3 describes the biological basis of this chemosensory pathway. Activation of
chemoreceptors on the trigeminal nerve (CN V) innervating the face mucosae produces
chemesthetic responses (see, for example, [5]). These responses evoked in the nose include
stinging, piquancy, burning, freshness, tingling, irritation, prickling, and the like. All these nasal
sensations can be grouped under the term nasal pungency [6]. Chemesthetic responses to
airborne VOCs can also be produced in the ocular, oral, and upper airway mucosae, where they
are referred to as eye, mouth, and throat irritation. In the case of the back of the mouth and the
throat, other nerves, such as the glossopharyngeal (CN VIII) and vagus (CN X), are also

stimulated by airborne VOCs and contribute to perceived irritation.

In this chapter we will focus on human smell and nasal chemesthesis. We will review
psychophysical studies performed on both sensory modalities addressing the possible basis for
the odor and irritation potency of VOCs. We will also summarize various techniques that combine
the power of the human nose with that of chemical-analytical instruments, such as gas
chromatography and mass spectrometry, to quantify the chemosensory activity of volatile

chemicals and to help understand better the characteristics of human chemosensory perception.

2) Nasal Chemosensory Detection

Odor thresholds represent an important biological characteristic of airborne chemicals.
Nevertheless, compilation of such values [7-9] show an extreme variability for any particular
substance, even after attempting to standardize the values reported in different sources [10]. This

scatter severely limits the practical application of the information available. An important



roadblock in our understanding of smell and nasal chemesthesis is the lack of information
regarding what particular characteristics of chemicals govern the potency (i.e., threshold and
suprathreshold) and type (i.e., quality) of olfactory and trigeminal sensations that they evoke. The
situation stands in sharp contrast with the senses of vision and hearing where we have a precise
knowledge of the range of electromagnetic and vibrational energy, respectively, to which our eyes
and ears are tuned. From a few known, well-defined parameters of any light and sound it is
relatively straightforward to predict its visual and auditory perceptual properties. From the
structural and physicochemical properties of a compound it is not easy to predict its odor or

chemesthetic perceptual properties.

Attempts to correlate odor with structural and physicochemical properties of odorants
have focused, typically, on one or a small number of odor qualities (see reviews in [11, 12]),
probably because broader generalizations have failed to lead to a productive outcome. As has
been pointed out [13], an important drawback of many structure-activity relationships in olfaction
[14-19] is the difficult interpretation of the chemical features that are shown to correlate with odor

activity.

Regarding chemesthesis in the upper airways, a pioneer review paper [20] described the
possible chemical mechanisms of sensory irritation. This study focused principally on "reactive"
chemicals, that is, substances producing chemesthetic responses principally via direct chemical
reaction with mucosal tissues. A more recent review of the topic [21] also addressed the
mechanism by which relatively nonreactive compounds could produce pungency. In fact,
relatively nonreactive VOCs are the prime candidates for the production of adverse
chemosensory symptoms in cases of indoor air pollution such as the sick building syndrome (cf.

[22]).

Among the various factors accounting for the large variability of measured odor

thresholds, apart from true biological variability, we can mention: method of vapor-stimulus



control and/or delivery, psychophysical methodology, criterion to arrive at a threshold response,
number of subjects, and number of trials per subject [23, 24]. In the case of nasal pungency
thresholds, a crucial additional factor is the use of a procedure that avoids odor biases since
almost all chemicals have both odor and pungency and the odor could be quite strong at the
concentrations needed to produce barely perceptible nasal pungency. Additionally, in order to
build a chemosensory structure-activity relationship, a chemical stimulus continuum of some sort

can be very helpful.

In a long-range effort started more than 10 years ago [25], odor and nasal pungency
thresholds were measured using a standardized procedure aimed to minimize many of the
variability sources mentioned above and to produce a data set with robust internal consistency.
Some of the procedural features employed included: 1) Delivery of vapors monorhinally (i.e., one
nostril at a time) via "static" olfactometry [26] from plastic squeeze bottles [27]. 2) Short-term
exposures (1-2 seconds). 3) Rigorous measurement and follow-up of presented vapor-phase
concentrations by gas chromatography. 4) Use of a two-alternative, forced-choice procedure
against a blank (to minimize biases), presentation of chemicals in an ascending concentration
series (to minimize sensory adaptation), and use of, at least, duplicate bottles with identical
concentration (to alternate sniff sampling and avoid depletion of stimulus in the headspace). 5)
Use of a constant and fixed criterion for threshold (i.e., five correct choices in a row) across
subjects, repetitions, chemosensory modality (i.e., odor and nasal pungency), and studies. 6)
Selection of subjects with no sense of smell (called anosmics) to measure nasal pungency
thresholds (thus avoiding odor biases), and of subjects with normal sense of smell (hormosmics)
to measure odor thresholds. Normosmics were matched to the anosmics by age, gender and
smoking status, all demographic variables known to influence chemosensory perception (see
review in [28]). 7) Selection of stimuli from homologous chemical series, where physicochemical
properties change systematically and where carbon chain length provides a convenient "unit of

change" (i.e., a continuum) against which to relate the sensory results.



a) Thresholds for Odor and Nasal Pungency

These systematic studies of odor and nasal pungency thresholds along homologous
chemical series included testing of n-aliphatic alcohols [25], n-acetate esters [29], sec- and tert-
alcohols and acetate esters [30], ketones [30], alkylbenzenes [31], and aliphatic aldehydes and

carboxylic acids [6]. Figure 1 summarizes the results obtained with all these series.

Insert figure 1 about here

The outcome clearly shows how both chemosensory thresholds decline as carbon chain
length increases. This means that sensory potency (both olfactory and trigeminal) increases
along each homologous series. The rate at which odor thresholds decline, at least for the first few
members of each series, tends to be higher than that for nasal pungency thresholds. In various
instances, odor thresholds seem to reach a plateau, like for acetate esters, ketones, and
alkylbenzenes. Nasal pungency thresholds, in contrast, reach a "cut-off" effect [6]: beginning with
a certain homolog member, nasal pungency fails to be consistently evoked, and this effect
deepens for all ensuing members. In other words, the ability of that particular homolog and of all
following homologs to produce nasal pungency fades away. The cut-off effect to produce a
biological response seen at some point in a chemical series is a well-known pharmacological
phenomenon in the field of anesthesia [32, 33]. At least two mechanisms can account for such
cut-offs [33]: a physical mechanism whereby the maximum vapor-phase concentration of the
stimulus molecule (at a certain temperature and pressure) falls below the threshold, and a
biological mechanism whereby the stimulus molecule lacks a crucial property to trigger
transduction. For example, the molecule could be too large to fit into the binding pocket of a

receptive macromolecule or to interact effectively with a target site.

b) Stimulus-response (i.e., psychometric) functions for odor and nasal pungency




Studies that aimed at measuring thresholds for olfaction and nasal chemesthesis with a
uniform methodology, particularly in the context of testing homologous chemical series, proved to
be useful tools in understanding how physicochemical properties govern sensory potency. The
use of a standard testing procedure was instrumental to develop robust quantitative structure-
activity relationships (QSARs) (see below). Nevertheless, measurement of a punctate
chemosensory threshold according to a fixed criterion of performance has limitations [34]. A more
comprehensive knowledge of the chemosensory processes involved can be gained by
measurement of complete stimulus-response (called psychometric) functions (e.g., [23, 24]).
These functions span the range from chance detection to virtually perfect detection and, thus,
cross the boundaries between perithreshold and suprathreshold sensations. Given a certain set
of testing conditions, psychometric functions depict a continuous track of how the detectability of

the chemical(s) grow with increasing concentration, rendering a dynamic picture of the process.

Figure 2 presents psychometric functions for the odor and nasal pungency evoked by 1-
butanol, 2-heptanone, butyl acetate, and toluene. All functions in Figure 2 show an ogival shape
with a close-to-linear section in the middle of the range. As expected from previous studies on
thresholds (see review in [5]), odor detection occurred orders of magnitude below nasal pungency
detection. The gap between olfactory and chemesthetic detection (at halfway between chance
and perfect detection) ranged between 3.4 and 6.4 orders of magnitude. The two chemosensory
modalities also differed in the slope along the linear portion of the function. Odor functions for
these four chemicals have slopes between 0.35 and 0.5 [34, 35] whereas nasal pungency
functions have slopes between 0.7 and 1.0, except toluene which showed an even steeper slope

in the range 2.2-2.9 [34, 36].

Insert Figure 2 about here

3) Olfactory and nasal chemesthetic detection of mixtures of chemicals




In typical, everyday experiences, olfactory and chemesthetic sensations arise from
exposures to mixtures of substances. Rarely are they the result of exposure to a single chemical.
In addition, the study of the chemosensory detection of mixtures vis-a-vis detection of the
individual components has the potential to uncover basic principles of functioning of the senses of

smell and chemesthesis.

Studies on the olfactory detection of mixtures of airborne chemicals have relied, for the
most part, on measurement of thresholds according to a fixed criterion of performance, and have
typically expressed the results in terms of the stimulus (that is, concentration of the chemical).
Their outcome suggests partial and simple stimulus agonism [37-39] with some indications of
synergistic stimulus agonism as number of components increases [39-42]. To illustrate the
meaning of these terms, let us take the example of a 3-component mixture whose constituents
are present at sensory-equivalent concentrations (i.e., at the same multiple or submultiple of their
respective individual thresholds). The terms simple, synergistic, and partial agonism indicate,
respectively, that the mixture achieves threshold when each component is present at one third,
less than one third, and more than one third (but less than one time) its individual threshold
concentration. The term independence indicates that the mixture achieves threshold only when at
least one of the components is present at its individual threshold. The term antagonism indicates
that the mixture achieves threshold only when the components are present at a concentration
even higher than their respective individual thresholds. A recent study looking at the olfactory
(and trigeminal) detectability of binary mixtures of 1-butanol and 2-heptanone via measurement of
psychometric functions lent support, as a first approximations, to an outcome of simple agonism

[35].

Not surprisingly, studies on the trigeminal detection of mixtures are much fewer than
those on olfaction. A comprehensive study measuring trigeminal thresholds for single chemicals
and for mixtures of up to nine components revealed a trend for the degree of agonism to increase

with the number of components and with the lipophilicity of such components [39]. A couple of
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recent investigations measured psychometric functions to look in detail at the trigeminal
detectability of binary mixtures compared to the detectability of the single components [35, 36].
The general outcome supported, once again, simple agonism with the suggestive possibility,
open to further scrutiny, that, for chemesthetic responses, simple agonism might weaken to
partial agonism as the detectability of the mixtures approach perfect detection [36], that is, as the
mixtures leave the perithreshold region and enter into the suprathreshold region. If such
weakening of agonism is confirmed and extended to olfactory responses, it would fall nicely into
register with the finding of partial agonism (called hypoadditivity) very commonly reported for
mixtures of odorants at the suprathreshold range (e.g., [43]) even when the analysis considers

"addition" of concentration (mass) and not simply addition of sensation [44].

It has been suggested that, within each chemosensory modality, compounds with similar
slopes in psychometric functions will tend to show simple agonism in mixtures whereas
compounds with different slopes will tend to show a lesser degree of agonism, e.g., partial
agonism [36]. At this stage, psychometric functions for additional substances tested in binary and

higher order mixtures need to be measured to confirm the trend.

4) Physicochemical determinants of odor and nasal pungency

As mentioned, the senses of olfaction and chemesthesis allow us to detect airborne
chemicals. To gain a better understanding of how these sensory channels function it is important
to know what particular features of chemicals govern their potency as odorants and irritants
(including threshold and suprathreshold intensities). Regarding olfaction, a large number of such
features have been suggested, including Wiswesser notation formulas [14], structural parameters
directly derived from the chemical formula [45] or derived from gas chromatographic
measurements [17, 19], steric and electronic descriptors [46], molecular vibration [47-49],

partition coefficients (specifically, water-air and octanol-water) [50] and an electron-topological
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method [51]. Some of these investigations focused on one or just a few odor qualities (e.g., musk)

whereas others studied a broader spectrum.

Regarding chemesthesis, there have also been a number of chemical features reported
to correlate with sensory irritation. Among them, normal boiling point [52], adjusted boiling point
[53], saturated vapor pressure [54], Ostwald solubility coefficient (i.e., log L where L =
concentration in solvent/concentration in gas phase) [55], and partition coefficients (specifically,
water-air and octanol-water) [56]. Interestingly, all these descriptors are physicochemical

parameters and do not involve the precise chemical structure of the irritant.

a) The linear solvation model

Many of the quantitative structure-activity relationships (QSARSs) cited above for olfaction
and chemesthesis are difficult to interpret either chemically or mechanistically [13]. A recently
developed model has the advantage of not only providing a strong statistical fit to human
psychophysical data but also conveying chemically and mechanistically meaningful information
on both the stimulus (i.e., odorant or irritant) and the biophase where sensory reception initially
takes place (i.e., for olfaction, the membrane covering the cilia of the olfactory receptor neuron,
and, for nasal chemesthesis, the membrane of the free nerve endings of the trigeminal nerve).

This model is based on a general solvation equation developed by Abraham [57, 58]:
IogSP=c+r.R2+s.7T2H +a.20c5' +b.EB2H +1.log L16 (1)

where SP is the dependent variable that, in the present context, represents a sensory property
defined as the reciprocal of the odor detection threshold (1/ODT) or the reciprocal of the nasal
pungency threshold (1/NPT). The reciprocals are used simply because the larger the quantity, the

more potent is the odorant or irritant. There are five independent variables: excess molar

refraction (R,), dipolarity/polarizability (thH), overall or effective hydrogen-bond acidity (Z(sz),

overall or effective hydrogen-bond basicity (EBZH), and gas-liquid partition coefficient on
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hexadecane at 298K (L16). The L'® descriptor is a combination of two properties of the odorant or

irritant: (i) a general measure of size and (ii) the ability of the odorant or irritant to interact with a
biophase through dispersion forces. The term ¢ and the coefficient for each of the independent
variables (r, s, a, b, and I) are obtained by multiple linear regression analysis. However, these are
not simply fitted coefficients. They have chemical and mechanistic meaning since they reflect the
complementary properties that the biophase must show in order to be receptive to the odorant or
irritant. In other words, the independent variables provide a physicochemical characterization of
the stimulus (i.e., odorant or irritant) whereas the corresponding coefficients provide a
characterization of the receptive biophase bound to interact with that stimulus. The r-coefficient
measures the tendency of the biophase to interact with the odorant or irritant via polarizability-
type interactions, mostly via 1- and n-electron pairs. The s-coefficient reflects the biophase
dipolarity/polarizability (since a dipolar odorant or irritant will interact with a dipolar biophase, and
a polarizable odorant or irritant will interact with a polarizable biophase). The a-coefficient
represents the complementary property to the odorant or irritant hydrogen-bond acidity, and, thus,
is a measure of the biophase hydrogen-bond basicity (since an acidic odorant or irritant will
interact with a basic biophase). Similarly, the b-coefficient is a measure of the biophase
hydrogen-bond acidity (since a basic odorant or irritant will interact with an acidic biophase).

Finally, the I-coefficient is a measure of the biophase lipophilicity [13].

b) Application of the solvation equation to odor and nasal pungency thresholds

The standardized procedure employed to measure the odor and nasal pungency
thresholds depicted in Figure 1 provided a firm ground to develop QSARs based on the solvation
model described above. Under this model, the odorant or irritant is seen as a solute that travels
through a series of solvent phases (air, nasal mucus, nasal tissue) until it exerts its (sensory)
action upon a receptive biophase. Thus, the model only applies to what can be called "transport"
processes. These are processes where the fundamental step is either the distribution of the

stimulus (i.e., odorant or irritant) between biophases or the rate of transfer of the stimulus form
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one biophase to another. The model does not apply to stimuli acting through exact conformational
or geometrical states since these sort of molecular changes would barely affect the above
mentioned physicochemical descriptors but, when relevant, could affect potency dramatically. In
addition, the model does not apply to "reactive" compounds, that is, substances that produce
nasal pungency via direct chemical reaction with nasal tissue [21]. The solvation equation would

underestimate the potency of such chemically reactive stimuli [59, 60].

The original equation for odor thresholds [13] was recently improved [61] with the addition
of two additional terms: 1) A parabolic term (D-D2) where D is the maximum length of the odorant
molecule obtained by computer-assisted molecular modeling and geometry optimization. 2) An
indicator variable, H, chosen as 2.0 for carboxylic acids and aldehydes and zero for all other
odorants. (As discussed in [61], the need to introduce H arises because carboxylic acids and

aldehydes are more potent than predicted). The odor equation looks as follows:
log (1/0DT) =-7.445 + 0.304 R, + 1.652 thH +2.104 EOLE' +1.500 EBQH +0.822 log L16 +

+0.369 D - 0.016 D* + 1.000 H
()
with n=60, r°=0.84, SD=0.601, where n is the number of odorants included, r is the correlation
coefficient, and SD is the standard deviation in the dependent variable. All symbols are as

described for equation (1).

The solvation equation model has performed even better for the description and
prediction of nasal pungency thresholds [6, 62-65] than for odor thresholds. Its success indicates
that transport processes indeed constitute a key step in the production of nasal pungency by
nonreactive airborne chemicals. The latest version of the nasal pungency equation looks as

follows:

log (1/NPT) = - 8.519 + 2.154 14" +3.522 Tas' +1.397 TS +0.860 1og L16 (3)
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with n = 43, r* = 0.955, SD = 0.27, where all letters and symbols are as defined above. In this

case, the term r.R, from the general equation (1) did not achieve significance and was omitted.

It must be pointed out that equation (3) does not account for the observed cut-off effect
on nasal pungency that we have mentioned under item "2) a) Thresholds for odor and nasal
pungency". Future research should aim at optimizing the range of applicability of equation (3) by
including a "size" factor capable of accounting for such molecular cut-offs in chemesthesis. This
line of work is likely to gather critical knowledge not only on the molecular boundaries of airborne

pungent stimuli but also on those of the putative nasal chemesthetic receptor as well.

5) Human chemical sensing: Olfactometry

All studies exploring how humans detect and perceive airborne chemicals need to devise
a strategy to generate and deliver the compounds (i.e., stimuli) at predetermined concentrations
(i.e., levels). Generation, delivery, and control of chemical stimuli entail more complexity than the
equivalent processes for physical stimuli such as lights and sounds. In addition, there are
practically no well-established, accepted, and widely used commercial devices to perform such
tasks. In many cases, a one-of-a-kind olfactometer is built with much effort and time for one or a
few studies, only to be left in disuse, replaced, or substantially modified for other studies. As a
rule, no steps are taken in order to understand how results obtained with the "old" device

compare with those obtained with the "new" one.

In this section we will discuss three broad olfactometric techniques that, with variations,

have been and are still being used in the study of human chemosensory perception [26].

a) Static olfactometry
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In general, olfactometric techniques can be classified into "static" or "dynamic" depending
on whether the vapor stimulus is drawn from an enclosed container where the liquid and vapor
phases of the tested chemical are in equilibrium, or the vapor flows continually in a carrier-gas
stream, typically odorless air or nitrogen. Important aspects in the static approach include the
type of container, the way in which the vapor is drawn to the nose, and the type of connection

between the headspace of the container and the nose of the subject.

Containers in static olfactometry are typically glass or (almost) odorless plastic. As a rule,
a series of dilutions of the substance(s) of interest are prepared in individual vessels using an
odorless solvent. Choice of the solvent is not straightforward. Distilled and deionized water could
serve in some cases but some chemicals are unstable in water. For example, esters tend to
hydrolyze producing the alcohol and the carboxylic acid. Also, most odorants have little or
extremely low water solubility. Alternative solvents are lipophilic substances where odorants are
more stable and soluble. These include, for example, mineral oil and propylene glycol.
Nevertheless, these are not always completely odorless and might present a low odor
background. Many of the olfactory and nasal chemesthetic studies mentioned above resorted to
the use of "squeeze bottles" [66] (Figure 3, left). Their caps have pop-up spouts that fit into one or
the other nostril allowing monorhinic testing. This, added to their easy availability and simplicity of
use has made them useful not only in research but also in the clinic [27]. A recent study has
shown that a newly developed glass vessel system possess advantages over the plastic squeeze
bottles, producing nasal pungency thresholds systematically lower by an average factor of 4.6
compared to those obtained via squeeze bottles [67] (Figure 3, right). This investigation tested

three members each of homologous alcohols, acetates, and ketones.

Insert Figure 3 about here

Subjects can sample the vapors in the headspace of the container actively by sniffing or

they can receive them passively, for example, when the experimenter activates a valve that
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sends a fixed volume of headspace into the participant's nostrils. The second method [68] makes
stimulation independent of the sniffing pattern of the subjects but it can cause progressive drying
of the nasal mucosa, leading to irritation with repetitive stimulation, and can also lead to confusion
between air pressure and odor sensations [69]. In addition, more recent studies have shown that

natural sniffing maximizes olfactory performance in humans [70].

The type of connection between the vapor container and the subject's nostrils determines
the effective concentration reaching the nose. The squeeze bottles, with their pop-up spouts that
fit inside one nostril, represented an improvement over other containers that are simply open and
placed under the subject's nose, but still left room for dilution of the stimulus from surrounding air.
The above mentioned glass vessels include Teflon made nosepieces that fit snugly into both

nostrils of the subject, maximizing the efficiency of the stimulus delivery [67].

It is important to stress that in all these techniques of static olfactometry, the actual
stimulus is the vapor above the solution in the container. In principle, the vapor concentration is
proportional to the liquid concentration, but such proportionality varies with odorants, solvents,
and, sometimes, among concentrations of the same odorant-solvent pair. For these reasons,
actual measurement of the vapor-phase concentration in each container, and periodic follow-ups
to ensure stability, become the only safeguard against incorrect assumptions. Unfortunately, all
too often olfactory investigations do not include such vapor measurements. Gas chromatography
provides a relatively simple way to measure and calibrate vapor concentrations for use in static

olfactometry.

b) Dynamic olfactometry

Under the principles of dynamic olfactometry, the chemical stimulus flows continuously in
a carrier gas stream of either purified air or nitrogen. The various concentrations of the

substance(s) tested are typically achieved by mixing in different proportions the carrier gas line
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with the odorant line. A number of elements including tubing, capillaries, flowmeters, mass flow
controllers, valves, saturating and mixing vessels, deodorizing and air conditioning (i.e.,
temperature and humidity) devices constitute the necessary equipment for the generation and
control of odorants. As in the case of static olfactometry, the interface between the exit of the
stimulus and the nose is an important feature regarding possible unwanted dilution of the targeted

concentration. The complete assembly is referred to as an "olfactometer”.

In a very in-detail analysis of various olfactometers and of the many principles guiding
their design, Dravnieks [71] has described devices used in both animal and human studies.
Dravnieks himself proposed a Binary Dilution Olfactometer [71] (Figure 4). This instrument
combines portability and stability of concentrations with ease of use and maintenance. Its
simplicity arises from the fact that it uses saturated vapor as the source of undiluted stimulus and
employs a series of capillaries of various widths and lengths to achieve 7 fixed increasing
dilutions of the odorant, all presented at a final flow rate of 160 ml/min. One of the suggested
applications of this device was to use it with 1-butanol in order to allow to express the odor
intensity of any source in terms of an odor equivalent concentration of 1-butanol (in ppm by
volume) [72]. The technique became an ASTM (American Society for Testing and Materials)
recommended procedure [73]. Dravnieks also developed a Dynamic Forced-Choice Triangle
Olfactometer for measurement of thresholds [74, 75]. Both types of olfactometers found an

important application in the measurement of environmental odors (e.g., [76]).

Insert Figure 4 about here

Chemical stimulation of the olfactory and trigeminal chemosensory systems in the nose
gives rise to both peripheral electrical potentials [77, 78] and central evoked potentials [79]. In
order to study such electrophysiological events, an olfactometer was needed that 1) delivered the
stimulus without altering the mechanical or thermal conditions at the stimulated mucosa, and 2)

produced a sharp, square-wave type, stimulus onset and offset. Such an instrument was
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pioneered by Kobal and collaborators [77, 79]. Their instrument achieved these goals by
embedding pulses of odorant or irritant in a constantly flowing air stream under controlled

temperature (36.5°C) and humidity (80% RH).

An interesting development in the area of dynamic olfactometry emerged from the
description of an olfactometer that also served to measure respiratory parameters [80-83] (Figure
5). The instrument evolved through the years and in its latest version presents the odorants and
irritants to subjects through a mask covering nose and mouth (with a good seal, monitored by
pressure) in a room-temperature warmed (=25°C) and humidified (=35% RH) airflow.
Concentration of the stimulus on the line feeding the mask is continuously monitored by a photo-

ionization detector (PID).

Insert Figure 5 about here

c¢) Environmental chambers

Use of whole-body environmental chambers to explore human chemosensory responses
provides a close approximation to a "natural" setting. In static and dynamic olfactometry, two
crucial issues to control include the actual concentration of the stimulus (typically measured via
detectors used in gas chromatography such as PID or FID, flame ionization detector) and the
nosepiece/nose interface. A loose interface between the nostrils and the stimulus exit, whether
under a static approach (e.g., squeeze bottles) or a dynamic approach (e.g., Dravnieks
olfactometer) probably results in a dilution of the effective stimulus. Perhaps different sniffing
styles among subjects also contribute to variability. Investigation of the "typical" characteristics of
human sniffing provide some interesting values: the "average" human sniff draws a volume of 200
ml, lasts a minimum of 0.4 sec and reaches an instantaneous flow rate of 30 I/min [70, 84, 85].

These studies also concluded that: 1) individuals vary in their sniffing techniques but are
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consistent with their patterns across odorants and tasks, 2) most of the odor information is

obtained in the first sniff, and 3) natural sniffing provides optimum odor perception.

Many of the above mentioned characteristics cannot be easily achieved by static or
dynamic olfactometry, thus the appeal of using environmental chambers. Nevertheless, in a
room-size exposure chamber, build-up, control, and rapid change of stimulus concentration
become complex and problematic as the large surfaces in the chamber (including the bodies and
clothing of subjects) adsorb and desorb airborne chemicals. For these reasons, even when
whole-body exposures constitute the gold standard, the pace of testing under this approach is
much slower. This highlights the importance of understanding the rules of interconvertibility
among sensory results obtained with the different approaches and, given the enormous number
of odorants and irritants, the need to develop robust quantitative structure-activity relationships for
prediction of chemosensory responses. Examples of these relationships have been provided

above under item "4) Physicochemical determinants of odor and nasal pungency".

Chamber studies have been particularly useful when applied to the understanding of
issues of indoor air quality and associated topics. Since exposures in chambers can last for
hours, they possess a clear advantage over other strategies when studying the effect of time of
stimulation on chemosensory perception. Studies performed in environmental chambers have
explored, among others, sensory responses to environmental tobacco smoke [76, 86-89], body
odor [90], volatile organic compounds [91-96], fragrance materials in air fresheners [97], and

formaldehyde (a substance off-gassing from certain home-insulation materials) [98].

6) Instruments for chemical sensing: Gas chromatography-Olfactometry

Gas chromatography (GC), one of the most widely used techniques in analytical
chemistry, was first formalized in 1952 [99]. As described in a couple of recent reviews [100, 101],

shortly thereafter researchers interested in odors and aromas took advantage of this powerful
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separation technique to identify the principal odorants of specific products (e.g., foods,
beverages, fragrances, perfumes) [102]. This particular application of GC is now known as gas
chromatography-olfactometry (GC-O). In brief, the method uses GC to separate the individual
components of a mixture (e.g., a food product) which, then, are presented, as they elute, to a

subject (called sniffer) for sensory detection and/or characterization.

Soon researchers found that direct sniffing from the GC effluent (at the exit of a non-
destructive detector) had important drawbacks. Among them, the hot and dry gases dried the
nasal mucosa, producing serious discomfort, and the odorous background emitted by hot plastic
components interfered with the detection of the eluting odorants [100]. This prompted the design
of substantial improvements in the system that eventually led to present day GC-O. An important
step along the way was the addition of humidified air to the GC effluent, resulting in the delivery of
a pulsed wave of odorant, similar to that eluting from the GC, but minimizing nasal dehydration
and discomfort for the human sniffer [103]. Further improvements included a venturi system that
eliminated background odors, was able to handle narrow-bore GC columns with minimum loss of

resolution, and provided additional comfort to the subject [104].

As the techniques of GC and GC-MS (GC-mass spectroscopy) became widespread and
more sophisticated, it was possible to separate and chemically identify the dozens or hundreds of
individual substances present in food, flavor, and fragrance products. It has been argued [105]
that this knowledge created the illusion that the flavor chemistry of these products was well
understood. These powerful analytical techniques by themselves have no way of identifying and
weighting which compounds are contributing significantly to flavor, and to what extent. Thus, the
crucial importance of the GC-O approach that incorporates human sensory detection. In fact,
there are indications that the performance of GC-O rivals and can, even, outperform the most
sensitive and selective chemico-analytical methods like GC-MS-MS, particularly towards the most
powerful odorants [106]. In addition, GC-O requires comparatively little sample preparation and

no need for synthesis of labeled compounds. The usefulness of GC-O continues to grow and
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expand as it combines with the latest analytical tools such as solid phase microextraction (SPME)

[107, 108].

Many GC-O systems are designed to split the GC effluent, sending part to a chemical
detector and part to the sniffing port. Typically, humans are more sensitive than most chemical
detectors so it is common that less than 10% of the effluent is directed to the sniffing port while
more than 90% is directed to the detectors [109]. However, the use of non-destructive detectors
(e.g., thermal conductivity detector, TCD) allows to send all the GC effluent to the sniffing port

maximizing sensitivity [101].

We have discussed issues that deal with the optimization of GC effluents for
chemosensory evaluation by human subjects. There are also issues that deal with the overall
strategy for presenting the stimulus (typically a complex mixture of odorants and non-odorants) to
the subjects and, very importantly, the procedure used to gather and quantify sensory information
from the subjects [109]. The application field were many of these methods were developed and
investigated relates to food and flavor research. At present, there are at least three techniques
commonly used in the study of the sensory properties of the chemical components of foods and
flavors by GC-O. These are "charm analysis", aroma extract dilution analysis (AEDA), and

"osme" (from the Greek word meaning smell). We will briefly describe each of these methods.

a) Charm Analysis

This dilution technique was introduced in the middle 80's [105]. On each run, the subject
is exposed to the GC effluents from one of a series of increasing dilutions of the particular
stimulus investigated (typically, a complex mixture of chemicals). The participant strikes a key
from a computer keyboard each time an odor begins to be detected and, again, when the odor is
no longer detectable. During this interval, the subject is also required to report, for example with

another key stroke, the quality of the perceived odor. The procedure renders a record of the time
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on the GC run where the odor occurred, its duration, and its quality. As the authors point out, a
crucial part of the method calls for the use of chromatographic standards (e.g., n-paraffins) to
transform the retention times at which odors appear into retention indexes, thus associating the
sensory response with a reproducible chemical property. A run as just described is made for each

of the successive serial dilutions until no odor is detected.

The responses are summarized as the "charm" value "c" that is a simple function of the
dilution factor "d" and the number of coincident responses "n". The term "coincident responses”
refers to the number of times that an odor is detected across successive dilutions for a particular
retention index. In this way, the relationship is expressed as: ¢ = d"". A charm response
chromatogram is defined as a plot of ¢ vs. retention index. Figure 6 illustrates how the charm plot
is obtained. Results obtained by charm analysis compare well with those obtained by using
traditional psychophysical procedures such as line-length (a visual analogue scale) and finger-

span [110].

Insert Figure 6 about here

Charm analysis has been applied to study, among other products, apples [111], grapes

[112, 113], orange juices [114] and the off-flavors form plastic packaging of food products [115].

b) Aroma Extract Dilution Analysis (AEDA)

AEDA is another dilution technique [116]. As in charm analysis, an extract from the
product of interest is diluted in series and each dilution is analyzed by GC-O. In AEDA, results are
expressed as flavor dilution (FD) factors. This factor is simply the ratio of the concentration of the
odorant in the initial extract to its concentration at the highest dilution at which an odor is detected

by GC-O [117, 118].
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AEDA chromatograms plot the flavor dilution factor vs. retention index. Graphs obtained
by charm analysis and by AEDA of the same flavor product are very similar [101] only that charm
analysis produces areas for each relevant retention index (see Figure 3) whereas AEDA
produces heights, that is, a single number on the y-axis (equal to the FD) for each relevant
retention index. In this way, AEDA focuses on the highest dilution at which a compound is
detected whereas charm analysis also takes into account the time for which the odor is perceived

[110].

AEDA has also been applied to the study of numerous food products, including olive olil,
butter, Swiss cheese, meat, bread, beer, green tea, dill herb, and off-flavors [118], and wines

[119].

c) Osme method

The word "osme" given to this method [120] derives from Greek and means smell (we
have mentioned above the terms "anosmia", lack of sense of smell, and "normosmia", normal
sense of smell). In contrast to the two techniques just described, osme measures perceived odor
intensity and is not based on dilutions to odor detection thresholds. The subject uses a time-
intensity tracking procedure to rate the intensity of each eluting odorant from the GC and, at the
same time, provides verbal descriptions of the odor-active regions of the chromatogram [121].
Similar to charm analysis and AEDA, retention times for the odor peaks are converted into
standardized retention indices to confirm the chemical identity of the odorants. In some cases,

further confirmation is achieved by GC-MS [121].

Variations on the specific procedure of time-intensity odor tracking, for example a PC
mouse moved on a 60-cm scale vs. a rheostat apparatus that measured finger span, were shown
to make no significant difference on the odor peaks obtained [110]. Osme has been applied to the

analysis of wines [121] and hop oils and beers [122].
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Figure Legends

Figure 1. Thresholds for odor (empty squares) and nasal pungency (filled squares) along
homologous chemical series of alcohols, acetate esters, ketones, alkylbenzenes, aliphatic
aldehydes, and carboxylic acids. Only primary and unbranched homologs are joined by a line.
The segment of dotted lines on nasal pungency shows those homologs for which pungency

begins to "cut-off" (see text). Bars (sometimes hidden by the symbol) indicate standard deviation.

Figure 2. Psychometric function for the odor (empty symbols) and nasal pungency (filled
symbols) detection of butyl acetate (diamonds), 2-heptanone (circles), toluene (triangles), and 1-

butanol (squares).

Figure 3. Left. Olfactory testing of a subject via plastic squeeze bottles and caps with

pop-up spouts. Right. Olfactory testing of a subject via glass vessels with Teflon nosepieces.

Figure 4. Top: Drawing illustrating some of the principles in the Dravnieks Binary Dilution

Olfactometer (from [71]). Bottom: A perspective drawing of the same olfactometer (from [14]).

Figure 5. Schematic representation of the test station for measurement of sensory

responses and breathing parameters. (From [83].)

Figure 6. Example of a "charm" response chromatogram produced from the relationship ¢
= d"', where d is the dilution constant and n is the number of coincident responses at any given

retention index. (From [105].).
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