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A)   Introduction

In cases of indoor air pollution (e.g., the "sick building syndrome")

a wide variety of unspecific and general symptoms (e.g., headache,

lassitude) arise. Among them, sensory effects: odor, and irritation of

the eyes, nose and throat figure prominently (Cometto-Muñiz and Cain,

1992; Mølhave, 1992). Conceivably, substances off-gassing from

indoor materials produce such symptoms, even when in many cases the

particular responsible compound(s) cannot be specified.

We believe that the sensory effects just mentioned constitute

very good indicators of the annoyance potential that a particular

material poses in indoor spaces. The mucosae of the face, particularly

the nasal mucosa, are the first chemosensitive structures that

airborne chemicals interact with in their way into our bodies.

Furthermore, their warning characteristics are intrinsic to their

structure and function. It is then only natural that we look particularly

at these sensory effects when assessing the potentially adverse

health effects of materials.

In many cases it is going to be useful to understand and measure

the sensory responses (e.g., odor, sensory irritation) to a challenge

with airborne chemicals in our path to explain the other symptoms

elicited by indoor contamination. So let us first take a look at the basic

neuroanatomical characteristics of the stimulated sensory systems.
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B)   The chemical senses involved   

Humans are aware of the presence of airborne chemicals in their

surroundings through two sensory channels: the sense of smell (or

olfaction) and the so-called common chemical sense (CCS). The first is

mediated by the olfactory nerve (cranial nerve I), and gives rise to odor

sensations. The second, when referring to the mucosae of the face, is

mediated  principally by the trigeminal nerve (cranial nerve V), and

gives rise to sensations like irritation, tingling, freshness, burning,

piquancy, stinging and prickling, among others, which we refer to here

as pungent sensations.

Olfaction has specialized receptors to detect odorous

substances: the olfactory neurons in the olfactory epithelium, located

in the upper rear portion of the nasal cavity. These neurons possess

cilia that protrude into the mucus covering the whole nasal epithelium

(olfactory and respiratory). The cilia are believed to be the site of

olfactory transduction (Chen and Lancet, 1984; Rhein and Cagan,

1981).

The CCS, on the contrary, lacks such morphologically specialized

receptor structures, and the pungent sensations arise from the

stimulation by chemicals (directly or indirectly) of free nerve endings

(Beidler, 1965; Cauna, Hinderer et al., 1969). As a matter of fact, all

mucosae (conjunctival, respiratory, oral, anal, and genital) possess

chemical sensitivity, as the skin does, underneath the epidermis (Keele,

1962). Thus, common chemical sensitivity is much more anatomically
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widespread than olfactory sensitivity, even when considering only the

face mucosae. Some investigators have suggested the term

"chemesthesis" (Green, Mason et al., 1990) when referring to those

sensations elicited by chemicals that cannot be classified as odors or

tastes given their quality (pungency) or given the mucosa involved

(e.g., conjunctiva). In the particular case of the head mucosae

(conjunctival, nasal, oral, and pharyngeal), chemical sensitivity is

provided by free nerve endings from the trigeminal, glossopharyngeal

(cranial nerve IX), and vagus (cranial nerve X) nerves.

C)   Psychophysical similarities and differences between olfaction and

the common chemical sense (CCS)

We have mentioned the neuroanatomical differences between the

two chemical senses responsible for the detection of airborne

substances. How do those differences reflect themselves in the way

these two sensory systems respond to chemical stimulation? Here we

will discuss studies addressing this question.

1)   Stimulus-response (psychophysical) functions

In human experiments, there are two important difficulties in

trying to study the separate functioning of olfaction and the CCS. The

first is that there are no compounds inherently specific to stimulate

just one of these sensory channels. A notable exception could be

carbon dioxide (CO2), whose characteristic pungency (at
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concentrations above 10% v/v), evoked both nasally and orally

(Cometto-Muñiz and Cain, 1982; Cometto-Muñiz, García-Medina et al.,

1987; Cometto-Muñiz and Noriega, 1985; Dunn, Cometto-Muñiz et al.,

1982; García-Medina and Cain, 1982) can be considered almost

odorless (Cain and Murphy, 1980). The second complication consists in

the mutual inhibition between olfaction and the CCS by which

stimulation of one can mask stimulation of the other (Cain and Murphy,

1980).

One way to overcome partially these problems is to ask

participants to discriminate and assess separately the odorous and

pungent attributes of the substance(s) tested. The results of one such

experiment, using 1-butanol as the stimulus, showed that the overall

nasal sensation experienced from each concentration in a series falls

just short of the simple sum of perceived odor plus perceived pungency

(irritation) (Cain, 1976) (Figure 1a). As illustrated by the figure, the

stimulus-response (psychophysical) function for irritation is steeper

than that for odor. The higher rate of growth of nasal pungency

compared to odor as a function of the concentration of the stimulus

also held in a recent study that looked into the odorous and pungent

attributes of two chemicals, formaldehyde and ammonia, presented

alone and in binary mixtures (Cometto-Muñiz and Hernández, 1990)

(Figure 1b).

Figure 1
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A much earlier study (Katz and Talbert, 1930), also reported a

steeper psychophysical function for both nasal pungency and eye

irritation than that for odor (Figure 2). Katz and Talbert used a scaling

technique called category scaling, while Cain, and Cometto-Muñiz and

Hernández used magnitude estimation (see rating techniques on item

D) 3) iii) of this review) The similarity between the functions for nasal

and eye irritation is striking. Eye irritation constitutes an important

component of the sensory impact of indoor air and should probably be

addressed more often in basic studies of the functioning of the CCS in

humans.  

Figure 2

The previously mentioned studies required normosmics (i.e.,

participants with normal olfaction) to separate out odor from pungency

in the total nasal sensation. An alternative is to employ anosmic

patients (i.e., persons lacking a functional sense of smell). Anosmics

can only detect the presence of airborne substances through the CCS,

so they constitute unbiased estimators of the pungency of such

stimuli. The use of anosmics becomes particularly revealing when

measuring thresholds for "pure" nasal pungency. This was done for

homologous series of n-alcohols, acetates, ketones, branched alcohols

and acetates, and alkylbenzenes (Cometto-Muñiz and Cain, 1990;

Cometto-Muñiz and Cain, 1991b; Cometto-Muñiz and Cain, 1993;

Cometto-Muñiz and Cain, 1994). We will return to the topic of

thresholds for pungency and odor further ahead, but let us now point

out that, in the study of the acetates, the values obtained for eye
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irritation thresholds in normosmics fell close to those for nasal

pungency in anosmics (Cometto-Muñiz and Cain, 1991b) (Figure 3).

Figure 3

2)   Temporal properties of odor and pungency

The differences between odorous and pungent sensations are

particularly robust in the temporal domain: reaction times, temporal

integration, adaptation.

i)    Reaction times

As mentioned in the previous section, most substances stimulate

both olfaction and the CCS. Experiments on reaction times showed

that, even when the attributes of odor and pungency have roughly the

same magnitude, odor will lead over pungency by 800 to 1000 msec

(Cain, 1981; Cain, Cometto-Muñiz et al., 1984). When using 1-butanol

as the stimulus, the speed of response to irritation lagged always

behind that to odor but it increased more rapidly with concentration

than that for odor (Cain, 1976) (Figure 4). This result paralleled also

the higher rate of growth of perceived nasal pungency with

concentration, compared to that of odor.

Figure 4
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ii)   Temporal integration

The phenomenon of temporal integration refers to an increasing

response from continuous or quickly repetitive stimulation of a

sensory channel with a constant stimulus. This increased response

results in a reduction of the sensory threshold (reflecting an enhanced

sensitivity) and an increase in suprathreshold responses. Although odor

might exhibit some degree of temporal integration over a short time,

pungency shows marked integration over the course of many seconds

and even minutes. The term temporal integration (or summation) is

used here in a general way, to refer to the observed increase of

perceived irritation with time upon stimulation with a constant

concentration of an irritant. It is not meant to reflect any particular

mechanism by which such increased irritation is produced. A number of

different processes might contribute to the effect. Some possibilities

include: a) as time goes by, more molecules reach the receptive

biophase before previous molecules have a chance to be cleared away,

b) previous molecules are, in fact, cleared away but they leave the

biophase more "receptive" or "sensitive" to new incoming molecules, c)

long term exposure to irritants causes mucosal inflammation which, in

turn, increases sensitivity (see section C) 5) vi) ). These and other

processes can act simultaneously or in succession.

 In an experiment that assessed the magnitude of odor and

irritation for 1-butanol after one breath versus after three, it was

clear that while the odor intensity declined after three inhalations -

compared to one - pungency increased (Cain, 1976) (Figure 5).
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Figure 5

Another study employed various concentrations of the benign

odorant isoamyl butyrate and the pungent one ammonia to examine the

relationship between perceived magnitude and time of inhalation in the

range of about 1 to 4 seconds (Cometto-Muñiz and Cain, 1984). The

results, depicted in Figure 6, showed that the perceived intensity of

ammonia increased with inhalation time, and, the higher the

concentration, the faster the rate of growth. In contrast, the benign

odorant showed no evidence of temporal integration. The outcome

indicated that the way in which ammonia concentration and inhalation

time trade for each other to maintain perceived intensity constant fell

only slightly short of simple (perfect) reciprocity. A reciprocity would

imply that if the ammonia concentration were doubled, inhalation time

would have to be halved to maintain a constant perceived magnitude.

Figure 6

  A complementary experiment in this same study, asked

participants to judge separately the odorous and pungent attribute of

two extreme ammonia concentrations (one low, the other high) at the

shortest and longest inhalation times. Figure 7 depicts the results. It

demonstrates that it was pungency, not odor, that was responsible for

both effects: the relatively rapid rate of growth of total perceived

intensity with concentration, and the rise in perceived intensity with

time (temporal integration).
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Figure 7

Temporal integration of pungency (irritation) can continue even

for many minutes as shown in experiments done in environmental

chambers. Figure 8 illustrates the time course of averaged perceived

irritation across sites (eyes, nose, throat) caused by exposure to 1

ppm formaldehyde over a 90-min period (Cain, See et al., 1986). During

the first 20 to 30 min, there is a relatively steep increase in irritation

(temporal integration), and, thereafter, a slow decrease (adaptation).

Figure 8

The exact time-course of temporal integration and the presence

of subsequent adaptation for sensory irritation most likely depends on

the substance(s) tested. A number of environmental chamber

experiments have assessed sensory reactions to a mixture of 22

volatile organic chemicals commonly present in new or renovated

buildings (Mølhave, Bach et al., 1986). The results revealed that

sensory irritation (of eyes, nose, and throat) from such a mixture can

continue to build up for 75 min or more, and then tend to plateau with

no clear signs of adaptation after 165 min of total exposure (Hudnell,

Otto et al., 1992; Otto, Mølhave et al., 1990). Other studies showed

that different total concentrations of the same mixture (in the range

5 to 25 mg/m3) or differences in the concentration of successive

exposures separated by a no-exposure period produce different time
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courses for sensory irritation (Kjærgaard, Mølhave et al., 1991;

Mølhave, Bach et al., 1984).

iii)  Adaptation

Adaptation represents a kind of opposite to temporal integration,

i.e., a decreasing response from continuous or quickly repetitive

stimulation of a sensory channel with a constant stimulus. Adaptation

leads to an increase in the sensory threshold (reflecting a decrease in

sensitivity) and to a reduction in suprathreshold responses. It has long

been recognized that the odor sensation fades with time, and this has

been the subject of numerous investigations (see reviews in Cometto-

Muñiz and Cain, 1995; de Wijk, 1989; Köster and de Wijk, 1991). Two

crucial factors determine the degree and extent of olfactory

adaptation: the duration of the adapting stimulus and its

concentration. Olfactory psychophysical functions obtained under

conditions of adaptation imply that duration of adaptation (3 to 15

breaths) has a weaker influence than concentration of the adapting

stimulus (Cain, 1970; Cain and Engen, 1969) (Figure 9). Nevertheless,

when adaptation lasts long enough (50 to 800 sec), time can become

as important a factor as concentration (Pryor, Steinmetz et al.,

1970).

Figure 9

As illustrated in Figure 5, odor magnitude declines readily

because of adaptation while pungent sensations are much more
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resistant. Studies of the time-course of odor sensations imply an

exponential decay (Figure 10). After a few minutes of stimulation,

perceived odor magnitude falls to a steady state of about 30 to 40 %

of the initial intensity. As noted by Cain (Cain, 1988), it is not known to

what extent this rather uniform picture in rate of decline or in the

steady state reached is simply the fortuitous result of choice of

stimuli.

Figure 10

The absolute odor threshold will rise as a result of adaptation.

The conditions that might give rise to a total disappearance of the

perception of an adapting stimulus have not been studied sufficiently

to provide general rules. A number of investigations have studied the

adaptation time required for the cessation of smell (or ATCS) (de Wijk,

1989; Elsberg and Levy, 1935; Mullins, 1955; Stuiver, 1958; Woodrow

and Karpman, 1917), concluding that it increases with stimulus

concentration and varies from odorant to odorant.

A number of factors might be relevant regarding complete

disappearance of odors with adaptation. Engen (Engen, 1982) has

accurately stressed the importance of measuring and controlling for

the subject's response biases in experiments on the time course of

adaptation, both for threshold and suprathreshold concentrations.

Expectations that the subjects might have built from the instructions

given to them could strongly influence their willingness to report that a

suprathreshold odor completely disappeared after some time of
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continuous stimulation. Some investigators who found an early

complete disappearance of the odor sensation with adaptation (Mullins,

1955; Stuiver, 1958; Woodrow and Karpman, 1917) based their

experiments on the expectation that this would occur. Other

procedures (Cain, 1974; Ekman, Berglund et al., 1967; Pryor,

Steinmetz et al., 1970) did not induce this expectations on their

subjects, and revealed that, after as much as 15 min of continuous

adaptation, the odor sensation reached a steady state level – as

mentioned above – rather than disappearing completely.

Another factor that might be crucial to whether or not an odor

sensation would completely disappear with time is the method of

stimulation. With continuous stimulation and the subjects breathing

exclusively through their mouths (e.g. de Wijk, 1989) complete

adaptation can be achieved. This might not be the case if the subjects

are breathing freely and naturally through the nose while the odor is

presented. As pointed out by Köster (Köster and de Wijk, 1991),

electrophysiological experiments in awake rabbits showed a respiration-

related synchronization of olfactory bulb (mitral) cells firing activity,

resulting in activation during inhalation and inhibition during exhalation

(Chaput and Panhuber, 1982). This respiration-related patterning of

firing activity might prevent complete adaptation during normal

breathing.

Still another factor is the particular choice of odorant. The use

of stimuli that appeal not only to olfaction but also to the CCS
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(pungency, irritation) would most probably decrease the possibility of

producing complete adaptation.

Experiments on environmental chambers with the above

mentioned 22-components mixture also explored the time-course of

odor intensity. The outcome in this realistic setting confirmed the

tendency of odor sensations to adapt (Hudnell, Otto et al., 1992;

Kjærgaard, Mølhave et al., 1991). Nevertheless, odor fail to disappear

completely after 150 min of exposure (Hudnell, Otto et al., 1992).

So far we have mentioned adaptation experiments where the

adapting and test stimulus are the same, i.e., self-adaptation. It is also

possible to adapt with one odorant and test the sensitivity to another

odorant, i.e., cross-adaptation. It was thought that experiments on

cross-adaptation would hold the clue to receptor specificity and

"relatedness" of odorants. That is, compounds sharing receptor cells

or receptor sites should cross-adapt more strongly than those that do

not. This simple view did not prevail: Two qualitatively dissimilar

substances may show considerable cross-adaptation and two similar

ones may show little. Furthermore, cross-adaptation is often

asymmetric, i.e., stimulus A may have more effect on stimulus B than

vice versa. Occasionally there might even be cross-facilitation

(Berglund, Berglund et al., 1978; Corbit and Engen, 1971; Laing and

Mackay-Sim, 1975; Mair, 1982).
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Summarizing his observations on olfactory adaptation, Köster

(Köster, 1971) devised a set of rules. These are basically five (Köster

and de Wijk, 1991):

"1.  No adapting substance enhances the sensitivity to another

substance.

 2.  No other substance reduces the sensitivity to a given

odorous substance to a larger degree than that substance itself.

 3.  An odorous substance may have a larger adapting effect on

the sensitivity to another substance than it has on the sensitivity to

itself.

 4.  Most cross-adaptational relationships are non-reciprocal (i.e.,

asymmetric). One substance influences the sensitivity to another

substance to a larger degree than the second one influences the

sensitivity to the first one.

 5.  The sensitivity to an odorous substance which self-adapts

rather strongly is usually also reduced strongly by other odorous

substances."

The first rule fails to explain findings of olfactory cross-

facilitation by which previous exposure to an odor facilitates the

detection of another odor (Corbit and Engen, 1971; de Wijk, 1989;

Engen and Bosak, 1969). A tentative explanation is that novelty or

contrast effects operate in these instances (Köster and de Wijk,

1991).
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The other four rules are in good general agreement with what is

found in the literature (de Wijk, 1989).

3)   Sensory impact of mixtures of substances

Real world exposures in indoor as well as outdoor environments

involve the presence of dozens of chemicals, not just one. In the

laboratory, a necessary first step to understand how the olfactory and

common chemical senses function consists in stimulating with one

compound at a time. Further steps would be to test binary, ternary, or

even more complex mixtures and try to understand how these two

sensory systems process such mixtures.

Let us take the simplest of all cases: a binary mixture. In theory

(Cain and Drexler, 1974), and from a perceptual point of view, the

perceived odor intensity of a mixture of two odorants could give: a)

complete additivity, b) hypoadditivity, or c) hyperadditivity. Complete

additivity means that the odor intensity of the mixture equals the sum

of the odor intensities of its components. Hypoadditivity means that

the odor intensity of the mixture is less than such sum, and

hyperadditivity means that the odor intensity of the mixture is more

than such sum. Figure 11 illustrates that three types of hypoadditivity

are possible. In the first case: partial addition, the mixture's odor

intensity is stronger than the strongest individual component but

weaker than the sum of the components. In the second case:

compromise, the mixture's odor intensity is stronger than the weakest

component but weaker than the strongest component. Finally, in the
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third case: compensation, the mixture's odor intensity is weaker than

the weakest of the components.

Figure 11

From an experimental point of view, the most common finding in

studies of odor mixtures has been, and by large, hypoadditivity

(Berglund, 1974; Berglund, Berglund et al., 1971b; Berglund, Berglund

et al., 1973; Cain, 1975; Cain and Drexler, 1974; Foster, 1963; Jones

and Woskow, 1964; Laffort and Dravnieks, 1982; Laing, Panhuber et

al., 1984; Laing and Willcox, 1983; Lawless, 1987; Moskowitz and

Barbe, 1977; Patte and Laffort, 1979; Zwaardemaker, 1907). Within

the different types of hypoadditivity, partial addition seems to be the

most frequently encountered result. Nevertheless, and principally at

near-threshold odor intensities, some investigators have found simple

or complete additivity (Baker, 1964; Guadagni, Buttery et al., 1963;

Köster, 1969; Rosen, Peter et al., 1962), whereas hyperadditivity

seems to be an uncommon finding in odor mixtures (Köster, 1969).

Until very recently little or nothing has been done to unveil the

perceptual properties of mixtures of pungent substances, in order to

understand how the CCS, as opposed to olfaction, processes such

mixtures. This topic is of upmost importance given the relevance of

sensory irritation (in the nose, eyes and throat) among the complaints

from unhealthy indoor environments. The outcome of a study exploring

the rules of perceptual additivity of the pungent odorants

formaldehyde and ammonia, revealed that the degree of addition in
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such mixtures grew from hypoadditivity to hyperadditivity as the total

nasally perceived intensity of the mixtures grew from low to high levels

(Cometto-Muñiz, García-Medina et al., 1989). A follow-up study

employing those same compounds, asking subjects now to assess

separately the odorous and pungent attributes of each stimuli,

confirmed that the odor of the mixtures was hypoadditive, while the

pungency of the mixtures was, mainly, additive, and even showed a

tendency for hyperadditivity at high enough intensity levels (Cometto-

Muñiz and Hernández, 1990) (Figure 12).

Figure 12

4)   Thresholds for odor and pungency

i)    Single compounds

Particularly relevant to the issue of perceived indoor air quality

is the knowledge of the levels at which airborne chemicals start to

trigger olfactory and pungent sensations. It is generally true that odor

is first evoked at lower concentrations than is pungency (Cometto-

Muñiz and Cain, 1990; Cometto-Muñiz and Cain, 1991b; Cometto-Muñiz

and Cain, 1993; Cometto-Muñiz and Cain, 1994). It is also true that

often the human nose is considerably more sensitive than the most

sensitive of the instruments of analytical chemistry. Sometimes

various orders of magnitude more sensitive. This, coupled with the fact

that people are the final judges of the acceptability of indoor air,
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makes the use of humans in indoor air quality studies an absolute

necessity.

Odor thresholds have been measured for about a century and the

results have invariably given the impression of an enormous variability

across subjects. Recent studies suggest that one of the major sources

of this variability rests on the fluctuation of any individual's threshold

over time, which may tend to obscure real and stable average

differences among subjects (Stevens, Cain et al., 1988). Of course,

other sources of variability (Cain and Gent, 1991) include methods of

stimulus control and presentation, number of trials, individual

differences in response criterion, and demographic factors such as

age, sex, and smoking (see Cometto-Muñiz and Cain, 1991a). Of these,

age seems to take the highest toll (Schiffman, Moss et al., 1976;

Stevens and Cain, 1987b; Stevens, Cain et al., 1987; Venstrom and

Amoore, 1968). Sex and smoking have generally been found to take a

smaller toll (Cometto-Muñiz and Cain, 1982; Cometto-Muñiz and

Noriega, 1985; Dunn, Cometto-Muñiz et al., 1982; Koelega and Köster,

1974; Punter, 1983; Venstrom and Amoore, 1968).

Pungency or irritation thresholds represent an even more

challenging endeavor. The interfering presence of olfaction prevents us

from accurately measuring nasal CCS thresholds in normosmic

subjects. Even if we could instruct each subject to try to apply a

uniform criterion as to what to call "nasal pungency threshold" — as

opposed to "odor threshold" which, usually, would arise before pungency
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is perceived — how can we insure a valid uniform criterion among

subjects?

The availability of clinically diagnosed anosmic persons (see Cain,

Gent et al., 1988) offered a unique opportunity to assess human nasal

CCS sensitivity devoid of olfactory influence. In a number of studies

employing homologous series of n-alcohols, acetates, ketones, and

alkylbenzenes as well as secondary and tertiary alcohols and acetates,

anosmics provided pungency thresholds and normosmics provided odor

thresholds (Cometto-Muñiz and Cain, 1990; Cometto-Muñiz and Cain,

1991b; Cometto-Muñiz and Cain, 1993; Cometto-Muñiz and Cain, 1994).

Anosmic patients were of two kinds: congenital (i.e., subjects not being

able to smell for as long as they can remember) and head trauma. To

ensure that no regeneration of the olfactory system had occurred in

the head trauma anosmics, they were recruited only if after a year or

more from the trauma they still showed no olfactory improvement. The

use of nonreactive chemical series, where physicochemical properties

change gradually and systematically, coupled with an unbiased estimate

of human nasal pungency, provide important information for the

development of Quantitative Structure-Activity Relationships (QSARs)

for mucous membrane irritation evoked by airborne chemicals. Such

QSARs, so far based only on animal models (Abraham, Whiting et al.,

1990), would be an important tool in a program of systematic

screening of materials for their potential to evoke sensory irritation.

Another method for measuring trigeminal sensitivity uses liquid

solutions of chemicals, directly applied to the septal squamous
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epithelium of a subject while precautions are taken to avoid the vapors

to reach the olfactory mucosa (Prah and Benignus, 1984). The

procedure can test trigeminal sensitivity of normosmic subjects but

uses a stimulation technique radically different from what is natural

(stimuli enter the nose as a liquid rather than as a vapor). Thus, its

applicability is limited until more is known about the implications of

such difference. As reported, some subjects can develop a

hypersensitivity to the procedure.

ii)   Mixtures

From the point of view of indoor air quality, an important

question regarding thresholds for odor and pungency is how thresholds

for individual substances compare with thresholds for mixtures of

those same substances. This is a research issue that certainly needs

more study, given the scarcity of the available data. And here again —

as discussed above for mixtures of suprathreshold intensities — the

rules could be different for olfaction than for the CCS.

There have been very few studies in the literature comparing

odor thresholds in mixtures with those of the individual components

(Baker, 1964; Guadagni, Buttery et al., 1963; Laska and Hudson, 1991;

Rosen, Peter et al., 1962). The limited data suggest that the threshold

for a mixture of odorants is lower than its components' thresholds.

This means that some kind of addition is taking place, whether partial

addition, complete addition, or hyperaddition. Basic questions arise,
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including whether the degree of addition depends on some kind of

physico-chemical similarity among the components of the mixtures.

Even less well known than thresholds for mixtures of odorants is

thresholds for mixtures of irritants. As noted before, pungent

sensations at suprathreshold levels show a higher degree of addition

than odorous sensations when tested in binary mixtures (Cometto-

Muñiz, García-Medina et al., 1989; Cometto-Muñiz and Hernández,

1990). If this pattern extends to threshold levels, we would expect

pungency thresholds for mixtures to show a higher degree of addition

than odor thresholds for mixtures. But the evidence (although scarce)

points towards, basically, complete addition in odor thresholds from

mixtures. So, following this line of reasoning, pungency thresholds from

mixtures might exhibit more that complete addition, i.e., hyperaddition.

Then, it should come as no surprise if trace amounts of dozens of

potentially pungent airborne chemicals (as could be true in some indoor

environments) each of them well below even their odor thresholds,

might jointly evoke sensory irritation, sometimes even before they

could evoke odor. More so if we consider — as discussed previously —

the substantial amount of temporal integration that the CCS depicts.

That is, pungent sensations carried by the CCS — as opposed to odors

carried by the olfactory sense —  build up with time to an important

degree. The argument is, of course, highly speculative but of such

importance as to warrant conclusive research.

In summary, the information that we have about how the CCS

functions in humans, gathered through basic sensory studies, falls well
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into register with the experience harvested in real situations of indoor

air pollution (e.g., sick building syndrome). All the evidence suggests

that sensory irritation from polluted indoor environments results after

a certain exposure time (temporal integration) to the (perhaps

synergistic) combined effect of a mixture of nonreactive volatile

organic compounds (VOCs), each of them present at very low levels.

5)   Relevant sensory outcomes for indoor air issues

i)    Issues

Here we will comment on a couple of issues related to indoor air

for which sensory data can provide important insights. One approach

involves the use of the human senses to study the properties of the

materials themselves. Another approach focuses on how the senses

are affected as a result of exposure to the materials.

The chemical senses can serve as instruments for materials

testing. Emissions from materials present in indoor environments can

be used as chemical stimuli, in much the way single substances or

mixtures of them where used in the studies cited in items 1) to 4) of

section C). Such an approach would provide valuable information

regarding the odorous and pungent attributes of the materials. For

example, among others, : 1) how their concentration (or load) relates

to intensity and quality of the sensory responses, 2) what the

temporal properties are of their evoked responses, 3) in what way

different treatments of a particular material modify its chemosensory
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attributes, and 4) what the effects are of a sensory challenge with

combined emissions from different materials, as compared to the

effects from the individual emissions. This approach helps to define

the sensory properties of the materials.

In contrast, another issue concerns the study of the functioning

and characteristics of the chemical senses in subjects affected by a

particular indoor air related ailment. The typical example could be the

sick building syndrome (SBS). The results should be compared with

those obtained in healthy subjects. This will enlighten us about the

degree of impairment of the various chemical sensory systems in such

ailments and about the particular aspects of those systems most likely

to be affected (e.g., adaptation rate, perceived intensity, thresholds).

In this case, the attention focuses on how the senses are affected

rather than on the materials.

Ideally, data gathered through these various lines of work could

be used in a complementary way to answer the question of what is the

impact of emissions from different materials on olfaction and on the

CCS and how these senses respond and, possibly, change as a result of

such exposures.

ii)   Intensity vs. acceptability

An important aspect in the sensory characterization of indoor air

environments relates to the kind of sensory judgment that subjects
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are required to emit. A basic general distinction can be made between

judgments of intensity and judgments of acceptability.

When participants judge sensory intensity (whether odor, nasal

pungency or eye irritation), the task is substantially less influenced by

the individual preferences, hedonic values, and personal criteria than

when they judge acceptability. Thus, intensity judgments of chemical

stimuli show far less variability than those involving an hedonic

impression (Moskowitz, Dravnieks et al., 1976). Methods that require

estimates of sensory intensity can be particularly suitable in studies

aimed at evaluating and classifying indoor materials in terms of the

quantitative sensory impact of their emissions. These studies

constitute an excellent complement to those that define the chemical

composition (both qualitatively and quantitatively) of such emissions.

Through the comparison of sensory and chemico-analytical results on

different emissions, much can be learned about the relative

effectiveness of individual substances as well as mixtures in evoking

various levels and types (e.g., eye irritation, odor) of sensory

responses. Previous investigations have successfully applied this

approach to the study of air quality in various indoor environments

(Berglund and Lindvall, 1979; Cain, Leaderer et al., 1983; Cain, Tosun

et al., 1987; Leaderer, Cain et al., 1984).

 Sensory evaluation of emissions cannot rely exclusively on

ratings of intensity. More so when the goal is to define and

characterize the quality of the air in an indoor space. For this purpose,

judgments of the overall acceptability of the air are necessary.
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Introducing the acceptability factor brings an increase in the variability

of the data. Individual idiosyncrasies play a major role in this type of

judgment. Certainly the criterion for calling a place acceptable in terms

of the air quality is going to be much stricter in the presence of an

unpleasant odor than in the presence of a pleasant one. And what is a

pleasant odor for one person could be otherwise for another. In any

case, there seems to be better agreement between subjects as to

which odors are unpleasant than which odors are pleasant. Also, for

many substances - although there are exceptions - there is an inverse

relationship between odor intensity and odor pleasantness: the more

intense an odor, the more unpleasant (or less pleasant) it becomes

(Henion, 1971; Moskowitz, Dravnieks et al., 1976).

In the particular case of indoor spaces, it is becoming more and

more common for subjects to object to the presence of any odor or

common chemical sensation. To the extent to which this can be taken

as a rule, acceptability judgments will be inversely related to sensory

intensity judgments. But even here, acceptability still implies a more

complex response than the simpler intensity judgment of a chemical

sensory impression. Physical factors (temperature, humidity) play a

major role in determining whether the air in a space is acceptable or

not. They operate in two ways. First by interacting with the chemical

senses to make a sensation stronger or weaker (Cain, 1979a; Kerka

and Humphreys, 1956) (see D) 2) iv) ), and second by an effect of their

own on the judgment of air acceptability. For these reasons, in the

evaluation of air quality, judgments of acceptability are a necessary
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complement to those of sensory intensity, even when they are more

variable and when individual criteria might be less uniform.

It is important to keep in mind that even though intensity and

acceptability are often monotonically related, they do not reflect the

same process and are not interchangeable (Doty, 1975). In order to

interpret the results correctly, the subjects must be clear what they

are supposed to give: estimates of intensity, estimates of acceptance

or rejection, or both.

iii)  Thresholds

As mentioned in section C) 4), odor thresholds are elicited at low

— sometimes extremely low — concentrations of odorants. Also, there

is evidence that, in mixtures of substances, some kind of addition

might take place. The mixture might be perceptible when its individual

components are not. The implication for indoor issues is that the

chemical senses can be very sensitive instruments whether used to

assess level of emissions from a material or to judge the air quality of

an indoor space.

Measuring thresholds in the chemical senses is, however, not an

easy task. Odor thresholds, in particular, proved to be notoriously

variable (Brown, Mac Lean et al., 1968). Variability can amount up to

100,000-fold, although, more commonly, 1,000-fold. Among the

factors accounting for such variability one can mention: definition of

the threshold (50 vs. 100 % detection), type of threshold (detection
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vs. recognition), poor stimulus control, unreliability of methods,

differences in the training of the subjects, and, of course, true

individual differences (Cain, Cometto-Muñiz et al., 1992). Odor

threshold values decrease, and their reliability increases with repeated

testing (Cain and Gent, 1991; Rabin and Cain, 1986). As argued for

outdoor environmental odors (Cain, 1980), measurement of thresholds

posses methodological hazards in any sensory modality, given that we

are operating near the absolute limits of sensitivity, and, thus,

subjects exhibit maximum susceptibility to many influences:

instruction, bias, practice, previous experience, etc.

As mentioned above, odor-unbiased nasal CCS thresholds have

only been obtained very recently with the use of anosmic subjects

(Cometto-Muñiz and Cain, 1990; Cometto-Muñiz and Cain, 1991a;

Cometto-Muñiz and Cain, 1991b; Cometto-Muñiz and Cain, 1992;

Cometto-Muñiz and Cain, 1993; Cometto-Muñiz and Cain, 1994).

Results from about three dozens nonreactive VOCs consistently show

that thresholds for nasal pungency are less variable than odor

thresholds. This might have implications regarding the mechanism for

pungency and odor stimulation worthwhile of further study.

iv)   Dilution to thresholds

Once the existence of an indoor odor or pungency problem has

been established, one of the possible solutions entails increasing the

ventilation in order to dilute the responsible substances to a

concentration below their threshold.
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The effectiveness of dilution, and ultimately its feasibility, is

governed by the shape and steepness of the stimulus-response

(psychophysical) function for a given group of compounds. The flatter

the function, the greater the dilution necessary to obtain a noticeable

reduction in sensory impression. This is true whether odor, eye

irritation or nasal pungency is the response of interest. Figure 13

illustrates the point for two hypothetical contaminants (or group of

contaminants) A and B.

Figure 13

The rate of growth of sensory intensity with increasing

concentration of the stimulus varies not only from one substance to

another, but also from one sensory response to another (e.g., eye

irritation vs. odor) for the same substance or mixture of substances,

as discussed in C) 1).

The dilution-to-threshold procedure constitutes the basis of the

1973 ASTM method for specifying the strength of an odor (ASTM,

1973). In this procedure, a group of six to eight panelists smell

different dilutions of the effluent. The dilution step that can be

detected by only half the panel is defined as the threshold. The method

has a number of limitations, e.g., it does not provide a control for

differences in the response criterion of the judges, it does not assess

the sensory intensity of the original sample in a direct way, and it does
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not provide information on the type or acceptability of the odor (Cain,

1978).

v)    Exposure-response

In all the sensory studies that we have discussed, the stimulus

(called the "exposure" in the terminology of sensory evaluation of

emissions) lasts from a second to a few hours. Basic studies of the

chemical senses generally employ short stimulus durations (sec or

min), while sensory oriented environmental studies employ long ones

(up to a few hours). Accordingly the former studies can use

concentrations much higher than the latter. Both types of study are

useful in establishing the whole picture.

As mentioned before, from the point of view of indoor air issues,

sensory testing can play a dual role. In the first, the chemical senses

can be used as biological instruments to measure properties of

materials (and their emissions) that cannot be directly measured by

any chemical instrument. In the second role, sensory testing is used to

probe into the effects of previous or current exposures by comparing

subjects exposed with a non-exposed, control population. This second

approach may prove the most useful to gauge responses to very low

levels of substances that extend over time for months or even years.

Considerable attention has been focused recently on the study of

individuals suffering from a controversial syndrome called "multiple

chemical sensitivities" (MCS) (Cullen, 1987). These subjects react
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acutely with multiple somatic complaints to exposures with very low

levels of airborne substances. A subgroup of such patients become ill

after an acute over-exposure to one or more compounds (Shusterman,

Balmes et al., 1988). From then on, previously tolerated levels of the

same or other agents started to trigger a variety of distress

symptoms. Although MCS patients frequently complain of an increased

sensitivity to smells, a study of odor detection thresholds for phenyl

ethyl alcohol and 2-butanone failed to unveil differences between the

MCS and control groups (Doty, Deems et al., 1988). It is not known

whether long, chronic exposures to very low concentrations of

chemicals might also trigger reactions such as those seen after one

episodic over-exposure.

vi)   Duration of exposure

The results of the experiments described in section C) 2)

indicate that odorous sensations start to decline due to adaptation

very early (in a matter of seconds) and that they achieve a steady

state level in about two or three minutes of constant exposure.

Pungent sensations, by contrast, increase in intensity due to temporal

summation or integration from the very first seconds of stimulation. In

the case of formaldehyde, this buildup goes on for 20 or 30 min before

adaptation sets in (Cain, See et al., 1986). In the case of a 22-

components volatile organic mixture, irritation grows for about 75 min

and reaches a plateau with no sign of adaptation at the end of 165 min

of exposure (Hudnell, Otto et al., 1992).
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We simply do not know if it is possible to produce complete

adaptation to low levels of pungency, after the initial period of

temporal integration has faded away. Even if complete adaptation for

pungency is achieved, the continuous exposure to low concentrations

of airborne irritants might produce mucosal inflammation. An

inflammated mucosa, as long as it remains patent, could show

increased sensitivity to irritants and, perhaps, reduced sensitivity to

odorants. This issue deserves further investigation.

The complete or partial disappearance of odors due to adaptation

may be more of an attentional or cognitive matter than a specifically

olfactory sensory one. In real world situations, persons often habituate

and cease to pay attention to olfactory stimuli — as opposed to lab

experiments where subjects are instructed to track an odorous or

pungent sensation. It might be easier to ignore familiar odors than

unfamiliar ones, and pleasant odors than unpleasant ones. The context

in which the olfactory sensations appear becomes crucial in real life.

D)   Quantifying sensory reactions to indoor contaminants

The following topics relate to the issue of how to measure

sensory reactions to indoor pollutants. This encompasses questions

like: What subjects should we test and which are the populations at

risk? How should we generate, deliver, and present the stimuli? What

scaling techniques should we employ? What responses should we

measure?
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The next sections deal with these questions and, when pertinent,

they include a discussion of what has been done in the past and what

are the relative advantages and disadvantages of the different

approaches used.

1)   Subjects

i)    Selection criteria (health status, age, sex, race, chemical 

sensitive subjects, repeated use of subjects, etc.)

Whenever the human senses are to be used as instruments of

measurement, one question to be addressed involves the selection of

the participants. In the particular domain of testing emissions from

indoor materials, it might be desirable to gather data on healthy

subjects from both genders, all races, smokers and nonsmokers, and

representative of the various age-ranges (i.e. children, adolescents,

young adults, adults, mature adults, and the elderly).

Of all the demographic factors, aging affects olfaction the most.

Aging seems to take a higher toll on olfaction than on taste (Stevens,

Bartoshuk et al., 1984). The impoverishment of the sense of smell with

age extends to widely different odorants (Stevens and Cain, 1985) and,

in general, it is not compound-specific (Cain and Stevens, 1989). Some

odorants for which people's ability to detect them is thought to be

genetically determined may behave differently (Amoore, Pelosi et al.,

1977; Wysocki and Beauchamp, 1984). The effect of age on olfaction
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shows up even when olfactory stimulation is retronasal (i.e., when

odorants reach the olfactory epithelium via the back of the mouth)

(Stevens and Cain, 1986b). It turns out that not only are

suprathreshold odor intensities diminished in the elderly, but also that

thresholds are higher (implying diminished sensitivity) (Stevens and

Cain, 1987b; Venstrom and Amoore, 1968),  and odor identification is

poorer in old people (Doty, Shaman et al., 1984a; Schemper, Voss et

al., 1981; Stevens and Cain, 1987b). Finally, elderly people seem to be

more prone than young adults to olfactory adaptation and are slower

to recover threshold sensitivity after adaptation is discontinued

(Stevens, Cain et al., 1989a; Stevens, Cain et al., 1989b).

Of particular practical significance is the finding that the elderly

show a decreased ability to detect gas odor (Stevens and Cain, 1987a;

Stevens, Cain et al., 1987). This puts them in a substantially higher

risk of injuries from explosions due to gas leaks.

Nasal pungency is more often relevant to issues of indoor air

quality  and sensory evaluation of emissions than is olfaction. Thus, it

is important to note that aging also reduces the perceived intensity of

nasal pungency (Stevens and Cain, 1986a; Stevens, Plantinga et al.,

1982).

Whether gender matters to olfactory sensitivity remains

controversial. Some studies found a slight advantage for females

(Koelega and Köster, 1974), others showed no differences (Punter,
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1983; Venstrom and Amoore, 1968). At odor identification, though,

females perform better (Cain, 1982).

Gender differences are more striking in the CCS. Thus, females

proved more sensitive than males regarding the threshold for a reflex,

transitory apnea that occurs when any pungent stimulus entering the

nose reaches a certain level (Cometto-Muñiz and Cain, 1984; Dunn,

Cometto-Muñiz et al., 1982; García-Medina and Cain, 1982). This sex

difference was confirmed in subsequent studies where women

produced steeper stimulus-response psychophysical functions than

men for nasally evoked CO2 pungency. Furthermore, females

experienced more intense nasal pungency than males for the same

range of CO2 concentrations, as gauged when participants were asked

to rate the sweetness of sucrose's solutions and the pungency of

various CO2 concentrations on a common scale of perceived sensory

magnitude by a procedure called magnitude-matching (Stevens and

Marks, 1980) which is given more thought in Section D) 3) iii).

Interestingly, in that same study, no gender differences emerged when

CO2 was employed to evoke buccal, rather than nasal, pungency.

The effects of smoking on olfactory sensitivity also remains

controversial (Ahlström, Berglund et al., 1987; Fordyce, 1961; Joyner,

1964; Venstrom and Amoore, 1968). A recent investigation revealed a

dose-related impairment of odor identification with smoking in both

current and previous smokers (Frye, Schwartz et al., 1990). The

outcome from this study suggests that smoking causes a long-term

but reversible adverse effect on odor identification.
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The reflex apnea mentioned above has also been used to show

that smokers are less sensitive to nasal pungency than nonsmokers

(Dunn, Cometto-Muñiz et al., 1982). Short periods of smoking (6 to 10

min) reduced even further the sensitivity of smokers to the reflex

(Cometto-Muñiz and Cain, 1982). This implies the existence of an acute

desensitization in the smoker, on top of the chronic reduction of

pungency sensitivity associated with smoking.

In sensory evaluation of emissions, an important step involves

testing subjects who lack active relevant disease. This will help to set

the range of responses from a healthy ("control") population, and to

pinpoint those groups more sensitive and those less sensitive to the

different emissions. In turn, the outcome will enable us to set limits to

the levels of such emissions in order to protect a desired percentage

of the people exposed or a particular age group.

The database from healthy subjects should provide the standard

against which to compare the responses to the same emissions from

groups of subjects with a particular disease (e.g., chemical sensitive

subjects or allergic individuals), and, thus, learn how such pathological

processes influence the responses.

The selection criteria for subjects depends also on the particular

issue under study. If we focus our interest on the study of sensory

differences among various emissions, we might want to select the

participants on the basis of their superior chemical sensitivity and, in
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order to optimize their abilities, train them. A relatively few number of

subjects would suffice. This approach will allow us to unveil even subtle

differences among the samples. The repeated use of a few, expert

participants is justified. We would know that, if our sensitive and skilled

panel does not detect a certain stimulus, most likely the rest of the

population will not either (at least in the same conditions of

presentation). Of course the reverse might not be true: if our panel

does detect something, we cannot say that the population as a whole

will also detect it.

In other instances, we might want to focus our interest on

predicting how a particular population will react to a number of

emissions. In this case, the only criterion for selection of subjects is

that they be representative of the population. Here, the more subjects

we recruit (in a demographic distribution that reflects the target

population) and the less we train them, the better. In most cases

where we need to employ this approach, the repeated use of a few

subjects does not compensate for the lack of an appropriate number

of them.

a) Criteria for inclusion

A criterion for inclusion in the "control" group is the absence of

any relevant disease, particularly those involving the upper respiratory

tract, face mucosae, and allergic history in general (including skin

allergies). The past occurrence of some transient and light illness (e.g.,

colds) does not need to rule out participation of an individual, but other
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transient illness (e.g., respiratory allergies) might rule it out, even

when the disease is in an inactive phase at the time(s) of testing.

A most important consideration for inclusion in the control group

is the integrity of the person's sense of smell. In the past decade or

so, a number of standardized olfactory tests have been developed. Two

of the most widely used are the Connecticut Chemosensory Clinical

Research Center (CCCRC) test (Cain, 1989; Cain, Gent et al., 1983;

Cain, Gent et al., 1988) and the University of Pennsylvania Smell

Identification Test (UPSIT) (Doty, Frye et al., 1989; Doty, Newhouse et

al., 1985; Doty, Shaman et al., 1984b). It has been pointed out that,

even when the CCCRC test and the UPSIT provide highly comparable

results, they might convey diagnostically useful differences (Cain and

Rabin, 1989). It is strongly recommended that potential participants in

the control group be given at least one of these tests in order to make

sure that they lie in the normal range for their cohort.

Criteria for inclusion of subjects in groups other than the control

(e.g., allergic or asthmatic groups) should obviously comprise the

standardized clinical tests customarily employed to diagnose each

condition. In addition, it will also be useful to administer the

standardized olfactory tests in order to establish the variability of any

smell loss within individuals having a particular illness. All this

information will help in the interpretation of the sensory responses

obtained from the subjects in the evaluation of emissions from

materials.
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b) Criteria for exclusion

Like the criteria for inclusion, the criteria for exclusion can also

be referred to the control group or to each of the groups having a

common disease.

In the case of the control group, candidates who do not score in

the normal range on the olfactory test(s) should be excluded from that

group, even if they show no other apparent sign of illness.

With reference to individuals in one of the various "disease"

groups, the variation in the degree of impairment of the chemical

senses within the group might range between substantial differences

to near uniform loss for all of them. This will depend on factors such

as the stage of the disease, its severity, or idiopathic factors.

Screening the subjects on each of those groups with the standardized

olfactory tests will allow one, first, to learn if there is any difference

from the control group, and, second, to gauge the span of impairment

among individuals with the illness. The outcome of the clinical tests

(both types: those that help to diagnose the disease, and the olfactory

tests) will set guidelines of whether subjects in a certain disease group

can be all pooled together or whether it might be convenient to divide

them in sub-groups according to the severity, stage, or any other

relevant feature of the illness.

ii)   Training of subjects (naive vs. trained)
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Another issue that comes up frequently in the field of sensory

evaluation is that of the training of the subjects. To reach a decision,

one has to keep in mind what kind of questions we are addressing in a

particular experiment or set of experiments. A few examples might

help to clarify the problem.

In certain cases we might be interested in assessing the sensory

responses of a panel of subjects - representative of a broader

population - to the emissions of a number of materials. Our main

question of concern is what kind of sensory impact such emissions will

have on the selected individuals, knowing that we would be able to

generalize the results to a broader population. In a situation like this -

even if we require participants to act in a somewhat sophisticated

manner and to rate not only overall acceptability of the stimuli but also

to rate specific sensations (e.g., odor, nasal pungency, eye irritation) -

we might want to keep our subjects untrained. If we train them, their

responses could no longer be representative of those of the original

naive population. And if one of the questions involves acceptability of

the stimuli, the rating might change with level of training with those

stimuli.

In other cases, we might be interested in defining the sensory

properties of the emissions from various materials with a great deal of

uniformity and accuracy. In contrast to the previous situation, we are

focusing more on the stimuli than on the subjects. Here, we use the

human senses as instruments to define the emissions in term of their

sensory properties as we would use an analytical chemistry instrument
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to define them in terms of chemical species and concentrations.

Analytical instruments need calibration, adjustments, standards, and

references, and so do our subjects' senses. Training the participants

will enable them to become familiar with the sensations to rate and the

terminology employed to define them. It will optimize their responses

so as to allow them to become more accurate, precise, sensitive, and

less variable. In this way, small sensory differences between emissions

might be more readily picked up by trained panel members.

The criterion regarding training or not, or level of training, is

peculiar to the question addressed. The previous examples do not imply

in an absolute manner that whenever we are focusing on the subjects

we should not train them, and when we are focusing on the emissions

we should. Think of a case where we might be interested in learning

what could be the highest degree of sensitivity that a group of

subjects (e.g., patients with a certain disease) can achieve in the

detection (or recognition, or description, etc.) of a particular emission.

Even when we are certainly focusing on the subjects, only through

training will we be able to answer the question.

Another example deals with the previously discussed issue of

intensity vs. acceptability (see C) 5) ii) ). Without doubt, when dealing

with judgments of intensity, training of the participants is in many

cases advisable. It might even take the form of a feedback process by

which subjects learn to correct themselves and adjust their responses

to a common criteria. But when dealing with judgments of acceptability

of a certain air sample by a panel - representative of a larger group -
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the usual case will call for no training. For trained panels to evaluate

acceptability in any useful manner, they should be informed and learn

to incorporate in their judgments what the criterion for "acceptable"

means. And not only in terms of sensation intensity but also in terms

of sensation type. Otherwise, they will use their own criterion, which -

as individuals experienced and trained in the perception of airborne

chemicals - might very likely not be the same as that of a naive person.

It is not difficult for a trained and a naive person to agree on the

level of relative intensity of sensations elicited by chemical stimuli. And

trained subjects will emit less variable sensory intensity judgments,

thus offering an advantage over untrained ones. But when it comes to

acceptability of sensations elicited by chemical stimuli - where previous

experience plays a role in molding what is acceptable -  trained and

untrained observers will most likely differ. Only in those cases where

we can assume that the only factor controlling acceptability of a

stimulus is its sensory intensity, we can safely rely on judgments of a

trained panel to reflect accurately the responses of a naive population.

A fruitful avenue to pursue is to search for correlations between

intensity judgments (made by a trained panel) and acceptability

judgments (as expressed by naive observers) for different indoor

environments and types of emissions. If we come to understand these

relationships, our task of assessing acceptability of indoor

environments in the field will be considerably facilitated and improved.

iii)  Number of subjects (power)
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The issue of the number of subjects needed in experiments on

sensory evaluation depends on the questions addressed.

Groups of subjects (panels) in sensory studies can be employed,

basically, to learn how a sensory system functions, to extract

information on the sensory responses of a broader population, or to

define and standardize the sensory characteristics of a particular

stimulus (e.g., emissions).

Some investigations concentrate on individual responses, in which

case the thorough study of just a few (up to three or four) individuals

is enough. Other studies compare the sensory performance of patients

having a clear sensory deficit (e.g., anosmics: persons without a

functional sense of smell, see Cain, 1989) with the performance of

controls (e.g., normosmics: persons with a normal sense of smell). In

such cases, it might prove difficult to gather a large number of

patients, and, most often, it is unnecessary to do so, the crucial point

being for each patient to have a control that matches him/her in as

many aspects as possible (e.g., age, gender, smoking status) except

the specific deficit. We have already commented on experiments

comparing the nasal detection of airborne substances by anosmics and

normosmics (Cometto-Muñiz and Cain, 1990; Cometto-Muñiz and Cain,

1991b; Cometto-Muñiz and Cain, 1993; Cometto-Muñiz and Cain, 1994).

Other investigations concern themselves with the comparative

study of demographic (e.g., old vs. young, smokers vs. nonsmokers,
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etc.) or pathologic (asthmatic vs. non-asthmatic, chemically sensitive

vs. non-chemically sensitive individuals, etc.) factors affecting the

sensory response. In this type of study, the minimum number of

participants on each group should be on the order of 10 to 15 if we

want the results to bear some kind of generality.

Even in the restricted field of sensory evaluation of emissions it

is impossible to recommend a fixed number of subjects for all studies.

Generically, as noted before, those that aim at extracting information

of  sensory responses from a population should, as a rule, employ a

relatively large and representative number of subjects. Those that aim

at accurately defining emissions from a sensory point of view, need to

employ relatively few but trained and experienced subjects who use a

common sensory descriptive terminology.

2)   Exposure Techniques

i)    Generation of exposures

One important difference between the studies of perception of

mixtures of airborne substances — see section C) 3) — and studies on

sensory evaluation of emissions, is the complexity of the stimulus.

Basic psychophysical research of mixtures have been restricted largely

to binary mixtures, and only occasionally expanded to three or more

components (Berglund, 1974).
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In contrast to this basic research, applied research on sensory

aspects of indoor air quality has to deal with dozens of chemicals,

some of which can be identified, others not (e.g., Berglund and Lindvall,

1979; Cain, Tosun et al., 1987).

In a somewhat intermediate situation, other investigations have

measured sensory responses to chemically defined and controlled

mixtures of a relatively high number (22 components) of volatile

organic compounds (VOCs) (Kjærgaard, Mølhave et al., 1991; Mølhave,

Bach et al., 1986; Mølhave, Grønkjær Jensen et al., 1991).

From the standpoint of sensory evaluation of emissions, two

complementary approaches can potentiate the information gained

about how humans respond to such challenges.

The straightforward approach calls for the direct use of the

materials exactly as they are employed or present in indoor

environments. Exposures are generated in very much the same way as

they would occur in real life. The advantage is that we can precisely

control and manipulate many variables in the environment to learn how

they affect the response. These include: emissions load or flow rate,

emissions concentration, temperature, humidity, extent of exposure

(whole body, face, eyes, etc.), time of exposure, and periodicity of

exposure, among others. Whenever possible, chemical analysis of the

emissions should parallel the sensory analysis. Admittedly, many of the

emissions are chemically complex, and the most abundant substances

are not always the ones responsible for the major sensory effects.
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Nevertheless, the systematic comparison of sensory and chemical data

in the different conditions will lead to an understanding of which

compounds elicit this or that sensory response (and under what

conditions), and how the presence of other substances modulates the

effect.

A complementary approach uses mixtures of individual

compounds, rather than the emission material itself, to generate the

exposures. In this case the stimuli are not exactly the same as those

encountered in indoor spaces, but their relative proportion and

concentration can be precisely varied and monitored, allowing a more

direct association between stimuli composition and effect.

ii)   Delivery of emissions to subjects

The way emissions are delivered to the subjects depends on

whether the experimental setting calls for whole body exposure or

partial exposure, and, within the latter, what part of the body will be

tested (nose, eyes, face, etc.). The possible settings will be discussed

in the next section: D) 2) iii).

Here, let us restrict the discussion to whole body exposures in

room-sized environmental chambers and field settings. In the case of

the chambers, one can think of two basic delivery designs: in one of

them, the materials are present - although kept away from sight - in

the same space where the subjects will be making their sensory

evaluations. In the other design, the materials are kept in a separate
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chamber, and their emissions are fed to the chamber where the

subjects will be exposed.

The first design has the advantage of delivering the emissions in

a way that approaches a real indoor situation, but the disadvantage of

not being able to control independently the conditions of the materials

(temperature, humidity, air exchange) and those in which the

participants make their judgments. The second design approximate less

closely the way emissions are produced in many indoor settings. It

nevertheless allows for a thorough look at a wide array of freely

selected indoor conditions, and how they alter the chemical composition

of the emissions as well as the sensory responses evoked.

Field settings provide information of direct relevance to real

situations. However, they are expensive, they severely restrict the

number of environmental variables under control, they usually narrow

the range over which such variables can be studied, and they

sometimes limit generalizability of the outcome to other field settings.

Their main role thus consists in providing validation of models and

hypotheses developed through the use of other settings such as test

chambers.

iii)  Setting (test boxes, chambers, goggles, field settings, etc.)

As mentioned in the previous section, the settings in which

emission tests might be performed fall into two major classes: whole

body versus partial exposures.
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Table 1 depicts a summary of the settings that will be discussed

below, the types of exposures that they probe, and the sensory

responses involved.

Whole body exposures necessary imply the use of large chambers

(about room-size, i.e., 25 to >40 m3). As discussed, the materials

whose emissions are to be tested might be placed in the same chamber

with the subjects or in another. Large chambers have two clear

advantages: 1) subjects can give a global response to the stimulation

(one that incorporates inputs from all face mucosae, and the skin), and

2) the situation can be arranged to resemble closely that encountered

in the field. Certainly, this type of setting seems to be particularly

appropriate when participants are required to evaluate "complex"

impressions such as air "quality" or "acceptability" - as opposed to

"simple" sensory impressions such as eye irritation, odor intensity, or

nasal pungency. This does not imply, of course, that large chambers

are unsuitable for assessing simple impressions. Large environmental

chambers have been used to study sensory reactions to occupancy

odor (e.g., Cain, Leaderer et al., 1983), tobacco smoke (e.g., Cain,

Tosun et al., 1987), and VOCs (e.g., Mølhave, Grønkjær Jensen et al.,

1991).

Sometimes, the conditions inside these large chambers

(particularly the concentration of the target stimuli) can be

significantly altered by the entrance and exit of subjects. This

perturbation can be minimized by adding an anteroom. Another
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approach to the problem consists in changing the extent of the

stimulation from whole body to a face exposure through the use of

hoods. Exposure hoods allow subjects to sample the air from the

chamber without having to enter the space. This design is particularly

useful for mobile laboratories, capable of making air quality

measurements in the field (e.g., Berglund, Berglund et al., 1984). It

also allows the simultaneous recording of sensory impressions from

occupants (located inside the chamber) and "visitors" — subjects who

need not enter the chamber to sample the stimuli (e.g., Cain, Leaderer

et al., 1983). Having the possibility to compare, at a number of

exposure times, the sensory reactions of occupants with that of

visitors might represent an important tool for understanding the

temporal course (adaptation, temporal integration) of the sensations

evoked by emissions (cf. Cain, Leaderer et al., 1987).

Small chambers or test boxes (roughly varying between 10 l and

1-2 m3) can also be used in the sensory evaluation of emissions. They

have advantages over large chambers: They cost less, thus making

possible to run several chambers simultaneously. In addition, only small

samples of materials are needed. They also have some disadvantages,

however: They are far from real situations, aliquots are needed for

large-size materials, and the sample may not be representative

(Seifert, 1992). The data from both types of chambers sometimes

complement each other nicely and may produce a composite view,

unattainable with only a single approach. Small chambers seem more

appropriate for measuring acute sensory reactions to emissions, while

large chambers can provide information about relatively long-term
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sensory reactions and general comfort (after minutes or hours). In

testing new materials, the use of small chambers can set guidelines for

establishing the levels of emissions at which whole body exposures can

be carried out.

The settings we have been discussing so far - large and small

chambers, exposure hoods - in one way or another, provide an estimate

of a complex sensory experience. Many individual sensory channels are

often stimulated, even though, depending on the emission, one

sensation (e.g., an odor) might predominate over the others. For this

same reason they are suitable for assessing overall acceptability of

the stimuli in either an acute (small chambers, hoods) or long-range

(large chambers) exposure period. But there is also merit, and

important extra information to be gained, in the study of the individual

components of those overall impressions. The investigation of those

components require special settings.

Following the discussion in section B), we can consider four basic

components in the overall sensory response to an air sample: odor,

nasal pungency, eye irritation, and throat irritation. (Skin irritation can

also be produced but, given that the skin is not an exposed mucosa, its

chemical sensitivity is far lower than that of the mucosae. In many

cases, low level, chronic exposures might induce skin irritation and

respiratory allergies as a result of an immunological reaction.)

Odor and nasal pungency produced by emissions can be tested

separately from the other sensory responses through the use of
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olfactometers (see Cain, Cometto-Muñiz et al., 1992) for a detailed

discussion of olfactometric techniques). These instruments carry the

airborne stimulus to the nose through an arrangement of tubing,

flowmeters, and nosepieces. As mentioned in section C) 1), it is very

difficult to isolate odor and pungent sensations in order to study them

separately, given that most chemicals will trigger responses from both

sensory systems. A unique approach to this problem consists in the

use of anosmic individuals who, given their lack of a functional sense of

smell, respond only to the pungency of chemicals. The use of such

individuals is helping to elucidate the basic features of the nasal CCS

without the influence of olfaction (Cometto-Muñiz and Cain, 1990;

Cometto-Muñiz and Cain, 1991b; Cometto-Muñiz and Cain, 1993;

Cometto-Muñiz and Cain, 1994) and might also prove useful in the

determination of the pungent properties of emissions within indoor

environments (Cometto-Muñiz and Cain, 1992).

Eye irritation constitutes another important component of the

total sensory impression elicited by emissions. Its assessment has

generally followed whole body exposures to pollutants, and there are a

number of objective measurements that reflect eye irritation: tear

film stability (or breakup time: BUT) and polymorphonuclear neutrophils

are among the most useful ones (Kjærgaard, 1992). There is a

necessity to study further the relationship of these measurements to

indoor air pollution and to sensory reports of eye irritation. The

isolated study of eye irritation by individual agents or their mixtures

can be accomplished with the use of special goggles that limit exposure

to the eyes. Particular attention should be paid in the experimental
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design to avoid interference by other factors independently capable of

evoking eye irritation: e.g., humidity and flow of the air carrying the

stimulus, ill-fit of the goggles, etc. With such precautions in mind, both

brief and prolonged exposure studies can be carried out.

Testing in isolation each component of the total sensory reaction

to polluted air might not predict readily the situation in the field, but

the data are vital for understanding how and in what degree these

various sensory channels respond individually to different emissions.

iv)   Environmental variables (temperature, relative humidity)

Environmental variables that might influence the sensory

evaluation of emissions in indoor spaces include: temperature, relative

humidity, and air exchange.

Their study merits consideration from two aspects. The first one

relates to the effect of those variables on the sensory response "per

se", the second one relates to their effect on the chemical composition

of the emissions.

Studies exploring how room temperature and humidity influence

the perception of odors are very scarce. One such study employed

three single odorants: iso-valeric acid, methyl salicylate, and pyridine,

and a complex one: cigarette smoke (Kerka and Humphreys, 1956).

Results indicated that while cigarette smoke odor decreases slightly
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with an increase in temperature at constant humidity, the effect of

temperature on the other stimuli was not so consistent. The effects

of humidity were more robust and general: an increase in humidity at

constant temperature consistently reduces the perceived odor of all

stimuli, albeit not to the same extent. The investigation also addressed

temporal phenomena, finding the already mentioned exponential decay

of odor intensity with time (i.e., adaptation) (see C) 2) iii)) and

progressive increase of eye and nose irritation with time (i.e., temporal

integration) (see C) 2) ii)). Perceived irritation turned out to be greater

at low relative humidities (below 35 %) than above 50 %. The relatively

strong suppressive influence of humidity on odor magnitude also

showed up in another study (Kuehner, 1956).

An increase in ambient temperature in the range 15 to 45 °C

seems to decrease olfactory sensitivity (raising odor thresholds)

(Grundvig, Dustman et al., 1967). Nevertheless, thresholds remained

constant in the range 20 to 25 °C.  In general, the literature suggests

at most only a trivial effect of temperature on olfactory sensitivity —

over the range normally encountered indoors — (Cain, 1979a).

It might be revealing to learn how the various environmental

conditions affect the sensory response and the chemical composition

of emissions separately. This calls for two separate chambers whose

conditions can be independently set: one for exposure of the subjects,

the other for generation of the emissions. In this way, while one

chamber remains in a fixed condition, the other varies systematically,

and vice versa. With the results from these experiments, a further
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step would consist in modeling, predicting, and, ultimately, testing how

sensory response and chemical composition vary together under the

various conditions.

v)    Temporal profile (re: adaptation)

We have already discussed on C) 2) the results of basic

investigations addressing the temporal properties of olfaction and the

CCS. We must emphasize that the evaluation of the sensory properties

of emissions is a dynamic process. And here we refer not only to the

fact that chemical emissions from a real source change with time, but

also to the fact that the sensations elicited by a fixed and constant

chemical stimulation also change in quantity and quality as time

elapses.

Many of the settings that we have discussed in D) 2) iii) serve to

estimate the short-term impact of emissions (olfactometers, goggles,

exposure hoods, small chambers) (see Table 1). By short-term we

mean exposures ranging from a few seconds to about a minute. This

might be enough to characterize the immediate impact of the

emissions on the chemical senses, but hardly enough to predict the

reaction to hours of continuous or intermittent exposures. Here is

where the settings that allow the measurement of long-term effects

(typically, large environmental chambers) enter the scene. They

provide the conditions for measuring sensory events that develop on

the order of minutes, hours or, even, days (e.g., temporal integration

and adaptation to pungency or irritation - cf. Figure 8).
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Finally, from an epidemiological point of view, the comparative

study of sensory responses (both short- and long-term) from

individuals exposed to certain emissions for months or years to those

from non-exposed cohorts will indicate the extent to which the

emissions affected the relevant senses.

vi)   Range of concentrations

Important information to gather from the sensory

characterization of emissions is the dose-response relationship.

Whenever possible, the techniques of exposure should allow for

exploring how the type and magnitude of the sensory response depends

on a range of concentrations. This complements data on the emissions'

threshold for provoking a sensory effect and data on the acceptability

of the emissions.

When an emission impacts on various sensory modalities (eye

irritation, odor, throat irritation) it is of interest to know, for each

modality, the relationship between intensity of the impact and

concentration of the compounds emitted. Most probably, different

rates of change of sensory intensity with concentration will be

obtained for each sensation (see C) 5) iv)). Thus, the dominant effect

at one level (e.g., eye irritation) might change to another dominant

effect (e.g., odor) at a lower level. This is a crucial information in the

sensory characterization of emissions.
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Dose-response relationships for sensory magnitude should be

tied up to acceptability measurements. Given the inherent variability of

acceptability judgments, the knowledge of how they relate to the

intensity of a certain emission allows for the use of the sensory

intensity parameter in routine evaluations of the material. This leaves

measurements of acceptability to be performed less often, and with

the purpose of confirming that its linkage with intensity has not been

modified.

vii)  Use of blanks and baseline measurements

In the general scheme of any exposure technique devised to

measure a sensory response, the presence of blank trials is crucial.

Blanks provide a way to estimate and correct biases of the subjects

towards a certain response. More so in the case of the chemical

senses. False alarm rates (that is, the subjects says "Yes, I smell

something" when pure air is presented) are very high for olfaction.

They can easily amount to 15 %, even when subjects receive immediate

feedback about the correctness of their responses (Berglund, Berglund

et al., 1971a). The experience of odor is a difficult decision task

(Engen, 1982).

In an experiment devised to study how well young and elderly

subjects were able to track the raise and fall of an odor (pyridine) in an

environmental chamber, a "sham" session - were no odorant was

injected in the chamber - provided an estimate of the occurrence of

false alarms (also called false positives) (Stevens, Cain et al., 1989b).
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Despite previous firm instructions that blanks will occur during a

session and that they should be ignored, subjects gave many and large

false positives, with the elderly erring substantially in this regard

(Figure 14).

Figure 14

It is often possible to control for individual criteria through the

use of a forced-choice procedure. This method entails the presentation

of a blank on each trial, with the subject being forced to reach a

decision (e.g., which sample is more odorous, less acceptable, produces

more eye irritation, etc.).

Whole body exposures involve the use of large chambers, and a

forced-choice procedure is not always feasible. Occasionally, the

setting consists of twin chambers for forced choice between one in

which the target emission is presented and the other where clean air or

any other appropriate control alone is presented. An alternative way of

ensuring uniform individual criteria and obtaining baseline

measurements consists in interspersing blank ("sham") sessions or

"standard" stimuli, which subjects rate using the same scale procedure

(e.g., numbers, length of lines, etc. - see section D) 3) iii) ) that they

use for the real emissions. Values assigned to the blanks are

discounted from those assigned to the emissions. In addition to allow

for a control environment, the twin chambers setting offers some

advantages over a single chamber. Among them are that: more

samples can be tested, a single sample can be evaluated in different
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environmental conditions simultaneously, and double blind exposures

generally become easier to implement (see D) 2) ix) ).

Regarding the issue of what constitutes an appropriate blank, the

choice depends on the questions addressed in each particular

experiment. In studies of sensory intensity where the absolute sensory

impact of different emissions needs to be tested, clean air at the

same temperature and humidity as the stimuli might be the right

choice for a blank. In other cases, a reference emission where certain

chemical components are added or subtracted might be the reference

to use. In acceptability studies, the control could also be either pure air

or some kind of background or standard emission.

viii) Monitoring

Regardless of the exposure technique employed, we will always

face the necessity of measuring the stimulus and the response. There

are many alternatives for measuring the sensory response, and they

will be discussed in detail in section D) 3). Let us focus now on

monitoring the stimulus.

One of the disadvantages that investigators found in basic

studies of the human chemical senses - relative to studies of vision or

audition, for example - is the difficulty in generating, handling,

measuring, and delivering the chemical stimuli to the appropriate

receptors. Lights and sounds can be generated, manipulated, and

delivered to their target organs in a much cleaner way than chemical
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stimuli. Nevertheless, applied investigations of the sensory properties

of emissions or air samples do not share many of the handicaps of

basic sensory studies. In most cases it is not necessary for the

emissions to be precisely delivered to the target receptor organ as is

the case with basic studies. Furthermore, in both whole body and face

exposures the sensory response sought is an integrative one, even

when we can be only asking about a single impact (e.g., odor). The

nature of the problem investigated does not call for a precise,

anatomically restricted, stimulus delivery. After all, in field situations,

we experience the odors simply from the air surrounding us. But, of

course, the problem does call for a precise stimulus measurement.

a) Air contaminants

An ideal situation consists in real-time measurements, with the

possibility of recording the concentration and identity of the chemical

stimuli, and having a simultaneous sensory assessment from the

subjects. This is not generally possible.

The human nose is, in many cases, more sensitive than the most

sophisticated chemico-analytical instruments (in some instances, for

certain compounds, orders of magnitude more sensitive). For this

reason, monitoring usually requires the use of adsorbent materials,

through which a certain volume of the air loaded with emissions is

passed, in order to concentrate the sample. Through the use of heat

(thermal desorption) or appropriate solvents, the concentrated sample

is read for quantity and identity of its components, generally through
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gas chromatography-mass spectrometry (GC-MS techniques). Unless

there is risk of thermal decomposition or reaction of the substances,

thermal desorption is preferred over solvent desorption. It involves

less manipulation of the adsorbent and sample (thus diminishing the

risk of contamination and loss of sample), and can be easily and

directly fed into the GC through the use of thermal desorption units.

In the case of emissions of substances for which the chemical

senses are relatively less sensitive, and when real-time measurements

cannot be made, it is common to use different kinds of sampling

techniques (e.g., sampling bags) to capture a sample that will be

analyzed later.

Monitoring is easier in cases of exposures to single compounds or

to mixtures prepared in the laboratory, whether simple or relatively

complex (e.g. Mølhave, Bach et al., 1986). But when testing emissions

from real materials, first, many more components are present, and,

second, the positive identification of all of them is considerably more

difficult. To add to the burden, a higher concentration of one

substance over another does not imply a higher odor, or pungency, or

degree of annoyance elicited by the first one over the second one. That

is, very minor components of a mixture can make a disproportionately

high contribution to the total sensory impact of the emission.

b) Biomarkers of exposure
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Determining the concentration of an airborne substance, or

mixture of them, that starts to produce a health effect is an

important but not the only step to fully understand and prevent such

effect. From an epidemiological point of view, the availability of a

measure of the effectiveness of a present experimental exposure and

of the degree of past exposures is as important as an accurate record

of the level of exposure itself. This additional information can be

estimated from biomarkers of exposure (Stevens, Bull et al., 1991).

Exposure biomarkers can provide indications of the absorbed

dose (i.e., amount of substance(s) actually finding its way into the

body) and, in some cases, of the target dose (i.e., amount of

substance(s) reaching a particularly susceptible organ or tissue) (Fowle

and Sexton, 1992). In doing this, they help to open the black box

between exposure and effect, allowing a more complete and detailed

(perhaps mechanistic) understanding of the observed health effect,

and offering the possibility of greater sensitivity in the detection and

quantification of such effect (Hattis, 1991). In order to be useful,

putative biomarkers need to comply with validation criteria (Schulte

and Mazzuckelli, 1991).

Direct measurement in the body (blood, urine, breath, tissue) of

exposure substances or their metabolites is not always possible, due to

rapid metabolism, distribution into fatty tissues, lack of suitable assay

methods, or chemical complexity of the exposure (Brewster, 1988). In

these cases, an alternative approach consists in the search for
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indirect biomarkers of exposure, i.e., biomarkers not directly or

specifically connected with the exposure chemicals (Brewster, 1988).

In the particular case of exposure to emissions from indoor

materials it might be difficult to find appropriate biomarkers or a

particular target organ since: 1) exposures comprise relatively low

concentrations of a wide array of chemicals, 2) in laboratory settings,

exposures last only for a few hours at most, 3) the fate of many of

these chemicals in the organism is unknown, and 4) symptoms from

such exposures are typically nonspecific. Nonetheless, it is important

to keep the possibility open since the eventual finding of direct or

indirect biomarkers of exposure to indoor contaminants would

constitute a major advance.

ix)   Blind exposures

In all experiments that involve testing how the human senses

perform, a major effort should be devoted to free the data from the

participant's bias, individual criteria, and expectations. This not only

applies to the experimental subjects, but also to the experimenters.

For this reason, it is advisable to maintain the subjects as naive

as possible regarding the experimental design, leaving them no room

for speculations about what the "correct" answer could be. If there is a

group that is going to be exposed to an emission and another that is

going to act as a control, care should be taken to give both groups the

same instructions for performing the task and to avoid biasing any of
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them into responding in one or the other way. Whenever possible, the

experimenter directly supervising the subjects should be kept from

knowing which stimulus is presented to whom, to avoid unwittingly

clueing the participants towards a certain response. Experiments

where not only the subjects but also the experimenter do not know the

answer beforehand are sometimes called double-blind studies.

In studies of sensory reaction to exposures, a convenient setting

to conduct double blind studies are twin chambers, where one chamber

is loaded with an emission, and the other is the blank. Of course, other

settings can also be made double blind.

3)   Sensory Evaluations

Sensory impressions of odor and pungency (or irritation) can be

described via four "dimensions" (Lindvall, 1974). These are:

detectability (or threshold), intensity, quality, and acceptability. The

parameter "quality" refers here to the particular "type" of odor or

pungent sensation experienced, and not to the positive or negative

sensory impression (i.e., good or bad quality).

From the point of view of the sensory impression of emissions, in

many cases, the dimension acceptability is already a reflection of the

type of odor or pungent sensation experienced (of course, it is also a

reflection of its intensity), so a specific measure of the odor "type" is

not absolutely necessary. This leaves the dimensions detectability
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(threshold), intensity, and acceptability as the most important values

to be determined in sensory studies of emissions.

Among other considerations in the development of sensory

evaluations, important aspects include: the rating techniques

employed, the attributes measured, the sensory modality stimulated,

and the specific procedure or protocol followed. All these will be

discussed in the next sections.

i)    Use of reference sources

A helpful feature in the measurement of sensations of odor,

nasal pungency, and eye irritation is the availability of concrete

standards for the subjects to refer to. Standards help to reduce

variability inherent to the subject's task of quantifying sensory

impressions. For example, it has been suggested to use a series of

concentrations of 1-butanol, delivered by a standardized olfactometer,

as a uniform way to express the odor intensity of any odorous source

or material (Moskowitz, Dravnieks et al., 1974). 2-propanone (acetone)

has also been suggested, although, in this case, as a measure of

acceptability of air quality rather than of odor intensity (Bluyssen,

Kondo et al., 1989). Given the predominantly pungent sensory attribute

of CO2, its low odor (Cain and Murphy, 1980), and its relative low

toxicity, this substance constitutes a good candidate for use as a

standard for nasal pungency and, even, eye irritation (Cain, See et al.,

1986).
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With such standards, one can tie together sensory impressions

of different materials judged on separate occasions (days or months

apart). Also, individual differences in the use of numbers to quantify

sensory impressions would be minimized by comparing the sensations

to the standards.

The reason for concrete references rests, in part, in the desire

to separate a subject's idiosyncratic scaling behavior from the odor or

pungent sensory impression itself. For example, in studies looking at

how smoking affects pungency and odor perception, loudness served as

the means to discount individual differences in scaling and, thus, unveil

true differences in pungency and odor intensity (Berglund, Lindvall et

al., 1992; Cometto-Muñiz and Cain, 1982). This raises the issue of

whether the standard for studies on the effects of indoor materials on

the chemical senses should comprise stimuli appealing to those same

senses or to other sensory modalities (e.g., loudness, brightness), or,

even, to use two sensory standards: one within the chemical senses,

the other outside them.

The advantage of using a concrete odor or pungency source as a

reference standard lies on the reasonable assumption that sensory

intensity comparisons within the same sensory modality (e.g., odors)

are more reliable and stable than intensity comparisons between

different sensory modalities (e.g., odor vs. loudness). "Intra-modal"

comparisons of intensity — particularly in the olfactory realm — could,

however, be more prone to influences from hedonic preferences (i.e.,

odors liked versus odors disliked) than "inter-modal" sensory
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comparisons. In any case, for screening the relative intensities of odor

and pungency evoked by different materials, the use of intra-modal

comparisons with a concentration series of a pure chemical standard

constitutes a choice method of (see Cain, Leaderer et al., 1983).

The choice of standards should be left open to other possibilities,

for example when comparing emissions from closely related materials.

Let us suppose that we are comparing the odor from various carpet

types. Rather than matching the odor intensity of our samples to 1-

butanol, we can choose one of such carpets to be the standard.

By contrast, in cases were we have to compare odors from

widely different materials (carpets, paints, furniture) it might be more

convenient to use a standard such as 1-butanol rather than any of

those materials in particular.

The use of standards can also help to study special subject

populations (e.g., smokers, persons with MCS) with possible abnormal

sensitivities to certain stimuli. A reference standard is often included

in the task of magnitude matching (Stevens and Marks, 1980) (see D)

3) iii) ). As described above (see D) 1) i) ), this method has served well

in the past to unveil sensitivity differences between smokers and

nonsmokers (Cometto-Muñiz and Cain, 1982), males and females

(Cometto-Muñiz and Noriega, 1985), and young and elderly (Stevens,

Bartoshuk et al., 1984; Stevens and Cain, 1985; Stevens and Cain,

1986a; Stevens and Cain, 1987b; Stevens, Plantinga et al., 1982).
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Using this magnitude matching approach, we might find, for

example, that a particular subject deviates from the average subject

of a group on one material. This would show up in higher (or lower)

matches to the reference stimulus. One would conclude that such

subject is more (or less) sensitive to the emissions from that material.

But it is also possible that a subject perceives all materials tested

stronger (or weaker) than the average. This would imply that the

subject possesses a generalized higher (or lower) chemical sensitivity.

Between these extremes there could be intermediate cases.

In summary, comparing the odor and pungency evoked by indoor

materials with a concentration series of a reference chemical would

provide the means to classify those materials according to the

intensity of the odorous and pungent sensations that they evoke, and

could also sort out groups of subjects having different sensitivities. As

an alternative, judgments of both the tested materials and the

reference chemical could be made simultaneously on a common scale of

perceived intensity, using either numbers or other scaling tools (e.g.,

length of lines as in Cain, Leaderer et al., 1983).

ii)   Detection/recognition thresholds

The three traditional psychophysical methods to study

thresholds are known as: limits, adjustment (or average error), and

constant stimuli (Engen, 1971; Lindvall, 1974). Very briefly, the

method of limits consist in the presentation of increasing or

decreasing concentration steps of the odor or pungent stimuli,
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requiring the subject to report detection or no detection. The

presentation continues until a pre-established criterion is met, and the

threshold is defined as a point in between the last undetected and the

first detected concentrations in the stimulus continuum. There are a

number of variations on the method (e.g. the "up and down" procedure,

see Cornsweet, 1962). Also, the bias introduced by the subjects'

expectation, often considerable in this method, can be counteracted by

introducing a forced choice (i.e., on every trial the subject must choose

between a real stimulus and a blank).

In the method of adjustment, the subject repeatedly adjusts the

stimulus to the lowest value that can be detected. This procedure is

difficult to implement for the chemical senses, where continuous

upward and downward adjustment of concentration is impractical.

The method of constant stimuli presents one by one a pre-

determined set of stimulus levels, each presented many times and in

random order. A plot called a psychometric function (like a dose-

response curve) relating percentage of detection to stimulus

concentration can then be constructed. The stimulus level that evokes

an arbitrary percentage of positive responses (by convention usually

50%) constitutes the threshold.

Besides these three classical psychophysical procedures there is

also a method based on signal detection theory (Green and Swets,

1966). While the classical methods stress the relationship between

stimulus and response, signal-detection theory stresses the
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relationship between "hits" (detecting correctly a signal when it has

been presented) and "false alarms" (incorrectly reporting a sensation

on a blank) (Berglund, Berglund et al., 1974; Berglund, Berglund et al.,

1986). Its greatest advantage is that it allows to separate the

subject's response criterion from the subject's sensitivity. Its main

disadvantage is that it requires a large number of judgments. To

determine signal detectability, a few stimuli are presented in random

order, interspersed with blanks (noise). Then, a detectability index (d')

is calculated from the proportions of hits {p(hits)} and false alarms

{p(false alarms)}. The index d' is the difference between z scores for

p(hit) and p(false alarm). Since sensory impressions resulting from the

presentation of stimulus and noise are assumed to be normally

distributed along the same excitation continuum and to have the same

variance, d' reflects the extent to which the two distributions overlap

(Lindvall, 1974). This index is assumed to be less influenced by

variations in response criterion than the classical threshold value.

A distinction must be made between detection and recognition

thresholds. Detection threshold represents the minimum stimulus that

can be perceived. Recognition threshold represents the minimum

stimulus necessary to identify its particular quality or type (e.g., floral

odor), differentiating it from other stimuli (e.g., moldy odor, fruity

odor).

In most cases of emissions, the index of interest will be the

detection threshold. More so in the face of the current trend to object

to any odor in the indoor environment. Nevertheless, it is sometimes of
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interest to learn when subjects start to perceive the presence of a

particular type of odor or pungent sensation. Identifying odors is hard,

even at suprathreshold levels (Cain, 1979b; Desor and Beauchamp,

1974). Particularly difficult is the retrieval of odor names (Cain,

1982). It therefore often helps in measuring recognition thresholds to

provide the subject with labels or with concrete sensation references

(odor, pungency). Labels are presented as descriptors (some veridical,

others distractors) to describe the target threshold stimulus. The

second alternative allows participants to select from a set of odor

qualities (i.e., different emissions) the one that best matches the

emission of interest.

iii)  Rating techniques (suprathreshold scaling)

Thresholds must be supplemented by other kinds of evaluation of

the sensory impact of indoor materials. If it is of interest to know

something about the lower limits of sensitivity, it is also of interest to

know how the sense modality functions at levels well above. After all,

suprathreshold magnitudes is what we usually deal within everyday life.

The question is how can we relate suprathreshold intensities to the

chemical environment? In other words, how can we obtain a scale of

sensory impressions and relate this scale to concentrations of

chemical stimuli? To address the issue we turn now to scaling methods.

Many books and review articles have dealt with sensory

evaluation, both from the basic (e.g., Marks, 1974) and the applied

(e.g., Meilgaard, Civille et al., 1987) perspective. Some dealt directly
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with odor measurements (National Research Council, 1979; Turk,

Johnston Jr. et al., 1974), again both form a theoretical (Cain and

Moskowitz, 1974) and practical (Lindvall, 1974) point of view.

A group of methods that have been, and still are, widely used are

category scales. These are used principally in applied aspects of

sensory evaluation. Here, the subjects are given a fixed number of

categories — e.g., 1) very weak, 2) weak, 3) moderate, 4) strong, 5)

very strong — to rate each stimulus. The main advantage is simplicity

and straightforwardness. A major disadvantage is the limited nature of

the scale. Thus, category 4 (strong odor) is not necessarily twice as

odorous as category 2 (weak odor).

Another group of procedures, developed by S. S. Stevens and

collaborators at Harvard University in the fifties (see Stevens, 1957;

Stevens, 1975), require subjects to make direct estimates, on a ratio

scale, of the perceived intensity of an array of stimuli. The estimates

can be made with numbers or by means of matches to a reference

stimulus (cross-modality matching). Variations of this basic task are

known as magnitude estimation, magnitude production, cross-modality

matching (Stevens, 1975) and the more recently developed magnitude-

matching (Stevens and Marks, 1980). These methods have usually been

preferred in basic studies of sensory processes. They possess the

statistical advantage of providing a richer quantitative scale — i.e.,

one permitting specification of ratio relationships among sensations.

For example, if a material evoked, on the average, an odor estimation

of 20, it would mean that subjects regarded it as twice as odorous as
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another material that received, on the average, the estimate 10. Of

course, the results obtained with these techniques are, like any other

method, including category scaling, subject to various sources of

variability: individual use of numbers, different contexts, and bias.

A combination of category and ratio scales, sometimes called

graphic scales with verbal anchors, can prove very useful in applied

studies. They also might be supplemented with concrete odor

standards (e.g. the 1-butanol scale) (Clausen, Fanger et al., 1984a;

Clausen, Fanger et al., 1984b; Clausen, Fanger et al., 1985). As an

example of this type of scales, subjects might be required to cut a line

anchored with the labels: no odor, slight odor, moderate odor, strong

odor, overpowering odor, at the appropriate length according to the

intensity of the odor sensation experienced from each sample. The

length of the segment from the beginning (no odor) to the cut provides

a quantitative estimate of odor magnitude, while the verbal labels

provide a practical reference frame.

As mentioned above (sections D) 1) i) and D) 3) i) ), magnitude

matching has been particularly useful in the study of possible sensory

differences between groups of subjects (smokers vs. nonsmokers,

males vs. females, young vs. elderly). The procedure basically consists

in having subjects rate the perceived intensity of stimuli from more

than one sensory modality (e.g., odor, eye irritation and loudness) on a

common scale of perceived magnitude. So if an odor intensity feels

twice as strong as a certain loudness it should be assigned a number
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twice as large. Rating may be made not only with numbers. Length of

lines, for example, can also serve.

How can, then, different populations be compared? Well, first it

is necessary to find a sensory continuum for which we can safely

assume that two groups of interest (e.g., chemical sensitive vs. non-

chemical sensitive subjects or persons affected by SBS vs. persons

not affected) do not differ in their perception. Let us assume that

loudness is such a continuum, and that we want to test whether SBS

patients differ from controls in the perceived magnitude of odor and

eye irritation evoked by emissions from a new carpet at various

dilution levels. We run the experiment using the procedure just

described, and use the estimates of loudness to anchor the two

groups. This means that we multiply all the loudness estimates of one

of the groups (e.g., the SBS patients) by whatever factor brings them

to have the same total average as that of the other group (the

controls). In this way, the function for loudness of the two groups

should be closely superimposed. Then, we use that same factor to

multiply the estimates given to the other continua: odor and eye

irritation. If both groups perceive odor and eye irritation in a similar

way, compared to loudness, these functions should also be coincident.

If the SBS patients are more sensitive to odor and eye irritation, these

functions for the patients — even after being multiplied by the

equalizing factor — would be displaced upwards in the axis of perceived

intensity, indicating that the odor and eye irritation evoked by any

fixed concentration of the emissions is matched by the SBS patients to
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a higher loudness than that of the controls (confirming that they

perceive that odor or eye irritation stronger than the controls).

Magnitude-matching is useful in assessing intergroup and, even,

interindividual differences but as any other rating technique it should

be use with caution in order to minimize the effects of context (Marks,

1991).

iv)   Perceptual attribute (intensity, acceptability)

From a theoretical point of view, the rating procedures can be

used for intensity as well as acceptability judgments. However, as

pointed out (section C) 5) ii) ), acceptability estimates are more

variable and context-dependent that simple sensory intensity

estimates. In general, it is unnecessary to have strictly quantitative

measurements on acceptability data. Semi-quantitative information of

the sort gained through the use of category scales can often suffice

(Bluyssen, Kondo et al., 1989). Actually, it is not uncommon to gather

acceptability judgments employing only two extreme categories:

acceptable or not acceptable (Cain, Tosun et al., 1987; Fanger,

Lauridsen et al., 1988).

The sensory study of emissions from materials has, among other

goals, that of determining the threshold level at which an arbitrary

proportion of subjects (e.g., 80, 90 or 100 %) will not experience

adverse sensory reactions, at least under the conditions of testing.

What can be considered adverse sensory reactions? To unify the
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concept we can rely on the single judgment of "not acceptable" to

summarize the term "adverse sensory reactions" from an emission.

Now, as noted above (section C) 5) ii)), it is quite possible that the

judgment "not acceptable" might translate, for different subjects, into

different levels of perceived intensity (of odor, eye irritation, nasal

pungency or their combination). That is, for some subjects even the

slightest odor (or pungency, etc.) will render the air sample

unacceptable; for others the criterion will be less strict: they would

perfectly well tolerate a slight odor, for example. To add to the

confusion, the quality (or "type") of the sensation will certainly be

another important factor: a slight odor of roses may be deemed

acceptable but an even slighter putrid odor, totally unacceptable.

These considerations bear on the issue of scales of intensity and

scales of acceptability. As stated before, they measure different

things even when, sometimes, they are monotonically related. The

question arises whether concrete reference sources can be used to

judge acceptability just as they are to judge intensity. Probably so, but

we have to remember that here, if we are not careful, the matching

process can get complicated. It is theoretically possible that two

equally acceptable odors might have quite different intensities. This

could be very confusing to the subject, who has enough on his hands

already. It is probably better to obtain judgments of intensity and

acceptability independently and then try to relate them.

A few years ago, the concepts of "olf" and "decipol" units were

introduced as an attempt to quantify the air pollution perceived by
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humans (Fanger, 1988). One olf is defined as the emission rate of air

pollutants (bioeffluents) from a standard person. This standard person

represents the "average sedentary occupant" from data on human

bioeffluents gathered in two experimental auditoria in Denmark (Berg-

Munch, Clausen et al., 1986; Fanger and Berg-Munch, 1983). One

decipol is defined as the perceived air pollution caused by one standard

person (one olf) ventilated by 10 l/sec of unpolluted air {1 decipol = 0.1

olf/(l/sec) }. Acceptability judgments from the two auditoria studies

served to build a reference curve showing percent dissatisfied by the

emissions from one standard person (one olf) as a function of

ventilation rate with unpolluted outdoor air (l/sec . olf). Thus, the

percent dissatisfied in a particular space (experimentally determined)

is interpolated on the reference curve to obtain the ventilation rate

per olf (l/sec . olf). This value divided by the actual ventilation rate

gives the number of olfs from that space. From the same auditoria

studies, another reference curve is built, plotting percent dissatisfied

as a function of perceived air pollution (in decipols) though it is not

clear how this was done.

Later studies replaced the human bioeffluents by 2-propanone

(acetone) as the reference stimuli, and described a method to select

and train a panel to evaluate perceived air quality in decipols (Bluyssen,

Kondo et al., 1989). A major question from the olf/decipol approach

involves understanding the real meaning of the sensory impression

provided by the judges. If they are evaluating perceived air "quality"

based on a training with 2-propanone, how do they generalize their

estimates to stimuli of very different sensory character (i.e., another
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odor) or even sensory type (i.e., eye irritation rather than odor)? This

important issue needs to be investigated.

v)    Perceptual modality (olfactory, trigeminal, etc.)

We have already discussed the sensory channels involved in the

detection of airborne chemicals (section B) ) and their peculiarities of

function (section C) ). Here we comment on more specifics.

If it is true that, as a rule, single chemicals impinge on both the

olfactory and the CCS, it is even more true that emissions — most

times being complex chemical mixtures — will almost certainly produce

a composite sensory impression involving odor, nasal pungency, eye

irritation, throat irritation, and, sometimes, even skin irritation.

In order to learn which are the main sensory attributes of

various emissions we will have to ask the subjects to scale a number of

them and use the results to extract the relevant sensations.

As mentioned, some techniques call for whole face or body

exposures, while others are restricted (eyes, nose) (sections D) 2) ii)

and iii) ). The two approaches provide complementary information: the

first one is closer to what can be expected in real-life situations, and

the second allows a better understanding of the basic properties of the

stimulus-receptor interaction. Whenever possible, both should be

pursued.
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Probably no specific rating technique can be recommended in

advance for each particular attribute. As discussed (section D) 3) iii) )

every method has its relative advantages and disadvantages.

Nevertheless, reference sources (e.g., 1-butanol for odor, CO2 for

nose and eye irritation, and the like) provide extremely convenient

landmarks for comparing other studies, emissions, subjects or testing

conditions.

vi)   Pacing (number of trials, intertrial intervals)

Certainly there is no general protocol that will provide optimum

outcome for all testing conditions in the sensory evaluation of

emissions. There are, however, general guidelines and precautions that

will enhance the significance and reproducibility of the results.

Number of trials per subject will vary depending on whether we

are testing just a few subjects (fewer than, say, 10) or a large number

of them (more than 20, say). Depending on the circumstances we may

want many estimates per subject or only a few estimates from each of

many subjects. Whenever possible, at least two estimates per

participant per stimulus are advisable. Few subjects on many repetitive

trials is not equivalent to a large number of participants tested only

once or twice. It has been shown that repetitive testing of the same

subjects decreases odor threshold values (Cain and Gent, 1991). The

type of approach is determined mainly by the experimental purpose. To

study individual responses, we would test few subjects many times. To

probe into group responses, we would test many subjects few times.
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Preliminary studies employing variable number of trials per subject can

be useful in determining the optimum number for each experimental

condition.

As noted, olfactory responses adapt more easily than CCS

responses (section C) 2) ). To avoid a buildup of olfactory adaptation, a

suitable interstimulus interval should be incorporated in the procedure.

Again, it is impossible to recommend a single, safe interval for every

situation. At low intensity levels (near threshold), an interval of 60 or

even 30 sec should be enough (Doty, Gregor et al., 1986), though this

might not be true for all substances or testing protocols (Köster,

1971). Prolonging the interval will decrease the effect of adaptation

but might put more strain on the memory of the subject for the

previous sensations. In long series of testing, the interval may have to

be compromised with the available time. A stimulus presentation

schedule that avoids having to sample a weak stimulus directly after a

strong one, helps further to minimize adaptation (e.g., an ascending

method of limits, see Cain, 1989).

In the case of the CCS, particular attention should be devoted to

avoid any lingering or buildup of the sensation (unless such effect is

part of the testing strategy). This might occur given the propensity of

the CCS to exhibit temporal integration or summation (section C) 2) ii)

). Although once again no specific time period can be recommended for

every situation, at low intensity of pungency the interstimulus interval

can be shorter than at high intensity.
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vi)   Objective correlates (biomarkers of effects)

Two basic problems that have plagued the study of diseases like

the SBS are: the predominance of unspecific symptoms affecting more

than one organ or system, and the absence of objective physiological

measurements to correlate with the reported symptoms.

We mentioned that symptoms of eye, nose, and throat irritation

are widely present and even constitute a common denominator among

complaints of indoor pollution. Studies addressing the development of

objective measurements of sensory irritation have been truly scarce,

but some are beginning to emerge in recent years.

A promising technique is nasal lavage. The method takes

advantage of the possibility that sensory irritation may result from an

inflammatory response in the upper airways, and is used to monitor

polymorphonuclear neutrophilic leukocytes (PMNs) influx into the nasal

passages following exposures to VOCs. As indicated by Table 2, nasal

lavage is rich in biomarkers (both cells and soluble substances) of

inflammation and allergy. A recent investigation has shown statistically

significant increases in PMNs both immediately after a 4 hr exposure

to VOCs at 25 mg/m3, and 18 hr later (Koren and Devlin, 1992).

Objective assessment of eye irritation is another important

issue. The methods used for evaluation of eye irritation in studies of

indoor air have been reviewed recently (Kjærgaard, 1992). They rely on

measurements of eye redness (inflammation), tear film stability or
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break up time (BUT), foam formation, epithelium damage, and

conjunctival cytology (counting of PMNs in tear fluid from the

conjunctival sac).

We have mentioned that a reflex, transitory apnea is produced in

all subjects when an irritant entering the nose achieves a certain

critical level (section D) 1) i) ). Measurement of this reflex may offer

an objective physiological index of CCS functioning in humans (Cain,

1990). It should be pointed out that, as it stands now, the reflex could

provide the means to compare CCS sensitivity on different groups of

subjects. Agreement between threshold for the reflex and

psychophysical data has been robust in a number of studies. The

threshold for the reflex exhibited the same degree of bilateral

summation across the nostrils as that shown by ratings of intensity

(García-Medina and Cain, 1982); the threshold for smokers fell above

that of nonsmokers in a degree commensurate with their respective

ratings of irritation (Cometto-Muñiz and Cain, 1982), as did the

thresholds for females vs. males (García-Medina and Cain, 1982) and

young vs. old (Stevens and Cain, 1986a); and finally, the latency for

the reflex exhibited almost perfect trading between time and intensity

over the first 4 to 5 sec of inhalation, as did estimates of perceived

pungency (Cometto-Muñiz and Cain, 1984). In summary, the data

support the conclusion that the reflex occurs at a criterion level of

perceived intensity, thereby validating its use as an objective index of

the CCS status.
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4)   Quality Assurance

We have repeatedly referred to the large variability usually

encountered in measurements on the chemical senses. Many factors

contribute to the variability. Among them: purity of the substances;

generation, delivery, and presentation techniques; sensory method;

instructions to subjects; and demographic characteristics of

participants. Despite this prima facie discouraging picture it is quite

possible to standardize all variables in order to obtain comparable

results.

The parameters to be standardized include those related to the

stimulus (e.g., single chemicals, mixtures, emissions, indoor or outdoor

air samples) and those related to the response (e.g., subjects,

psychophysical method, response criteria). Accurate and standardized

methods to detect and quantify the substances being presented (e.g.,

gas chromatography/mass spectrometry) assure us that the variation

in the biological response is not simply the reflection of quantitative or

qualitative differences in the stimulus.

In order to calibrate the sensory responses, allowing them to be

comparable among studies differing in context, time, compound, and

subjects tested, it is essential to employ a reference substance

presented in standard conditions. As discussed throughout this review,

the sensory impact of emissions includes three main components:

odor, nasal pungency, and eye irritation. It would be convenient to have

a concrete reference source for each one of these sensations. In this
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way, the sensory properties of any emission (no matter how simple or

complex) presented in any condition could be compared to the

references in order to quantify how odorous, pungent, or eye irritating

such emission is. The development of a procedure for quality

assurance involves two important aspects: the selection of the

reference compounds and the standardization of the method of

presentation of references and samples.

Among a few other chemicals, 1-butanol has been previously

suggested to be used as the standard for expressing odor intensity

(Moskowitz, Dravnieks et al., 1974). In fact, a simple though reliable

olfactometer delivering fixed concentrations of this substance is

commercially available (Dravnieks, 1974). The instrument generates 8

concentrations of 1-butanol ranging from 16 to 2160 ppm. (The odor

threshold for 1-butanol is in the range of 2 to 10 ppm). Advantages of

this chemical include: it is both water and lipid soluble, it is easy to

obtain, inexpensive, and of low relative toxicity, it has a characteristic

odor neither too strong nor too weak, for most persons it possesses a

fairly neutral hedonic tone (balance of pleasant and unpleasant

characteristics), and it has been widely used in olfactory research.

In theory, many odorants could serve as references for

olfaction, but not many substances are suitable as references for

pungency. The problem is that nearly every compound has substantial

odor at concentrations that elicit pungency. This could be confusing.

Besides the odor will tend to mask the pungency, making its

assessment variable and difficult. A notable exception might be CO2,
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which is pungent but almost odorless (Cain and Murphy, 1980). Its low

toxicity, ease of handling, and readily availability make of this

substance a good candidate.

The choice of a reference compound for eye irritation is also

open to discussion. CO2 could serve here too and, in fact, it has been

used in the past to elicit eye irritation (Cain, See et al., 1986).

Ammonia (NH3) represents another option. In this case, its delivery

system to the eye becomes crucial since it should rule out any odorous

clue. It is obvious that the selected chemical should for safety's sake

produce only a transient, easily reversible effect, with no trace of

damage to the ocular mucosa.

Another aspect of quality assurance is the use of a standard

method of presenting references and samples. In classical

olfactometry there are basically three ways to present the odor

stimuli: static olfactometry, dynamic olfactometry, and environmental

chambers (Cain, Cometto-Muñiz et al., 1992). In static olfactometry,

the odorant exists in an enclosed or semi-enclosed space, while in

dynamic olfactometry the odorant flows continuously, carried by a

dilution gas — generally odorless air — toward the nose of the subject.

Environmental chambers represent the closest situation to a real-life

experience. However, their cost and sophistication put them out of

reach of some laboratories.

A poorly explored practical issue deserving more research is

whether these three different methods of presenting the odor stimuli
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yield the same picture. For example, how do odor thresholds for a

variety of substances compare by the three methods? Can we say, for

example, that dynamic olfactometry systematically produces lower

thresholds than static olfactometry?. How do stimulus-response

(psychophysical) functions for odor obtained with dynamic

olfactometry compare to those obtained with static olfactometry ?

(Cain, 1969).

In like manner, there are various techniques for the production of

eye irritation. These include the use of special goggles, squeeze bottles

(Cometto-Muñiz and Cain, 1991b), continuous dynamic flow of the

stimulus (Cain, See et al., 1986) or environmental chambers (Cain, See

et al., 1986; Cain, Tosun et al., 1987). We do not know how these

different procedures influence the results, all other factors remaining

constant.

5)   Data Evaluation

i)    Threshold

As mentioned in section C) 4) i), olfactory thresholds are

notoriously variable. Even uniform, young, and healthy persons

frequently vary three to five orders of magnitude. It is important to

sort out the relative contribution of the different possible sources of

variability. Such sources include: variability among and within subjects,

variability due to chemical compounds, variability due to the age factor,
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and the effect of practice. To these, we should add methodological

factors like the stimulus delivery system (see sections D) 2) iii) and D)

4) ), the psychophysical method employed (section D) 3) ii) ), and the

number of trials given to the measurement (section D) 3) vi) ).

Current studies suggest that the variability of olfactory

thresholds within subjects (when tested repeatedly) is almost as large

as that among subjects (Cain and Gent, 1991; Stevens, Cain et al.,

1988). This indicates that much of the variability originally associated

exclusively with differences among subjects is really due to variations

in the sensitivity of each subject over time. It also argues out that, in

order to produce a reliable threshold, it is necessary to average a

number of such measurements for each individual. From investigations

currently underway at the Pierce Laboratory, it seems that about four

measurements is a suitable number (Stevens and Dadarwala, 1993).

With fewer than four values, the picture obtained could be distorted,

with more than four little is gained in terms of increased reliability. The

results also suggest that the information gained from brief threshold

tests separated by rests (8-10 min) may be more representative of

the sensitivity of the subject than one test with the same number of

trials unbroken by rests.

The available data indicate that some odorants produce much

more variable thresholds than others (Punter, 1983; Stevens and Cain,

1987b; Stevens, Cain et al., 1988). For example, for the same three

young participants tested on odor thresholds 20 times for each of

three compounds, butanol produced a within-subject variability
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averaging 1,000 to 1 in headspace concentration, while ß-

phenylethylmethylethylcarbinol produced a variability averaging 20,000

to 1 (Stevens, Cain et al., 1988). In another study comparing

thresholds for 20 young and 20 old persons, the variability among

subjects (of the same group) was on the order of 4,000 to 1 for D-

limonene, 300 to 1 for benzaldehyde, and 5 to 1 for iso-amyl butyrate

(Stevens and Cain, 1987b).

Another important source of variability in olfactory thresholds is

age. As noted (section D) 1) i) ), aging impairs a number of olfactory

tasks including odor detection (see reviews in Murphy, 1986;

Schiffman, 1979; van Toller, Dodd et al., 1985), perceived intensity of

suprathreshold odors (Stevens, Bartoshuk et al., 1984; Stevens and

Cain, 1985; Stevens and Cain, 1986b; Stevens, Plantinga et al., 1982),

and odor identification (Doty, Shaman et al., 1984a; Schemper, Voss et

al., 1981; Stevens and Cain, 1987b). As mentioned, not only olfactory

sensations, but also nasal common chemical (pungent) sensations are

impaired in the elderly (Stevens and Cain, 1986a; Stevens, Plantinga et

al., 1982). In terms of odor thresholds, the gap between young and old

has been reported to range between one and two orders of magnitude

(Stevens and Dadarwala, 1993).

Practice in the form of repeated threshold measurements over a

few days tends to lower thresholds and to increase reliability (Cain and

Gent, 1991). Such improvements with experience can even transfer

from odorant to odorant (Rabin and Cain, 1986). Such practice effects
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should be considered whether the experiment calls for trained or naive

subjects.

ii)   Exposure-response

In the study of emissions, we need to know not only the minimum

concentration that will evoke a sensory response, but also how the

intensity (quantity) and quality of the response changes with stimulus

strength. This was previously discussed as stimulus-response (section

C) 1) ) and exposure-response (section C) 5) v) ) relationships.

Two crucial parameters can modify intensity and quality of the

sensation: concentration and time of exposure. Increases in

concentration will usually result merely in an enhanced response, but

sometimes also in a change of quality of the sensation (a substance

might have a certain odor at low concentrations and another odor at

high concentrations, e.g., skatole) or even in a change of the type of

sensation (e.g., from odor to nasal pungency). Thus, different sensory

impressions will likely dominate acceptability at different concentration

ranges. For example, odor could constitute the main complaint at low

levels, and eye irritation at higher levels. Depending on the material,

acceptability judgments could be dominated by a single sensation (e.g.,

eye irritation) or various types of sensation. Such questions need to be

addressed in evaluation of exposure-response experiments.

Unlike concentration, an increase in exposure time can either

increase the sensory impact (if temporal integration predominates) or
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decrease it (if adaptation predominates) (see sections C) 2), C) 5) vi),

and D) 2) v) ). We already stressed (section C) 5) vi) ) the importance

of collecting sensory data after exposures on the order of seconds, a

few minutes, and a few hours. In many real situations, exposures last

for months or years. These chronic exposures will most likely alter the

chemical senses, among other systems. The degree of impairment in

affected subjects can be gauged in short-term exposures by comparing

their sensory responses with those of healthy controls.

iii)  Dilution to threshold

As mentioned in section C) 5) iv), dilution-to-threshold methods

(e.g., ASTM, 1973; Benforado, Rotella et al., 1969; Mills, Walsh et al.,

1963) have limitations, but when used in appropriate contexts, and

when complemented with other procedures they can yield valuable

information. We pointed out that these methods provide no control for

response criteria of the judges, no assessment of the sensory

intensity of the undiluted sample, and no data on type or acceptability

of sensory response. These problems can be partially compensated

for. To control for response criteria of the panelists, we recommend

use of a two alternative forced-choice method or use of signal

detection methodology. Use of magnitude-matching (section D) 3) iii) )

would give information on the sensory intensity of the undiluted

samples. And, finally, acceptability scales (section D) 3) iv) ) can probe

the response to emissions at full strength and at various degrees of

dilution.
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Altogether, these measures will render a more complete

description of the sensory properties of emissions.
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Table 1. Summary of different settings that can be used to test 
human sensory responses to emissions from materials.

Odor
Whole Large chambers Nasal pungency
body (short and long- Eye irritation

term exposures) Acceptability

Multi-sensory
impact Small chambers Odor

or test boxes Nasal pungency
(typically short- Eye irritation
term exposures) Acceptability

Face
Hood exposures Odor
(typically short- Nasal pungency
term exposures) Eye irritation

Acceptability

Odor
Nose Olfactometers

(typically short-
term exposures)  

Nasal pungency
Single-sensory (anosmics)
impact

Eyes Goggles (typically Irritation
 short-term exposures)
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Table 2. Biomarkers of nasal lavage with implications to indoor 
pollution studies. From Koren and Devlin, 1992.

Marker Indication

PMNs Inflammatory response
Protein, albumin Permeability
Eosinophils, mast cells Allergic response
Histamine, tryptase, TAME-esterase, Mast cell degranulation/
serotonin, kinins, PGD2 allergic response
IgE Allergic response
Eicoanoids, C5a, C3a, antioxidants, Inflammatory/allergic
kallikrein, kinins, substance P, cytokines responses
                                                                                                             
Note: PGD2: prostaglandin D2; TAME: N  -p-tosyl-L-arginine methyl

ester.
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Figure Legends

Figure 1. a. Psychophysical functions for odor, irritation, and overall
magnitude of 1-butanol. Also shown is a function for the algebraic sum
of odor plus irritation. The coordinates are logarithmic. From Cain,
1976.

b. Psychophysical functions for odor and nasal pungency of
ammonia. Adapted from Cometto-Muñiz and Hernández, 1990.

Figue 2. Psychophysical functions, derived from category scaling,
for eye irritation, nasal irritation, and odor of benzyl mercaptan. From
Katz and Talbert, 1930.

Figure 3. Average (±SD) nasal pungency thresholds obtained from
anosmics, average (±SD) odor thresholds obtained from normosmics,
and average (±SD) eye irritation thresholds obtained from normosmics
as a function of carbon chain length of the acetates (1 = methyl
acetate through 12 = dodecyl acetate). Nasal pungency threshold
values for decyl and dodecyl acetate are not connected to the rest by
line segments since they represent the result form only one anosmic;
the other three anosmics did not reliably detect these two stimuli. Eye
irritation threshold for decyl acetate is not connected to the rest
since it represents the result from the only subject who reliably
detected it. From Cometto-Muñiz and Cain, 1991.

Figure 4. (upper) Speed of response to odor and pungency of various
concentrations of 1-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 pungency.
From Cain, 1981.

Figure 5. Psychophysical functions for odor and for irritation of 1-
butanol after exposures of one breath (solid lines) or three breaths
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(dashed lines). Upper portion depicts functions for individual subjects
and lower portion depicts functions for the group. From Cain, 1976.

Figure 6. Perceived magnitude (geometric means ± SE) as a function
of duration of inhalation. The parameter in both graphs is
concentration. From top to bottom, concentration equalled 71.9, 24.8,
and 9.6 ppm, respectively, for isoamyl butyrate, and 434, 225, 99, and
47 ppm, respectively for ammonia. From Cometto-Muñiz and Cain,
1984.

Figure 7. Perceived odor, pungency, and total intensity (geometric
means ± SE) for two concentrations of ammonia inhaled for two
durations. From Cometto-Muñiz and Cain, 1984.

Figure 8. Exponential equation of the form Y = (a - be-ct) e-gt -
where Y is perceived intensity of irritation (averaged across sites:
eyes, nose, and throat), t is time, and a, b, c, and g are constants -
fitted to irritation caused by exposure to 1 ppm formaldehyde. From
Cain, See et al., 1986.

Figure 9. (top) Psychophysical functions of pentanol (C5) and
propanol (C3) obtained under different adapting concentrations. Each
adapting concentration was presented for 3 breaths.

(bottom) Psychophysical functions for the same
substances obtained under different adaptation durations. The
adapting concentration was constant (middle intensity).

In both figures, the straight lines are the power functions
fitted to the magnitude estimates obtained under no-adaptation. From
Cain, 1970.

Figure 10. Adaptation functions for: a) 1-propanol, at 25.4, 12.9, and
9.1 mg/l, respectively (top to bottom); b) eugenol, at 0.4 and 0.2 mg/l,
respectively (top and bottom); c) butyl acetate, at 18.6, 2.7, and 0.8
mg/l, respectively (top to bottom); and d) ozone, at 1.2, 0.6, and 0.3
µg/l, respectively (top to bottom). From Cain, 1974.
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Figure 11. The perceived magnitude (  ab) of a two-component
mixture may be equal to, less than, or greater than the perceived
magnitudes (  a,   b) of its components. Various possibilities are shown
here. In this illustration, the perceived magnitude of component "a"
smelled alone is 4, that of component "b" smelled alone is 8. From Cain
and Drexler, 1974.

Figure 12. Relationship between the perceived intensity of each of 16
formaldehyde and ammonia binary mixtures for the attributes: (A)
total nasal intensity, (B) odor, and (C) pungency; and the sum of the
perceived intensities of the components of each mixture for that same
attribute. Best-fitted straight-line equations and correlation
coefficients are: (A) y = 1.00x - 4.78, r = 0.97; (B) y = 0.29x + 2.69, r
= 0.50; and (C) y = 1.30x - 2.07, r = 0.97. From Cometto-Muñiz and
Hernández, 1990.

Figure 13. Perceived sensory intensity of two hypothetical groups of
contaminants A and B, as a function of the degree of dilution of an air
sample (100: original sample). Coordinates are logarithmic.  A 1/1000
dilution reduces the perceived intensity of A to 10% of its undiluted
value, while the same dilution ratio only reduces the perceived intensity
of B to 50% of its undiluted value. Undiluted, A is twice as strong as B,
but after a 1/1000 dilution of both, A becomes half as strong as B.

Figure 14. Mean false positive odor responses in the "sham" sessions
(no pyridine present). Odor ratings were analyzed as distance along a
descriptive length scale (192 mm = very strong; 0 mm = nothing).
From Stevens, Cain et al., 1989.
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APPENDIX

Survey of opinion regarding a tentative protocol for sensory evaluation

of emissions from indoor activities and materials

As a complement to the present report, an opinion survey was

conducted in order to learn about the feasibility and advisability of

developing a standard protocol to assess the sensory impact of indoor

sources.

During March 1994, a questionnaire was sent to 25 researchers

in indoor air with interest in sensory issues. Enclosed is the cover

letter and the questionnaire. A total of 17 investigators responded, 16

of whom decided to fill it out.

As the enclosure shows, the survey asked about relevant

sensory responses to be measured, exposure times, characteristics of

the subjects to be tested, methods of sensory judgment and

environmental conditions for testing, among other issues.

Results of the survey

Table I (appendix) presents the outcome for each multiple choice

question in terms of the number of times that each choice was

selected. In the case of questions C) 2) and E) 2), the actual responses

of each participant are listed.
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Item A): Relevant sensory responses

In relation with the question of which sensory channels should be

judged, the choices with the highest number of votes included: odor,

nasal pungency (irritation), eye irritation, and throat irritation. Fewer

participants chose overall irritation or overall sensory impact.

When judging more than one sensory attribute, the responses

where equally distributed among those favoring to do it upon the same

presentation of the stimulus versus those favoring to do it upon

different presentations.

Regarding sites to be exposed, the options whole body and nose

alone came out as first and second in number of responses, though the

other options — eyes alone, nose and eyes together, and whole face —

gathered about half a dozen responses.

In response to what sensory reactions should be included,

perceived intensity and acceptability were, in that order, the first and

second most voted options, with annoyance and character (viz. odor

quality) falling behind them. Again opinions were approximately equally

divided between those favoring separate presentations of a stimulus,

when more than one sensory reaction needs to be judged, and those

favoring a simultaneous assessment of different sensory reactions on

the same presentation — confirming the results of question A) 2).

Item B): Duration of exposure
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Most of the respondents felt that while exposures to assess

odor should last in the order of seconds up to a few minutes,

exposures to assess irritation should last longer: minutes up to one or

more hours. Also, there was a general agreement that the time-course

of sensory responses should be studied both for odor and, particularly,

for irritation.

Item C): Characteristics of the subjects (panelists, judges)

When asked about how sophisticated the panel subjects should

be, the choices "untrained subjects" and "screened subjects" were cited

the most. Nevertheless, some respondents felt it depends on the case,

preferring untrained subjects when using large panels or when asking

sensory responses regarding acceptability, whereas preferring

screened or even trained subjects when using small panels and/or when

asking for sensory responses regarding perceived intensity or

thresholds.

Regarding the age range of panelists the most common response

was the range from very young adults (18-20 years) to older adults (in

their 60's or 70's). There was agreement on having a male/female

balanced panel (50-50) with a tolerance of 40-60 on either side.

Everybody agreed on testing "never smokers", and many also selected

"former smokers" and/or "smokers" for inclusion in the panel.

Analogously, everybody agreed to include subjects with normal
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sensitivity, and about half the responses also favored including

subjects with below and above normal sensitivity.

In response to the number of subjects that a panel needed, the

most common choices were 11 to 25 and 26 to 50. Comments were

made about using less subjects if they are trained or practiced, and

using more subjects if, for example, a generalization is needed.

Item D): Methods of judgment

For judging perceived intensity of odor and of irritation, the

choices selected most often were category rating and visual analogue

rating. Nevertheless, the method of dilution to threshold for

compilation of "odor (or irritation) units" and that of matching to a

reference chemical got also some votes — more in the case of odor

than in that of irritation.

For judging annoyance, the most common choices were, again,

category rating and visual analogue rating. Interestingly, for judging

acceptability, the choice getting the most votes was "yes/no", followed

by just one vote by category rating and visual analogue rating.

Additionally, most of our respondents felt that threshold sensory

responses (odor, nasal irritation, eye irritation) should be measured,

though a few discouraged threshold measurements.

Item E): Environmental conditions
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The majority of opinions favored testing sensory responses

under various environmental temperatures (most in the range 19 to 26

°C) and humidities (20 to 80 %RH). Nevertheless some felt that

sensory testing should be done at some standard condition (e.g., 23°C

and 50%RH).

Regarding the accuracy for control of temperature and humidity,

most responses tolerated between ±0.5 and ±2 °C for the former, and

between 3 and 5 %RH for the latter.

Item F): Chemical measurements

In response to the question of whether results will be meaningful

only when chemical analysis is performed in coordination with sensory

analysis, most responses were "yes", though some disagreed with the

words "meaningful only", changing it to "meaningful maximally", or

suggesting that it was not necessary to take chemical measurements

every time a sensory response was prompted.

Item G): Other indices

In answer to the question of whether objective indices should be

collected along with sensory responses when feasible, most

respondents checked "yes". Cited among these objective indices there

were: 1) for odor and nasal irritation: respiratory parameters, both

time- and volume-based (e.g., nasal airway resistance, respiratory
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rate, tidal volume), and 2) for eye irritation: blink rate, tear-film

stability, corneal and/or conjunctival staining.

Item H) Field relevance

Most respondents felt that it was important for any tentative

protocol to be directly applicable to field conditions (e.g., actual

buildings). Nevertheless, some respondents recognized the difficulty of

controlling some parameters in the field (e.g., ventilation) and

suggested the possibility of having different protocols in the lab and in

the field.

Conclusions of the survey

First of all, it must be clearly pointed out that the results

represent the opinions of only 16 investigators from the United

States, Europe, and Japan. This is a very small sample, even

considering that the number of researchers focused on sensory

responses to indoor pollutants is relatively small compared with those

in other fields of indoor air research.

Nevertheless, the present pilot survey was not meant at all to be

exhaustive. Its main purpose was simply to scan what the issues are in

this particular domain. From the comments obtained we conclude that

the topics covered are the fundamental ones in the area. With an

approximately 70% response rate, none of the respondents felt that

some important issues were left untouched. On the contrary, it was
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considered quite complete. If an exhaustive survey deserves merit, our

questions could be reorganized, reformulated, and the effort could

take a more formal approach, but the fundamental topics are there.

The outcome suggests that a general consensus can be obtained.

Some of the details might need to be worked out but from this

preliminary response we feel that the task can be accomplished.

Tentative protocol for sensory evaluation of emissions from materials

With the limitations already mentioned, the present report and

survey have served to identify the topics to be addressed. Following is

a summary of the recommendations that the majority of the

contestants have agreed upon for inclusion in a future protocol for

sensory evaluation of emissions:

1) Perception
to be rated: a) Sensory intensity: odor

nasal pungency (irritation)
eye irritation
throat irritation

b) Acceptability

2) Stimulus presentation: a) Whole body

b) Nose

3) Subjects: a) Untrained
Ages 18 and up

b) Screened
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4) Number of Subjects: At least 10, preferably between 20 and 30

5) Rating method: a) Continuous scales with verbal 
anchors, and simultaneous scaling 
of one or more reference chemicals

b)" Yes-No" for Acceptability judgments

6) Exposure time: a) Brief presentations (seconds)

b) Longer exposures (minutes, hours)

7) Environmental
     conditions: Explore the effect of temperature (19 

to 26 °C) and humidity (20 to 80 %RH) 
on sensory perception of emissions
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TABLE I (appendix). Results of survey of opinion, expressed as number of
times that a particular choice was selected for each question — except for
questions C) 2) and E) 2) where actual responses are presented.
A)

1) a) 16 2) a) 8 3) a) 9 4) a) 15
b) 14 b) 9 b) 6 b) 12
c) 13 c) 5 c) 9
d) 12 d) 6 d) 9
e) 6 e) 11 e) 6
f) 8 f) 7

B)
1) a) 8 2) a) 11

b) 6 b) 3
c) 3

a) 2 a) 9
b) 8 b)
c) 7

C)
1) a) 7 3) a) 4

b) 6 b) 7
c) 2 c) 6
d) 5 d) 2

e) 1

    2) a) 18-40 b) 40-60 c) i-ii-iii d) e)
    18-70    depends     i-ii-iii        ii
    21-35     35-65     i-ii-iii      i-ii-iii
    21-50     50-50        ii-iii         ii-iii
    20-60     50-50     i-    iii         ii
    10-65     50-50     i-    iii         ii

               ii
    18-75     50-50      -ii-iii      i-ii-iii
    18-64     50-50      -ii-iii         ii
    18-70     40-60          -iii         ii
    18-80     50-50     i-ii-iii      i-ii-iii
    18-40
    20-60     50-50     i-ii-iii      i-ii-iii
    20-50     40-60     i-ii-iii         ii

    50-50     i-ii-iii      i-ii-iii
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D)
1) a) 6 2) a) 4 3) a) 6 4) a) 7 5) a) 9
    b) 10     b) 9     b) 6     b) 6      b) 3
    c) 11     c) 10     c) 2     c) 6
    d) 7     d) 2     d) 2     d) 1
    e)     e)     e) 1

E)
1) a) 9 2) ± 2 °C; ± 5 %RH
    b) 5        1 5

       2 5
       0.2 2
       2 5
       1 5
       0.5 3
       1 5
       2 5
       0.5 5
       0.2 5

F) G) H)
1) a) 9 1) a) 8 1) a) 8
    b) 6      b) 5           b) 3
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Dear colleague:

We at the John B. Pierce Laboratory have been reviewing the
feasibility and advisability of using human panels to make sensory
evaluations of emissions of pollutants both from activities that take
place in indoor spaces, such as smoking, and from building materials
and furnishings.  Our concerns focus principally on laboratory studies,
though field-application is not irrelevant.  

A possible outcome of the project may be development of a
tentative standardized protocol to assess the sensory impact of
indoor sources.  Existing psychophysical procedures may become
components in such a protocol, but presumably a new protocol would
specify details more thoroughly than any existing published protocol.  I f
a standardized protocol proved feasible and advisable, it might allow
selection of materials with negligible adverse sensory impact according
to a uniform criterion.

The enclosed questionnaire is being sent to investigators
interested in the acute effects of indoor pollutants.  Even if you do not
feel that you are an expert on sensory perception, you may still wish to
express opinions about matters raised in the questionnaire.  I would be
very grateful if you would spend a few minutes answering the
questionnaire and returning it to me by June 30, 1994.

If you have used or are using a particular protocol, I would
appreciate very much if you could send it along with the completed
questionnaire.
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Thanks very much for your help.  We will be happy to share the
information gathered from this effort.  Please indicate at the end of
the form whether you would like a report of the compiled results.

Yours truly,

J. Enrique Cometto-Muñiz, Ph.D.
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SURVEY OF OPINION REGARDING A TENTATIVE PROTOCOL FOR SENSORY
EVALUATION OF EMISSIONS FROM INDOOR ACTIVITIES AND MATERIALS.

Introduction: Please read through the questionnaire once before
you begin to answer.  Circle the letters or numbers corresponding to
your answers (more than one choice may apply).  Feel free to make
comments of any length.  For some issues, your answer may depend on
feasibility more than on desirability and we would be particularly eager
to obtain your comments in such instances.  When asked, for example,
whether exposure should involve the whole body, you may consider it
unreasonable to expect all potential users of a protocol to have the
facilities that would make a controlled whole-body exposure feasible.
Your comments will help us interpret your answer.

For present purposes, we do not address the potential toxicity of
the pollutants to human subjects.  Please assume in your answers that
such toxicity is not an issue, though in practice it will need to be.

A) Relevant sensory responses

1) What sensory channels should be judged: (Circle all that apply)

a) Odor.

b) Pungency (irritation) in the nose.

c) Irritation of the eyes.

d) Irritation of the throat.

e) Overall  irritation, without respect to channel.

f) Overall sensory impact, i.e., odor and irritation 
together.

Comments:
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2) If judging more than one channel (e.g., odor, irritation in
nose, and irritation of eyes), when should the judgments be made?

a) Upon the same presentation of a stimulus.

b) Upon different presentations of the stimulus.

Comments:

3) What sites should be exposed to stimulation? (Circle all that
apply)

a) Nose alone.

b) Eyes alone.

c) Nose and eyes together.

d) Whole face.

e) Whole body.

Comments:
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4) What sensory reaction(s) should be included? (Circle all that
apply)

a) Perceived intensity.

b) Acceptability.

c) Annoyance.

d) Character (viz., odor quality).

e) More than one should be assessed, but separately, i.e., 
on separate presentations of the same stimulus.  

Specify reactions

______________________________.

f) More than one should be assessed simultaneously on 
the same presentation of the stimulus. Specify 

reactions

______________________________.

Comments:

B) Duration of exposure

1) How long should exposures last for useful information about:

Odor  (specify)

a) ________ seconds, or

b) _________ minute(s), or
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c) _________ hour(s)

Irritation  (specify)

a) __________ seconds, or

b) __________ minute(s), or

c) __________ hour(s)

Comments:

2) Should the time-course of sensory responses be studied?

For odor:

a) Yes, responses should be prompted every 
_______ seconds/minutes and over a total 

duration of _____ minutes.

b) No.

For irritation:

a) Yes, responses should be prompted every 
_______ seconds/minutes and over a total 

duration of _____ minutes.

b) No.

Comments:
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C) Characteristics of the subjects (panelists, judges)

1) How sophisticated should the subjects be? (Circle choices)

a) Untrained subjects who learn the basic rules of 
participation (e.g., how to sample the stimulus, 

how to judge intensity), but who neither pass a 
stringent test for inclusion nor receive corrective 
feedback about their performance.

b) Screened subjects who must pass a test of sensory 
performance before inclusion, but who receive no 

corrective feedback about their performance 
relative to that of the group.

c)  Trained subjects who must pass a test for inclusion, 
who undergo some hours of drill in the procedures 

of the tests, and whose performance is monitored 
for accuracy.

d) It depends on the sensory response.   
For (specify)_______________ judgments, one 
should use:

a) Untrained subjects.

b) Screened subjects.

c) Trained subjects.

  For (specify)_______________ judgments, one 
should use: 

a) Untrained subjects.

b) Screened subjects.
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c) Trained subjects.

   For (specify) _______________ judgments, one 
should use: 

a) Untrained subjects.

b) Screened subjects.

c) Trained subjects.

If you advise screening or training, please outline the 
procedure(s):

Comments:

2) What recommendations would you make about inclusion of
subjects based on the demographic characteristics?

a) Age range: (specify) age _______ to age ________.

b) Gender: (specify acceptable range of male-female 
percentages, e.g. 50-50, 40-60) _______.

c) Smoking history: (circle acceptable choices)

i)   current smoker

ii)  former smoker

iii) never smoker
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d)  Chemical sensitivity indicated by self-report:  (circle 
choices)

i)   below normal sensitivity

ii)  normal sensitivity

iii) hypersensitivity.

e) Others (specify):

Comments:

3) How many subjects should be used?

a) 10 or less.

b) 11 to 25.

c) 26 to 50.

d) 51 to 100.

e) more than 100.

This question may have no simple answer or may require 
considerable qualification. It may be desirable to run more 
untrained subjects than trained subjects. Nominal scale 
judgments (e.g., yes/no) may require more subjects than 
interval scale judgments (e.g., ratings) [see below regarding 
scales]. One might even argue that a standardized protocol 
should aim at devising procedures that would allow judgments 
from only a few subjects in order to reach decisions 
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expeditiously. Hence, one might see the number of subjects as 
a goal rather than an established fact. Please comment freely.

Comments:

D) Methods of judgment

1) What kinds of judgments should subjects make to
indicate perceived intensity of odor? (Circle choices)

a) Dilution to threshold for compilation of "odor 
units".

b) Numerical rating by categories (e.g., scale of 0 
to 5, typically accompanied by annotations 

such as just detectable, mild, etc.)

c) Visual analogue rating (e.g., marking or setting a 
line length).

d) Matching to a reference chemical. If so, which 
chemical is preferable and by what means 

should it be delivered? 
___________________________________

e) Judgments of perceived intensity of odor are not 
needed.

Comments:
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2) What kinds of judgments should subjects make to
indicate perceived intensity of irritation? (Circle choices)

a) Dilution to threshold for compilation of 
"irritation units".

b) Numerical rating by categories (e.g., scale of 0 
to 5, typically accompanied by annotations `

such as just detectable, mild, etc.)

c) Visual analogue rating (e.g., marking or setting a 
line length).

d) Matching to a reference chemical.  If so, which 
chemical is preferable and by what means 

should it be delivered? 
___________________________________

e) Judgments of perceived intensity of irritation 
are not needed.

Comments:

3) What kinds of judgments should subjects make to
indicate annoyance?

a) Numerical rating by categories (e.g., scale of 0 
to 5, typically accompanied by annotations 

such as not at all annoying, mildly annoying, 
etc.)
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b) Visual analogue rating (e.g., marking or setting a 
line length).

c) Matching to a reference chemical.  If so, which 
chemical is preferable and by what means 

should it be delivered? 
___________________________________

d) Judgments of annoyance are not needed.

Comments:

4) What kind of judgments should subjects make to indicate
acceptability/unacceptability (or satisfaction/ dissatisfaction)?

a) Yes/No.

b) Numerical rating by categories (e.g., scale of 0 
to 5, typically accompanied by annotations).

c) Visual analogue rating (e.g., marking or setting a 
line length).

d) Matching to a reference chemical.  If so, which 
chemical is preferable and by what means 

should it be delivered? 
___________________________________

e) Judgments of acceptability/unacceptability are 
not needed.

Comments:
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5) Should threshold sensory responses be measured?

a) Yes, for the following sensory 
impressions:______________

b) No.

Comments (e.g., if answered Yes, which threshold method(s) 
should be used?):

E) Environmental conditions

1) Should sensory responses be tested under various
environmental temperatures and humidities?

a) Yes. Sensory responses should be tested under 
the following pairs of temperature and 

humidity:___________________

b) No. All sensory responses should be measured at 
____ (specify temperature), and ____ 

(specify % relative humidity).

Comments:
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2) How rigidly should ambient temperature and humidity be
controlled for testing?  Specify tolerances _____° C; _____% RH.

Comments:

F)  Chemical measurements

1) Will results be meaningful only when chemical analysis is
performed in coordination with sensory analysis?

a) Yes.

b) No.

Comments:

G) Other indices

1) Should objective indices (e.g., respiratory patterns,
physiological measurements) be collected along with sensory responses
when feasible?

a) Yes (please specify candidate indices):

b) No.
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Comments:

H) Field relevance

1) Should any tentative protocol be directly applicable to
field conditions (e.g., actual buildings)?

a) Yes.

b) No.

Comments:

Information about respondent:

Name (optional) ____________________________ 
(Responses will not be attributed to particular individuals 
without permission).

a) I have/have not (circle) conducted studies on sensory 
perception.

b) I have/have not (circle) studied acute reactions (sensory or 
other) to indoor pollutants in the laboratory.

c) I have/have not (circle) studied acute reactions (sensory or 
other) to indoor pollutants in the field.
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d)  I feel poorly qualified/moderately qualified/well qualified 
(circle) to express opinions regarding methodology for 
lab sensory studies of indoor pollutants.

If you would like to receive the compiled results, please list
mailing address:

_________________________________________________

 _________________________________________________

_________________________________________________

 _________________________________________________

_________________________________________________
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Fiqure 11. The perceived magnitucte ff36) of a two+omponent mixture may be aqual

to, l€ss than, or great€r than the perceived magnitudes (Ya, Yb) of its components'

Various possibirities are shown here. In this irtustration, the perceived magnitude ot

component'a smelted alone iS 4, fiat Of cOmponent'b' smdted alone lS 8' From Cain

and Drexler, 1974.
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