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An injection olfactometer for humans and a new
method for the measurement of the shape

of the olfactory pulse
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An injection olfactometer for human psychophysical experiments is described. The olfactometer
is capable of presenting, either mono- or birhinally, single odorants and binary mixtures. The pulse
form of the olfactory stimulus at the exit of the olfactometer approaches a rectangular form, which
makes the olfactometer well suited for olfactory reaction time measurements. Since stimulation pe
riods are independent of the subject's inhalation, time-intensity measurements over prolonged pe
riods of time are possible as well. In the second part of this paper, a new technique is described for
the measurement of the stimulus pulse form at the exit of the olfactometer.

In olfactory research, olfactometers are used as a tool
to present stimuli ofdifferent odorous qualities and well
defined concentrations to either human or animal sub
jects. Three stimulus variables are especially important
for olfactory perception: stimulus concentration, stimu
lus flow rate, and stimulus duration. The predominant in
fluence of these variables on olfactory perception has
been demonstrated by a number ofinvestigators (de Wijk,
1989; Kobal, 1981; Laing, 1982; Overbosch, de Wijk,
de Jonge, & Koster, 1989; Rehn, 1978). In most cases,
the control of these variables is limited by the fact that
the stimulus is presented to the subject by way ofthe sub
ject's inhalation. Consequently, the stimulus duration is
limited by the duration ofan inhalation, and the flow rate
is not constant. Additionally, individual differences
occur in flow rates and inhalation durations. To avoid
these stimulus control problems, some olfactometers in
ject the stimulus directly into the nose ofthe subjects. As
a result, stimulus presentation is independent of the sub
ject's breathing, and, consequently, duration and flow
rate can be controlled. One of the first injection olfac
tometers was developed by Elsberg and Levy (1935).
Other injection olfactometers were developed by Stuiver
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(1958) and, more recently, by Benignus and Prah (1980)
and Kobal (1981,1985; Kobal & Hummel, 1991).

In order to gather precise information on time-dependent
aspects of olfactory sensations, an olfactometer that
met the following criteria was required: (1) a method of
stimulus presentation independent of the subject's in
halation; (2) fast delivery ofthe odorant into the nose (ad
ditionally, the olfactory pulse should approach a rectan
gular form); (3) availability of a wide range of stimulus
durations; (4) availability of a wide range of stimulus
concentrations to present stimuli at threshold and
suprathreshold levels; (5) rapid shifting times between
concentrations; (6) independent stimulus presentation of
at least two different odorants into one or both nostrils.
Additional criteria were to be met regarding aspects ofthe
olfactometer influencing the subject's reactions and the
subject's sensory condition during experimentation: (7) a
constant flow through the subject's nose both in the case of
stimulation and in the case of nonstimulation in order to
ensure that the subject responds only to olfactory or
trigeminal cues, and not to tactile or somatosensory cues;
(8) humidity and temperature conditioning of the injec
tion flow in order to avoid irritation during prolonged
stimulus presentation. Finally, administrative aspects of
experimentation defined two more criteria: (9) automatic
presentation of series of two odorants with various con
centrations and durations; (10) linkage oftiming ofstim
ulus presentation and response acquisition. Although
other olfactometers met some of these criteria, none of
these olfactometers provided a wide concentration range
plus rapid shifting times between these concentrations
(criteria 4 and 5).
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THE OLFACTOMETER

A schematic representation of the olfactometer is
given in Figure 1. The olfactometer consists oftwo types
of channels: air channels and nitrogen channels. The ni
trogen channel consists oftwo odorant lines. Nitrogen was
used for the odor lines because nitrogen is less reactive and
cleaner than air. One odorant is vaporized in each odor
ant line, and the resulting odorant/nitrogen mixture can be
diluted in several steps by means of three dilution units.
During stimulation, the odorant/nitrogen flow is injected
into one or both air flows (at A or B; see Figure 1), which
lead to each of the subject's nostrils (L and R; see Fig
ure 1). The configuration ofboth channels is discussed in
more detail below.

Air Channel
The air is drawn in from outside the building. After

being compressed and led through oil and carbon filters,
the air is divided into two equal flows, each leading to
one of the subject's nostrils. The flow rates are measured
by flow meters (Brooks rota meters) and set by needle
valves C and D (Nupro stainless steel fine-metering

valves) at 4,300 ml/min (Figure 1). To raise the relative
humidity of the air to a constant value of 80%, each of
the flows is led through a gas-washing bottle containing
warm water at a constant temperature of 33° C. Further
more, both air ducts are surrounded by a water mantle.
The water in this mantle is kept at 40° C and is circulated
by a pump. The hot water heats the air flowing through
the ducts. A similar method has been used by Kobal
(1981,1985; Kobal & Hummel, 1991). At Land R (Fig
ure 1), each air duct ends in a duct with a smaller diam
eter (Y8 in. instead of Y4 in.). The smaller ducts end in re
placeable Teflon nose pieces. During stimulation, the
nose pieces are placed in each of the subject's nostrils.
The humidified air at the nose pieces is at body temper
ature (37° C), which is experienced as comfortable by the
subjects.

Nitrogen Channel
This channel consists of two odor lines, each for the

dilution of one odorant. Since these two odor lines are
identical, only one will be described here and shown in
Figure 1.Coming from an expansion vessel (custom-made
from aluminum with a volume of 2 L) that serves to re-
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Figure 1. Injection olfactometer for the presentation of two odorants. The olfactometer consists of two
channels: the air channel, which delivers 4,300 m1/min (controUed by needle valves C and D) ofmtered,
warmed, and humidified air to each ofthe subject's nostrils (L and R), and the nitrogen channel, where odor
ant flowsare generated (odor lines 1 and 2; odor line 1 is shown in detail). The amount of odorant flowis con
troUed by needle valves E and F. Air and nitrogen channels are connected at A and B. Injection ofthe odor
ant into the air flow takes place when the electromagnetic solenoids (G) are operated. The numbers refer to
flow rates in milliliters per minute.
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duce fluctuations in the pressure of the incoming flow,
thus creating a smooth outgoing flow, the flow ofcleaned
and filtered nitrogen is divided into two flows, which are
controlled by needle valves E and F (see Figure 1) and
measured by flow meters. Normally, the valves are set at
a flow of 45 and 555 ml/min, respectively. The smaller
flow is led through a pair of odor vessels (two over-the
surface saturators, each with a length of 15 cm and a di
ameter of 1.5 em; see Dravnieks, 1975, for a more de
tailed description). The odor vessel is partly filled with
an odorous liquid. The nitrogen flow carries the odorous
vapor away with a maximal flow rate of 100 ml/min,
which is low enough to guarantee a saturated flow for
almost all odorants (Dravnieks, 1975). The odor vessel
is held at a fixed temperature of 15° C by means of a
thermostatic bath. The odorous nitrogen flow is intro
duced into the larger flow, where the odorous flow is
13.3-fold (600/45) diluted (diluted to 7.5% of vapor sat
uration). In this way, an odorant flow of600 ml/min is ob
tained.

When this odorant flow enters the odor line, it is split (at
H, see Figure 1) into two smaller flows of300 ml/min each.
Each flow passes three dilution units and is introduced into
one or both of the air flows (at A and B, see Figure 1),
which lead to the subject, in the case of stimulation.

A dilution unit is represented schematically in Fig
ure 2. The unit consists ofan odorant flow (300 ml/min),
an equally large nitrogen flow, two electromagnetic
computer-controlled dilution solenoids J and K (Burkert
3-way solenoids, 24 V, response time [RT] = 10 msec),
and two needle exhaust valves (1 and 2) (Nupro stainless
steel fine-metering valves). Depending on the setting of
J and K, some amount of flow is drawn away either from
the odorant flow or from the nitrogen flow. Together, J
and K draw away 300 ml/min. Dilution takes place by
drawing away some of the odorant flow and adding an
equally large amount ofodorless nitrogen to the remain-
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Figure 2. Example ofa dilution unit consisting ofan odorant flow
(300 mllmin), a nitrogen flow (300 mllmin), two electromagnetic se
lenoids (J and K), and two exhaust needle valves (l and 2). Combined,
1 and 2 draw away 300 mllmin from the olfactometer. In this exam
ple,60 mllmin is drawn away from the odorant flow, and 240 mllmin
is drawn away from the nitrogen flow.Consequently, the odorant flow
is diluted by a factor of 1.2 at L. Operating J and K results in a five
times diluted odorant flow at L.

ing odor flow. The result is a flow (at L) with the same
flow rate as the undiluted odorant flow (300 ml/min), but
with a lower concentration of odor.

The dilution mechanism is described in more detail in
the following example. The flows drawn away from the
odorant and/or nitrogen flow are adjusted by means ofex
haust needle valves 1and 2 in such a way that 1 draws away
approximately Ysth (= 60 ml/min) of a flow and 2 draws
away the remaining 'Ysth ofthat flow (= 240 ml/min). Com
bined, 1 and 2 draw away the full amount ofone flow (ei
ther odorant or nitrogen). An undiluted odorant flow at
L is obtained if 1 and 2 draw away the full amount ofni
trogen. Alternatively, the solenoids J and K can be oper
ated in such a way that Ysth of the odorant flow and 'Ysth
of the nitrogen flow are drawn away (this situation is de
picted in Figure 2). Thus, 'Ysth ofthe odorant flow is added
to Ysth of the nitrogen flow. This results in a 1.2-fold (or
to 80% of its original concentration) diluted odorant at
L. Finally, J and K can be operated in such a way that
'Ysth of the odorant flow and Ysth of the nitrogen flow is
drawn away. This results in a 5-fold (or to 20% of its
original concentration) diluted odorant at L.

Three dilution units, all with different dilution ratios,
are placed serially. The dilution ratios are approximately
Y3 and 2;3, Y4 and %, and Ys and 'Ys, respectively. From all
possible combinations of the various dilution ratios, only
21 combinations were used. These combinations were
chosen because they resulted in concentrations that were
well spaced over the full concentration range.

Final dilution of the odorant takes place when the
odorant flow is injected into the larger air flow (at A and
B; see Figure 1). This dilution factor is constant (4300/
300 = 14.3). Odorant dilution varies in 21 steps between
191 (13.3 X 14.3) and 11,460-fold (191 X 60) (or be
tween 0.0087% and 0.52% ofvapor saturation) by means
of the electromagnetic solenoids. Each additional dilu
tion step further dilutes the odorant with a factor of ap
proximately 1.25. Figure 3A shows an ion chromatogram,
with relative selected ion abundances measured by mass
spectrometer, for 16 of the 21 dilution steps. Although
the dilution range is broad enough to cover both thresh
old and suprathreshold concentrations for most odor
ants, it can be changed by changing the flow through the
odor vessel (maximum 100 ml/min) by adding extra by
passes between the odor vessel and rest of the olfactome
ter, by increasing the surface area of the odorant in the
odor vessel by lengthening the saturators, or by changing
the temperature of the thermostat bath.

Injection of the odorant flow into the air flow takes
place when the electromagnetic injection solenoid G
(see Figure 1) is operated in such a way that, instead of
the odorant flow, an equally large amount ofair is drawn
away from the air flow; that is, part of the air flow is re
placed by the odorant flow. The flow rate, and conse
quently the pressure measured by water manometer P
(Figure 1), remains, therefore, always the same, inde
pendent ofthe position ofthe electromagnetic dilution or
injection solenoids. A similar injection system was first
used in an olfactometer constructed by Kobal (1981). In
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Figure 3. (A) Single real-time ion chromatogram (M = 2,200 V, M1z= 81, dweB= 20) of 16 dilution steps for n-hexane. The factor between
steps equals approximately 1.25. The concentration range for hexane is 8,853 to 354,116 ppb. (B) Single real-time ion chromatogram (M =

2,200 V, M1z= 68, dwell = 20) of d-Limonene (7,830 ppb) presented for 1 min. (C) Single real-time concentration measurement with a Photo
Ionization Detector of one concentration of n-hexane (354,116 ppb) presented from odor line 1, the same concentration of hexane from odor
line 2, and a combination ofthe concentrations of hexane from odor lines 1 and 2.

the present olfactometer, solenoids are used not only for
stimulus injection but also for stimulus dilution.

The concentration build-up ofthe stimulus at the nose
pieces is fast due to the high linear speed of the flow
through the last part of the olfactometer (between A and
L, and Band R; see Figure I), and due to the fact that the
pressure in the olfactometer always remains the same.

The time delay between the moment that the injection
solenoid is operated and the arrival of the first odor mol
ecules at the nose pieces is calculated to be 170 msec.
The subsequent time delay between the arrival of the
first molecules at the nose pieces and the moment that
the odor concentration has reached full strength is de
pendent on the odorant. The exact concentration build-
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up times for some odorants, measured at the nose pieces,
are given in the final section of this paper.

Materials
The olfactometer is constructed in such a way that no

cocks, needle valves, solenoids, capillaries, or other po
tential sources of contamination by odorants are placed
in the ducts leading to the subject. Teflon and stainless
steel are used as wall materials for the ducts. Only stain
less steel was used for valves, fittings, and other parts.
These materials are easy to clean in the case of contami
nation by odorants, and their adsorbing capacity is lim
ited (Dravnieks, 1975).

Calibration
Calibration of the olfactometer involves the adjust

ment of the following: (I) the flow through each of the
air ducts (4,300 mil min); (2) the flow through each ofthe
nitrogen ducts (300 mll min); (3) the flow through each
of the odor vessels and bypasses; and (4) the flow drawn
away from the olfactometer by means of the exhaust
needle valves.

Adjustment of I, 2, and 3 is carried out by means of a
combination of built-in needle valves and flow meters.
First, the flow meters themselves were calibrated. Sec
ond, the function between flow rate and pressure in
crease, measured at P (Figure I), was established, which
allows the use of pressure for flow calibration purposes.
This eliminated the need for the installation of flow me
ters in every air or nitrogen duct.

Adjustment ofeach ofthe exhaust needle valves proved
more difficult. The flow through each of these needle
valves cannot be measured directly by means of (ball)
flow meters, since odorous materials would stick to the
parts of the flow meter, which would prevent the ball
from floating freely through the flow meter. This would
result in inaccurate measurements. Additionally, the large
number of valves would require a large number of flow
meters. For these reasons, another calibration method was
developed, in which the water manometer (P; see Figure I)
was used. The amount of flow drawn away through each
of the exhaust needle valves is a function of the differ
ential pressure between the olfactometer and the under
pressure in the ventilation system, caused by the vacuum
pump. The differential pressure is controlled by the ex
haust needle valve placed after each electromagnetic so
lenoid. If the underpressure is kept constant, the flow
through each exhaust valve is a direct function ofthe pres
sure drop in the olfactometer caused by the flow drawn
away. The pressure drop is measured by P. Each exhaust
valve is calibrated with only one flow (300 mllmin) enter
ing the olfactometer, and all other exhaust needle valves
are closed. To compensate for the change in underpres
sure when the olfactometer is fully functioning, a flow
equal to the combined flow through all exhaust needle
valves (except the one being calibrated) is injected di
rectly into the ventilation system.

Afterward, when all exhaust needle valves had been
calibrated separately, and the olfactometer was fully func-

tioning, the result ofthe pressure calibration was checked
by a Photo Ionization Detector (PID, HNU systems, Model
PI-52) and by a Mass Spectrometer (HP MS 5970), which
monitored one selected ion and used a gas chromato
graph as inlet. The pressure calibration method proved to
be satisfactory. Figure 3A shows an ion chromatogram
for the first 16 out of21 dilution steps. The dilution steps
are well distributed over the full concentration range.

A requirement for the use of time-intensity measure
ments is that the stimulus concentration delivered by the
olfactometer must remain constant over prolonged peri
ods of time. Figure 3B shows an ion chromatogram of
one stimulus presented over a period of I min. Indeed,
the concentration remains constant.

Finally, for the presentation ofbinary mixtures it is es
sential that the concentration ofone odorant at one nose
piece not be affected by the simultaneous presentation of
another odorant at the same nose piece. To test this, odor
lines I and 2 were filled with the same odorant. The con
centrations were measured both per odor line and for the
two odor lines combined. Figure 3C shows that the con
centration doubled when both stimuli were presented.
Thus, the presentation of one odorant did not affect the
simultaneous presentation of the other odorant.

The flow and concentration characteristics proved to
be very constant over the first 2 years of use. Although
the calibration was checked every day with the use ofthe
water manometer, recalibration of flows was necessary
only once every few months. After each experimental
day, the olfactometer was flushed with clean air running
through the odor lines. Thirty minutes before the start of
an experiment, water was added to the gas-washing bot
tles, and the heating for the gas-washing bottles and
water mantles surrounding the air ducts was switched on.
Subsequently, all other flows and the vacuum pump were
switched on.

Stimulus Control and Response Acquisition
The electromagnetic solenoids of the olfactometer are

controlled by an Apple lIe computer. The commands are
entered via the computer keyboard and executed by an
interface. The electromagnetic solenoids are controlled
either in a manual or in an automatic mode. The manual
mode gives on-line control of the electromagnetic dilu
tion and injection solenoids. In the automatic mode, an
experimental file is created first. This file consists of
codes of solenoids together with times at which the so
lenoid settings have to be executed (with an accuracy of
20 msec) during the automatic stimulus presentation (the
software, written in Apple BASIC, and the interface
were developed at the University of Utrecht).

Several response options are available: (I) For RT
measurements, an Apple timer is started when the injec
tion solenoid (G; see Figure I) is operated. The timer is
interrupted by a push button, pressed by the subject.
Subsequently, RTs are registered by the computer with
an accuracy of ±25 msec. In view of the relatively long
RTs in olfaction (ranging from approximately 500 to
4,000 msec), this accuracy was acceptable. (2) Perceived
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intensity measurements are carried out by means of a
slide wire potentiometer with a length 000 em. The per
ceived intensity is recorded either continuously over a
prolonged period of time (time-intensity measurement
with a maximum sample time of 240 sec, and a maxi
mum sample rate of seven samples per second), or dis
cretely at a predefined time period after the start of the
stimulation. Perceived intensities are registered by a
Kontron computer. Software, written in QBasic and de
veloped at the Unilever Research Laboratory, has been
used to analyze time-intensity measurements. The ma
terials used, as well as the method ofanalysis, have been
described by Overbosch, van den Enden, and Keur (1986).

Subjects and Preliminary Results
The olfactometer has been used extensively over a pe

riod of 2 years. Four subjects, between 23 and 28 years,
were first practiced to use velopharyngeal closure during
inhalation (see Kobal, 1981). With this method, the soft
palate is pressed up against the pharynx to eliminate any
flow between the nasal and oral cavities. Hence, activa
tion of the gustatory system during stimulation ofthe ol
factory system is eliminated. During practice, a fast
reacting thermometer was fitted under the subject's
nostrils. Inhalation or exhalation through the nose was re
vealed by a change in temperature. Within 15min, all sub
jects learned to breathe exclusively through the mouth.
Subsequently, the subjects participated in a series ofex
periments that included measurements on detection
thresholds and on the temporal processes of integration,
adaptation, birhinal interaction, and mixture interaction.
Detection thresholds obtained with the injection olfac
tometer were less sensitive than thresholds reported by
others using methods in which odorants were inhaled by
subjects. This difference in thresholds is probably related
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Figure 4. Examples of time--intensity functions for 1 subject. The
functions are the averaged results of 10 measurements per odorant.
The concentrations ofthe geraniol and eugenol, 527 and 16 ppb, re
spectively,are equal to 10 times the individual threshold concentra
tions. Sample rate is 1 sample/sec.

to the relatively low stimulus flow rate of the olfactome
ter (4.3 Ilmin vs. approximately 38 l/min for inhalations).
Stuiver (1958) has demonstrated the negative relationship
between detection threshold and stimulus flow rate. Ol
factory RTs (ranging from 500 to 4,000 msec, depending
on odorant and odorant concentration) and perceived in
tensities were recorded most often. Figure 4 shows an
example of'time-intensity measurements for one relatively
slow-adapting odorant (geraniol) and one relatively fast
adapting odorant (eugenol). Results have been reported
elsewhere (de Wijk, 1989; Koster & de Wijk, 1991; Over
bosch et al., 1989).

TENAX MEASUREMENTS

Knowledge ofthe exact moment ofpresentation of the
stimulus to the subject's nostrils, as well as knowledge of
the exact concentration build-up (or pulse shape), is nec
essary for the accurate measurement ofolfactory RTs, or
for the recording of olfactory-evoked potentials (Evans,
Kobal, Lorig, & Prah, 1993). The actual shape of the ol
factory pulse will always deviate from the ideal block
form due to adsorption of the odorous molecules to the
walls ofthe ducts of the olfactometer. The amount ofad
sorption is dependent on the odorant and on the con
struction of the olfactometer.

Several methods for the measurement of the pulse
shape have been used by others. Examples ofsuch meth
ods are the measurement of the volume that leaves the ol
factometer over a fixed period of time (Stuiver, 1958),
and the use of a particle flow in which the particles are
counted, or measured otherwise, when they leave the ol
factometer (Kobal, 1981). The value of the results ob
tained with these methods is somewhat limited, because
they do not take into account an important factor for the
actual pulse shape, the odorant. Others have measured the
pulse shape with the use of PIDs (Walker, Kurtz, Shore,
Ogden, & Reynolds, 1990). Our own experience with
PIDs and with mass spectrometers has shown that such
instruments are well suited for concentration measure
ments, but that their RTs are too long for accurate mea
surements ofthe concentration build-up (Figure 3A-3C).

A new method was developed by which the pulse shape
is measured for experimental odorants. In the case of an
instantaneous concentration build-up (see dashed line in
Figure 5), the relationship between the stimulus duration
(i.e., stimulus injection time), measured from the moment
that the first molecules reach the nose pieces, and the cu
mulative amount of odor that leaves the olfactometer, is
best described by a monotonic linear function. When the
concentration build-up lags behind (see solid line in Fig
ure 5) because ofadsorption, this relationship is nonlinear
for short stimulus injection times but becomes linear when
the concentration build-up is completed that is, for longer
stimulus injection times when the concentration that leaves
the olfactometer has reached a steady state.

The cumulative amount of odor that leaves one nose
piece of the olfactometer during various stimulus injec
tion times is adsorbed by tubes (Supelco thermal desor-
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SUMMARY AND CONCLUSIONS

In summary, it can be concluded that the present olfac
tometer fulfills the criteria mentioned in the introduction:
(1) Conditioning of the humidity and temperature of the

Table 1
Measured Points ofVola.rom (Vol) in Arbitrary Units for 1\vo

Concentrations ofn-Hexane and One Concentration of 1,8 Cineole
at Different Injection Times (IT)

graph (Volchrom)' relates, therefore, to the given volume
(Volten ) as:

Volchrom= B * (I - exp (-k2 * Volten» (1)

Data were collected for two odorants: n-hexane (pre
sented in two concentrations) and 1,8 cineole. Tenax
tubes were filled for periods ranging from 0.1 to 30 sec.
Nonlinear regression analysis using PROC NUN of
SAS (SAS Institute, Inc., 1987) was used to fit the data
of Table 1 to Equation 1. We weighted the observations
with the reciprocal standard deviation for stabilizing the
residual error. In this way we obtained estimated values
for breakthrough volume (B) and the fitting parameters
k, and k2• Subsequently, the value of T1 (Figure 6) was
estimated as the point of intersection ofthe time axis and
the tangent to the nonlinear regression curve. The re
sulting parameters and delay times are given in Table 2.

It can be concluded that the build-up time of the con
centration after the onset of the stimulation is less than
0.18 sec for a high concentration of cineole. Apart from
that, 0.17 sec should be subtracted from reaction times,
due to the time it takes for the odorant to travel from the
injection solenoid to the nose piece.

Vol

0.01
0.01
0.39
0.13
6.44
2.76
5.54
5.20
9.08
10.1
21.9
21.8
64.7
103
119

IT

1,8 Cineole
(960 ppb)

0.2
0.3
0.3
0.4
0.5
0.6
0.7
0.8
1.0
1.2
1.5
2.0
5.0
9.0

15.0
(15 points)

IT Vol

n-Hexane
(8,853 ppb)

0.2 0
0.2 0
0.3 0.15
0.5 0
0.5 0.33
0.7 0.69
0.8 2.11
0.8 0.54
1.0 2.38
l.l 2.55
1.2 1.54
1.4 3.57
1.5 2.54
1.7 3.90
1.8 4.33
2.0 3.53
2.2 5.82
3.0 5.03
5.0 6.43
7.0 8.20
9.0 10.3
15.0 14.1
(22 points)

Vol

0.38
4.26
1.72
5.25
8.22
6.29
11.4
19.6
30.0
24.2
17.2
24.9
23.6
23.8
26.6
25.9
20.7
24.0
32.4
36.1
38.9
55.9
47.7
42.1
58.5

n-Hexane
(354,116 ppb)

IT

0.2
0.3
0.4
0.4
0.5
0.5
0.7
0.8
0.8
0.8
0.9
1.0
l.l
1.2
1.3
1.4
1.4
1.5
1.8
2.2
2.2
3.0
3.0
3.0
4.0
(25 points)
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bers, 11.5 cm X 6 mm ([OD]) X 4 mm [ID]) filled with
Tenax-GC (Chrompack). Tenax-GC is a porous polymer
based on 2,6,diphenyl-p-phenylene-oxide (PPS-77
1148); it is suitable for preconcentration of high boiling
compounds, such as amines, alcohols, aldehydes, ke
tones, and aromatic compounds, on a gas chromato
graph. Nonpolar organics can be retained as well (Pankow,
Isabelle, & Kristensen, 1982). A Tenax measurement is
started when solenoid G is operated and the full amount
of odor/air flow that leaves the olfactometer is led through
a pair of Tenax tubes. A large vacuum pump and a nee
dle valve ensure that the amount of flow through the
tubes is equal to the amount of flow that leaves the ol
factometer. After various stimulus injection times, rang
ing from .1 to 30 sec after G is operated, the flow through
the Tenax vessels is terminated by a solenoid that redi
rects the flow through a bypass. Subsequently, the Tenax
vessels are removed and the cumulative amount of odor
in the vessels is measured with a gas chromatograph.
The result of a series of Tenax measurements is a func
tion of cumulative amount of odor versus stimulus in
jection time.

Formal Description
We chose to analyze the measured data with the use of

a formal representation of the build-up process accord
ing to an exponential function, which results if we as
sume that the increase in loss of odor due to adsorption
within the olfactometer is an exponentially decreasing
function of time. Following that, the total amount ofodor
presented by the olfactometer, and adsorbed in the Tenax
tubes (Volten)' as a function oftime (t) for Concentration
A of a given odorant is given by the following equation
(see the Appendix for a derivation):

Volten = A * (t - 1/ k1 * (I - exp( -k1 * t)))

(for a curved pulse shape).

The ability ofTenax to adsorb a given volume ofodor
ant is limited. The maximum volume retained by Tenax
is determined by the breakthrough volume, denoted B.
The volume of odor, as measured by a gas chromato-

Figure 5. Theoretical function of stimulus concentration versus
stimulus duration for a block-formed stimulus~dottedline) and for a
deviation ofthe block form (solid line). The horizontal asymptote re
flects Concentration A.
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Figure 6. Amount ofodorant (Voldlrom) measured as a function oftime. A: To is the moment at which the injection solenoid is operated (i.e.,
the stimulation starts); T 1 is the inferred moment at which the odorant reaches the nose piece at Concentration A. B: The horizontal asymp
tote reflects the breakthrough volume (8; i.e., no more volume ofodorant is adsorbed by the Tenax).

Table 2
Estimated Value ofthe Parameters for Two Concentrations of

n-Hexane and One Concentration of1,8 Cineole

air flows is assured by leading the air flows through warm
water bottles and by surrounding the air ducts by a warm
water mantle. (2) A wide range of concentrations is
achieved by leading the odorant flow through three dilution
units, and the use ofcomputer-controlled electromagnetic
solenoids enables rapid shifts between concentrations.
(3) The use of computer-controlled electromagnetic sole
noids also enables the automatic presentation of stimulus
series and the linking ofstimulus presentation and response
acquisition. (4) With regard to the aspects of the olfac
tometer that influence the subject's sensory conditions di
rectly, it can be concluded that the mechanism ofreplacing
odorant flows by equally large nitrogen flows ensures that
flow rate, and, therefore, pressure at the olfactometer's
exit, remains constant during periods of stimulation and
nonstimulation. (5) The injected flow, and the special
breathing technique of the subject, guarantees that stimu
lus presentation is independent of the subject's inhalation.
(6) The injection mechanism enables the presentation of
odorants over, in principle, unlimited periods oftime. The
mechanism is also suitable for the mono- or birhinal pre
sentation oftwo odorants. (7) Finally, the olfactometer pre
sents pulses that closely approach the rectangular shape, as
was shown by the results of the Tenax measurements.
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APPENDIX

When the concentration of a given pulse of odorant at the
nose piece of the olfactometer equals A, and the pulse shape
is perfectly block-formed, the cumulative volume of odorant
trapped in the Tenax tubes can be described easily. This volume
of odorant gathered in the Tenax tubes over a certain period
of time (I) after the beginning of the stimulation would equal

Volten = A * t

(for a block-formed pulse shape).

In the case ofa deviation from the ideal block-formed shape,
the Concentration A will not reach A immediately after the be
ginning of the stimulation. We chose to describe this build-up
of concentration in time by an exponential function:

Cone = A * (I - exp (-k1 * t)),

which results if we assume that the increase in adsorption
losses in the olfactometer is an exponentially decreasing func
tion of time.

Depending on the value ofthe constant k1, the concentration
approaches the level of A more or less rapidly. In this case, the

amount of volume retainable by the Tenax at the nose piece
would equal

Volten = (A * t) - oft (A * exp (-k[ * x)) dx

¢::> Volten = (A * t) - A/k[ * (-1 - exp (k[ * t))

¢::> Volten = A * (t - 1Ik[ * (I - exp (-k1 * t)))

(for a curved formed pulse shape).

The ability of Tenax to adsorb odorants is, however, limited to
a specific breakthrough volume (B). Again, we chose to de
scribe the retained volume (Voltet) as a function of the input
volume by an exponential curve:

Volret = B * (I - exp(-k2 * Volin)),

in which k 2 is a constant and Volinis the input volume. The vol
ume ofodorant as measured by the gas chromatograph (Volchrom)
as a function of the volume available at the nose piece can be
given accordingly:

Volchrom = B * (I - exp( -k2 * Volten)).

A simple substitution of Volten would express the volume of
odorant as measured by the chromatograph as a function ofthe
Concentration A. Since A is given, and Volchrom is measured at
different ts, values of the parameters k, and k2 and the break
through Volume B can be estimated by means ofa nonlinear re
gression analysis. With the estimated values of these param
eters, the value of T[ (Figure 6) can be deduced. This value
represents the estimated moment at which the full odor con
centration reaches the nose piece of the olfactometer.

(Manuscript receivedFebruary3, 1992;
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