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Abstract

Odor and lateralization (irritation) thresholds (LTs) for ammonia vapor were measured using static and dynamic olfactometry. The
purpose of the study was to explore the test–retest reliability and comparability of dynamic olfactometry methodology, generally
used to determine odor thresholds following European Committee for Standardization guidelines in the context of odor reg-
ulations to outside emissions, with static olfactometry. Within a 2-week period, odor and LTs for ammonia were obtained twice
for each method for 24 females. No significant differences between methods were found: mean odor detection thresholds
(ODTs) were 2.6 parts per million (ppm) for either method (P = 0.96), and mean LTs were 31.7 and 60.9 ppm for the static
and dynamic method, respectively (P = 0.07). Test–retest reliability was higher for the dynamic than for the static method
(r = 0.61 vs. 0.14 for ODTs and r = 0.86 vs. 0.45 for LTs). The choice of optimal method for any application, however, depends
not only on psychometric factors but also on practical factors such as physicochemical properties of the compound, availability of
equipment and expertise, task efficiency, and costs.
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Introduction

Airborne volatiles can provoke 2 types of sensations in the
nose: the first one being sensations of smell, mediated by

the olfactory nerve (CN I), and the second one being sensa-

tions of irritancy (typically: burning, tingling, or prickling),

mediated primarily by the trigeminal nerve (CN V; Doty

et al. 2004). Traditionally, the concentration at which indi-

viduals start to perceive an odor has been determined using

threshold detection procedures that involve a forced-choice

between blanks and odorant stimuli at varying concentra-
tions. More recently, a comparable method was developed

for determining the threshold for irritancy in the context

of an odor (Cometto-Muñiz and Cain 1998; Wysocki

et al. 1997). In this method, individuals are asked to lateralize

the stimulus to either the right or left nostril in a forced-

choice procedure in which one irritant stimulus and one

blank stimulus are presented simultaneously to either nostril.

This method is based on the principle that volatiles can be

lateralized only after detectable peripheral stimulation of
the trigeminal nerve but not after stimulation of only the ol-

factory nerve (Kobal et al. 1989). When using this method,

the irritation threshold is also referred to as the ‘‘lateraliza-

tion threshold (LT).’’ These threshold procedures have been

used to determine odor detection thresholds (ODTs) and

LTs for a variety of compounds and thus establish ranges

of stimulation for the sense of olfaction and irritation

(Wysocki et al. 1997; Smeets and Dalton 2002; Cain et al.
2005; Van Thriel et al. 2006). Additionally, because irritation

has been identified as one of the adverse effects workers may

experience when working with volatile organic compounds

(Dick and Ahlers 1998; Paustenbach 2001; Triebig 2002),

LT procedures are now finding their way into the field of

occupational hygiene, where they have been applied in the

context of setting occupational exposure limits for humans

(Smeets et al. 2006).
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Initially, LTs were determined using a static olfactometry

approach, in which each concentration step in a series of

stimuli is prepared from successive liquid dilutions of a single

chemical compound in an appropriate diluent. The nominal

stimulus for nasal stimulation is the gaseous headspace in
equilibrium over the liquid, which is actively sniffed from

a single closed container (often a bottle with a tight fitting

nosepiece: Prah et al. 1995). Static olfactometry can be quite

suitable when working with single chemical compounds or

simplemixtures. However, if the stimulus of interest is a com-

plex mixture of chemicals, stimuli cannot be so easily pre-

pared in containers in the laboratory. This would be the

case for establishing LTs for emissions from outdoor air
(but also indoor air, see Brown et al. 1994) such as industrial

or agricultural sources, which tend to be complex mixtures

and only rarely consist of a single chemical compound. The

alternative to static olfactometry would then be dynamic

olfactometry, which involves delivering a continuous, well-

regulated gas flow that contains odorized air mixed in vary-

ing proportions with a carrier gas (typically odorless air or

nitrogen: Prah et al. 1995). Here, the starting stimulus from
which the dilutions are prepared can be an air sample col-

lected in the field in Teflon or Tedlar bags. This practice

has increased the ecological validity of the data as compared

with static olfactometry, as it enables the assessment of

thresholds for a wide range of actually occurring exposures.

ODTs are already frequently obtained for emissions from

refineries, pulp mills, and agricultural settings and are then

applied in dispersion modeling for the purpose of odor
regulation and permit setting (Mahin 2001). Because in those

cases the air sample is difficult to characterize in terms

of composition and concentration, ODTs are typically

expressed in odor units per volume (OU/m3), in which per-

sonal thresholds are calculated from the number of dilution

steps necessary to arrive at that person’s threshold (CEN

2003; Dalton and Smeets 2004).

Although odor from outside exposures can be hedonically
unpleasant and annoying, and thus adverse, there is also

a need for a more ‘‘objective’’ endpoint of adversity from ex-

periencing exposure to outside air emissions. In analogy to

the indoor air field, irritancy experienced from stimulation of

the trigeminal nerve in the nose is an important endpoint for

characterizing industrial or agricultural emissions. Conse-

quently, LTs could be collected in addition to ODTs for

outside emissions using dynamic olfactometry to arrive at 2
independent endpoints of adversity. To date, LTs for ambi-

ent emissions air have rarely been collected: Schiffman et al.

(2001) presented ambient air collected outside of 4 subjects’

homes located 427 m downwind from a swine facility to one

nostril and charcoal-filtered air to the other nostril and

found that all 4 subjects were able to lateralize emissions

of swine waste to the nostril to which it was presented. This

outcome suggested that the compounds in the air surround-
ing their homes reached levels capable of stimulating nasal

irritation.

The present study collected LTs using dynamic olfactom-

etry equipment typically used to determine ODTs to outside

emissions. The aim of the study was to assess the test–retest

reliability and the comparability of this procedure to static

olfactometry. In order to enable the collection of LTs, the
olfactometer was adjusted to allow the presentation of sep-

arate airstreams to the separate nostrils (see Materials and

Methods). To determine the validity of the procedure, both

odor detection and LTs were collected using dynamic and

static olfactometry in the same subjects, and the results were

compared. Test–retest reliability was assessed by obtaining

each threshold type 4 times, twice per method.

To allow for a comparison between the 2 types of olfac-
tometry, we used the single chemical compound ammonia

(NH3), dilutions of which can also be prepared in bottles.

We selected ammonia for the following reasons: firstly, be-

cause it is a compound that is present in many industrial and

agricultural emissions. For example, 30% of the N2 input of

pig production in Europe is emitted as ammonia, both from

animal housing and manure application (IPPC 2003; in

Ogink and Aarnink 2003). Secondly, there have been few
publications stating ODTs for ammonia and even fewer stat-

ing LTs. In the Devos et al. (1990) compilation of olfactory

thresholds, the meanODT for ammonia is 5 parts per million

(ppm); Michaels (1999) refers the range of ODTs to be be-

tween 0.04 and 57 ppm; and Van Thriel et al. (2006) reported

a median of 0.05 ppm. LTs of around 37–67 ppm (Wise et al.

2005) have been reported, although in Table 3 of the Van

Thriel et al. study, the median LT for ammonia was higher
at 314 ppm. Ruth (1986) listed an irritation threshold (not

determined with the lateralization method) for ammonia

of 72.00 mg/m3, which is equivalent to 101.4 ppm at 20 �C
and 1013.25 hPa. Thus, in view of the scarcity of human

odor and irritation detection studies using ammonia, this

compound seemed appropriate for the present purposes.

Materials and Methods

Subjects

The medical ethics committee of the University Medical

Center Utrecht (UMCU) approved the protocol prior to

the start of this study. All research was performed in accor-

dance with the Declaration of Helsinki. Female subjects be-
tween 18 and 45 years of age who did not smoke, did not

have asthma, were not pregnant, had a normal sense of smell,

and who could attend all sessions were recruited by a local

employment agency and invited to attend a screening session

at the UMCU. At the start of this session, all subjects signed

informed consent. They thereupon received a rhinoscopic

examination performed by one of the coauthors who is an

ENT physician. Next, they were screened for allergies, chem-
ical sensitivities, respiratory disease, general health, and

prior chemical exposures by personal interview. The last por-

tion of the session involved a quick screening with butanol
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using a subset of the Sniffin’ Sticks (Hummel et al. 1997), to

ensure they had a normal sense of smell for this compound,

followed by a quick screening with several of the ammonia

stimuli expected to be around the odor and irritation thresh-

old to make certain that they would be able to detect the
stimulus of interest in this study. Only females without major

obstructions of the nasal airway or severe congestion of the

nasal mucosa, without (serious) allergies, chemical sensitiv-

ities, and having no frequent prior exposure to chemicals,

most notably ammonia, but with the ability to detect the pre-

sented olfactory and trigeminal stimuli were included in the

study. Of 26 female subjects who attended the screening ses-

sion, 2 were excluded from participation in the study for
health reasons. The mean age of the sample was 29.9 years,

standard deviation (SD) = 8.9. Most females’ primary occu-

pation was a student or homemaker. Of the 24 subjects ac-

cepted in the study, 2 subjects did not attend 1 of the 4 test

sessions due to illness. All subjects received financial remu-

neration for their participation.

Static olfactometry (preparation and chemical analysis of

stimuli)

All odor and blank stimuli were kept in 250-ml glass bottles

from Scott, Duran, with a 3.5-cm wide opening. Every bottle

contained 10 ml of liquid and was outfitted with a custom-

made Teflon nosepiece inserted in the cap.

In order to prepare chemically stable stimuli, stoichiomet-
ric amounts (volumes) of ammonium chloride (NH4Cl,

purity ‡ 99.5%, Sigma, Steinheim, Germany) and sodium

hydroxide (NaOH, purity ‡ 98%, SigmaUltra, Steinheim,

Germany) were mixed. To achieve different stimuli concen-

trations by means of this procedure, 5 different dilutions of

both compounds were prepared. Different volumes of these

solutions were mixed with ultrapure water (UPW, Millipore

filtered) until the final volume of 10 ml was reached.
The different aqueous solutions of the 2 chemical com-

pounds were as follows: starting with a stock solution of

0.8 mol NaOH/l (0.8 NNaOH), 4 sodium hydroxide solutions

were prepared (0.16, 0.016, 0.0016, and 0.00016 mol/l). The

stock solution of ammonium chloride (C1) had a concentra-

tion of 84.66 g/l (1.58 mol/l). Four further solutions of NH4Cl

were prepared in water with concentrations of 0.158 mol/l

(C10), 0.0158 mol/l (C100), 0.00158 mol/l (C1000), and
0.000158 mol/l (C10 000). The specific volumes of the solu-

tions of NH4Cl and NaOH and the additional H2O to pro-

duce the dilution series are given in Table 1. UPW was

used as the blank. Ten blanks were prepared for every series

of 20 bottles.

Ammonia headspace concentrations in the static dilution

series were measured using the MiniRae 2000 (Rae Systems

Inc., San Jose, CA), a pumped handheld Volatile Organic
Compound monitor with a photoionization detector (PID)

with a 10.6-eV lamp. For every series of stimulus bottles,

±5 bottles that were within or close to the MiniRae’s most

sensitive range of 0–100 ppm, which is also the range of the

expected ODT and LT for ammonia, were sampled by insert-
ing the pump into the bottle through the Teflon enclosure for

5 s. Every stimulus series was assessed typically 3 times, that

is, in the morning, afternoon, and at the end of every testing

day. The MiniRae was calibrated daily with zero air and

Table 1 Pipetting scheme for the preparation of the NH3 concentration
range in glass bottles for static olfactometry and results of chemical analysis
by PID

Dilution step # (bottle) NH4Cl NaOH H2O NH3 vapor
concentration (ppma)

C1, 0.8 mol/l

1 1.6 ml 3.2 ml 5.2 ml 3367.38

2 0.8 ml 1.6 ml 7.6 ml 1073.06

3 0.4 ml 0.8 ml 8.8 ml 341.95

4 160 ll 320 ll 9.5 ml 108.97

C10, 0.16 mol/l

5 0.8 ml 1.6 ml 7.6 ml 34.72

6 0.4 ml 0.8 ml 8.8 ml 11.07

7 160 ll 320 ll 9.5 ml 3.53

C100, 0.016 mol/l

8 0.8 ml 1.6 ml 7.6 ml 1.12

9 0.4 ml 0.8 ml 8.8 ml 0.36

10 160 ll 320 ll 9.5 ml 0.11

C1000, 0.0016 mol/l

11 0.8 ml 1.6 ml 7.6 ml 0.04

12 0.4 ml 0.8 ml 8.8 ml 0.01

13 160 ll 320 ll 9.5 ml 0.004

14 80 ll 160 ll 9.8 ml 0.001

C10 000, 0.00016 mol/l

15 0.4 ml 0.8 ml 8.8 ml 0.0004

16 160 ll 320 ll 9.5 ml 0.0001

17 80 ll 160 ll 9.8 ml 3.81 · 10�5

18 40 ll 80 ll 10 ml 1.21 · 10�5

19 16 ll 32 ll 10 ml 3.87 · 10�6

20 8 ll 16 ll 10 ml 1.23 · 10�6

aBased on y = 4.03 (±0.41) � 0.50 (±0.14)x, where y = log ppm
concentration and x = dilution step # (=bottle #). The equation is the
average of 48 equations fitted for every individual and week (24 · 2 = 48),
based on multiple measurements (approximately 3 per day over 8 days, ±5
bottles per measurement) and extrapolations from equations for threshold
assessments conducted between measurements. Please note that dilution
steps 1 and 2 were never offered to subjects for safety reasons. Measured
concentrations from these bottles were not used to fit equations. Vapor
concentration in ppm (5th column), were calculated from y values of the
aforementioned equation (10log value).
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a 300 ppm ammonia cylinder (Rae Systems Inc.). Typically,

5-point regression curves were generated from MiniRae

readings and corresponding bottle numbers, which were then

used to convert the dilution steps of the bottle stimuli into

concentration units (ppm by volume, see Table 1). With very
few exceptions, the coefficient of determination (r2) for each

curve was satisfactory and (well) above 0.90.

Except for the first week of testing, in which a single series

of 20 bottles were used, 2 series of freshly prepared stimuli

were used each week with 12 subjects (6 per series) to prevent

loss of stimulus concentration during testing as much as pos-

sible. As can be seen in Table 1, the NH3 vapor concentra-

tion of the headspaces showed a tertiary spacing, whereas we
intended to prepare a binary series of stimuli. There are 2

possible reasons explaining this effect. Firstly, throughout

testing, we observed that the stimulus value per bottle be-

came depleted throughout the day. We considered that effect

by measuring the headspace concentrations via PID 3 times

per day (morning, noon, and late afternoon). For example,

on one test day, based on these 3 measurements, and over

the course of testing 5 subjects, the dilution series started
out as approximately binary, with every next bottle contain-

ing 2.3 times less the concentration of the previous bottle,

and ended as an almost tertiary series, with every next bottle

containing 2.8 times less than the previous one. On other

days, the decay throughout the course of the day was more

substantial. Thus, on average (calculated across times per

day and all test days), we arrived at a regression equation

(see Table 1) that is approximately tertiary. Secondly, the
stoichiometric mixing of ammonium chloride and sodium

hydroxide might have been suboptimal especially when

small volumes were used. We will return to this phenomenon

in the Discussion.

Static olfactometry (procedure of threshold assessment)

ODTs and LTs were collected using a forced-choice, 2-alter-

native, up-and-down staircase with a 5-reversal criterion

(Wetherill and Levitt 1965). Reversals were defined as fol-

lows: proceeding from low to high concentrations, the first

bottle concentration at which the subjects correctly detected

the stimulus repeatedly was taken as the reversal. For the

first reversal, 4 correct detections of the same dilution were

required; for reversals 3 and 5, 2 consecutive correct detec-
tions were considered adequate. Proceeding from high to low

concentrations (reversals 2 and 4), the first bottle concentra-

tion at which the subject failed to detect the stimulus was

taken as the reversal. The threshold was calculated as the

mean of the last 4 reversals after ignoring the first one.

For the assessment of ODTs, subjects were always pre-

sented with 2 pairs of bottles. One pair (either the first or

the last) contained the odor stimulus, the other pair con-
tained just blanks. In the stimulus pair, the stimulus was

presented to one nostril (monorhinally), and nostril was

randomized across presentations. Subjects were allowed to

take one sniff from each pair. They were instructed to indi-

cate from which pair they smelled the odor of ammonia. For

the assessment of LTs, subjects were presented with only one

pair of bottles. One bottle contained the stimulus, the other

one the blank. They were instructed to indicate from which
bottle they detected the ammonia. In this case, detection was

defined as a feeling of burn or irritation. The duration of the

sniff was no more than 2 s. There was a 30- to 60-s break

between each set of stimuli.

Dynamic olfactometry (olfactometer and dilution process)

Dynamic olfactometry was conducted using an olfactometer

built by PRA/Odournet (Amsterdam, the Netherlands) that

is generally used for the collection of odor thresholds accord-

ing to the European standard EN 13725 (CEN 2003). The

olfactometer seated a panel of 6 people who were tested si-
multaneously. (A diagram of the dynamic olfactometer is

displayed in Figure 1, upper panel. The lower panel of Figure

1 provides an overview of the possible nose configurations

for each of the threshold assessments. Figure 2 shows one

set of sniffing ports.)

Ammonia, metered from a cylinder, was diluted with clean

air in a 15-step dilution series that was approximately binary.

Actual dilution steps were based on an annual calibration
following EN 13725 (CEN 2003) using CO as the tracer

gas (see Table 2, 2nd column). Thus, dilutions varied

Figure 1 Upper panel: a diagram of the supply system and sniffing port
configuration of the dynamic olfactometer used in this study. Lower panel:
possible nose configurations for each set of ports during odor threshold de-
tection (1a and 1b) and LT detection (2).
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between dilution step 1 (maximum concentration, 13 times

diluted) and step 15 (minimum concentration, 79 400 di-

luted). For the assessment of the odor threshold, a cylinder
of 2000 ppm ammonia in N2 was used (Luxfer, Nottingham).

Consequently, the maximum concentration that could be

reached was 2000/13 = 153.85 ppm and the minimum con-

centration was 2000/79400 = 0.03 ppm. For the assessment

of the LT, an 8000 ppm ammonia in N2 cylinder was used

(Luxfer). Employing the same range of dilution steps,

the maximum concentration that could be presented was

615.4 ppm, the minimum 0.10 ppm of NH3, a range that
was assumed to cover the LT. Because estimated values of

NH3 were based on the ISO-certified calibration using a dif-

ferent chemical (CO) as the tracer gas, we also measured exit

concentrations of NH3 at the ports using a Multi-gas Mon-

itor type 1323 (INNOVA, Nærum, Denmark) for the high

concentration range (154–2 ppm and 615–15 ppm for the

2000 and 8000 cylinders, respectively) and NOx-monitor

with NH3 convertor (API, SanDiego, CA) for the lower con-
centration ranges from 2 to 15 ppm and below for either cyl-

inder. For the 2000 ppm cylinder, dilution steps 13, 14, and

15 (around or below 0.1 ppm) could not be registered reliably

and were therefore not considered in the analyses. The co-

efficient of determination r2 expressing the correspondence

between the expected (based on the ISO-certified calibration)

and determined values was very high (‡0.99) for the 2000
and 8000 ppm cylinder. Because of the very small difference

between the expected and determined values, threshold val-

ues in ppm were based on the ISO-certified calibration steps

(Table 2).

Dynamic olfactometry (threshold assessment)

Airflow of the ammonia stream or clean air was maintained

at 20 l/min. However, a negative pressure was maintained

such that the stimulus would only enter the subject’s nostril

if she sniffed from the nosepieces. Only minimal effort
needed to be exerted on part of the subject in order to get

the stimulus flowing into the nose. When no sniffing oc-

curred, the air would bypass the extension and flow directly

Table 2 Estimated vapor concentration per dilution step for dynamic
olfactometry (ppm value)

Dilution step # Calibrated
dilutiona

Vapor concentration
(ppm) based on
2000 ppmb

Vapor concentration
(ppm) based on
8000 ppmc

1 13.0 153.85 615.38

2 24.6 81.30 325.20

3 45.0 44.44 177.78

4 82.4 24.27 97.08

5 152.0 13.16 52.63

6 283.0 7.07 28.27

7 521.0 3.84 15.36

8 928.0 2.16 8.62

9 1820.0 1.10 4.4

10 3210.0 0.62 2.49

11 6010.0 0.33 1.33

12 11200.0 0.18 0.71

13 20800.0 0.10 0.39

14 38700.0 0.05 0.21

15 79400.0 0.03 0.10

aDilutionstepsaretheoreticallybinarystartingfromadilutionof13atstep#1.
However, estimates of vapor concentration exiting at the sniffing ports
have been based on an ISO-certified calibration (CEN 2003) carried out in
April 2005 over the full range of dilution steps; these were not exactly
binary.
bFor ODT testing, actual vapor concentrations in ppm for each dilution step
were calculated by dividing the starting concentration of volatile NH3

flowing from the cylinder (2000 ppm) by the calibrated dilution step in
column 1.
cFor LT testing, actual vapor concentrations in ppm for each dilution step
were calculated by dividing the stock concentration of volatile NH3 flowing
from the cylinder (8000 ppm) by the calibrated dilution step in column 1.

Figure 2 One set of sniffing ports. Each vessel terminates into 2 extensions
with tightly fitting nosepieces to allow separate airstreams to each nostril.
Odorized air bypasses the extensions to the exhaust and enters into the nose
only during active sniffing (see text).
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to an external outlet (see Figure 1). This procedure employ-

ing active sniffing is different from that used by other ol-

factometers in which air is streamed into the nose and the

subject is passively exposed to the stimulus. The method

of active sniffing was preferred here because of its compara-
bility to static olfactometry that also involves active sniffing.

The temperature of the air flowing through the olfactometer

was around 26 �C, the relative humidity ± 25%.

Normally, odor and clean air stimuli flow from 2 stainless

steel vessels into the air, and the subject is asked to smell

from both vessels. Because the assessment of LT required

the separate presentation of one airstream to the left nostril

and the other to the right nostril, stainless steel extensions
ending into snugly fitting Teflon nosepieces were built on

each vessel to allow separate presentations of either one

airstream to both nostrils (for ODT assessment) or either

airstream into separate nostrils. Thus, when ODTs were

collected, the subject sniffed first from the 2 extensions pro-

truding from the left vessel and then from the 2 extensions

protruding from the right vessel. She was then asked to in-

dicate whether she smelled the odor on the left or on the right
port. When LTs were collected, the subject sniffed from both

vessels at the same time, by placing one extension from the

left vessel into the left nostril and one extension from the

right nostril into the right nostril. She was then asked to in-

dicate if she felt the stimulus in the left or right nostril (see

Figure 1, lower panel).

Subjects were allowed one sniff of maximally 2 s per eval-

uation trial, the interval of which was indicated using a met-
ronome. In addition to selecting either the left or right vessel

or nostril as the source of stimulation, they were asked to in-

dicate how certain they were. There were 3 options: guess,

doubt, and certain. Subjects did not receive any feedback

as to whether or not their answer had been correct after each

trial. In this manner, ODTs and LTs were collected using the

ascending method of limits, with a maximum of 15 stimuli

presented in each series. For reliability, the ascending series
was presented 3 times. After the first series, the starting point

for each subsequent series began at a concentration deter-

mined by the subjects’ previous performance (typically 3 di-

lution steps below the lowest step at which at least one subject

had been able to correctly detect the stimulus with certainty).

After each stimulus pair, there was a break of at least 1min to

allow the olfactometer to prepare the next dilution step and

to allow the subject’s nose to recover from any short-term
adaptation. For each individual subject, threshold collection

was terminated when she had correctly detected 2 concentra-

tions in a row with certainty, by signaling her to move away

from the ports and not sniff any more. This prevented any

individual from receiving unnecessary additional exposure

to the stimulus, as the olfactometer was designed to deliver

the same concentration to all 6 ports in an ascending fashion

until a threshold was obtained from all subjects. A series of
stimuli was ended after the last subject had met the criterion

of 2 correct detections with certainty. For each of the 3 series,

the individual threshold was determined at the first (of 2)

concentration steps at which the subject correctly detected

the stimulus with certainty. The 3 thresholds were then av-

eraged to obtain the overall threshold for the session.

During testing, subjects listened to relaxing music on ear
phones to prevent them from hearing any sounds from

the olfactometer that were associated with switching between

airstreams.

Procedure

All test sessions were conducted at the odor laboratory at

Agrotechnology and Food Innovations in Wageningen,

the Netherlands. After passing the screening, subjects were

invited for a 2-h training session. During this session, they

were taught to sniff according to the beat of a metronome

set at 2 s, in order to prevent individual differences in results

between subjects in inhaled volume as much as possible

(Cometto-Muñiz and Cain 1984) and to prevent unnecessary
exposures to ammonia. In addition, subjects were familiar-

ized with the response procedure. The subjects practiced 2

rounds of ODT and LT detection each while seated at the

dynamic olfactometer and listening to the music through

headphones.

In the 2 weeks following the training, ODT and LTs for

ammonia were collected once a week using both the static

and dynamic olfactometry procedure in separate sessions.
Hence, there were 4 test sessions in total, 2 per method

spread out over 2 weeks. Twenty-four subjects were tested

in 4 panels of 6. During each session, the ODT was always

collected first. Two panels were tested in September 2005 and

2 in November 2005. One panel was always tested in the

morning, the other panel in the afternoon. In September,

both panels received static olfactometry during test sessions

1 and 3 and dynamic olfactometry during sessions 2 and 4.
For the November panel, this order was reversed.

Safety precautions

In order to assess LTs, we needed to present stimuli of high

enough concentration to actually include the LT. In the

Netherlands, for ammonia, the maximum allowable concen-

tration (MAC-TGG 8 h) or time-weighted average for an 8-h

exposure per day for no more than 40 h per week is 20 ppm,

whereas the MAC-TGG 15 min or time-weighted exposure
for a 15-min exposure is 50 ppm (Ministerie van Sociale

Zaken enWerkgelegenheid 2004). The dose of ammonia that

the nose received in our study was only a fraction of that

amount, as the durations of actual stimulus exposure were

considerably briefer (e.g., only 2 s each). The weighted expo-

sures per time unit received in this study were calculated by

conservatively assuming that all 15 concentrations that could

be presented during dynamic olfactometry for both the ODT
and LT trials would be sniffed for 2 s and that each series

would be presented 3 times. This total exposure was then

converted to an 8-h MAC-TGG and a 15-min MAC-TGG
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and was found to be below 20 and 50 ppm, respectively.

Not surprisingly, static olfactometry resulted in less expo-

sure to higher concentrations and fewer presentations than

did dynamic olfactometry, due to the difference in test

methods (staircase vs. ascending methods). The bottles with
higher concentrations were chemically analyzed, and bottles

containing concentrations over 600 ppm were not presented

to subjects. Stimuli of 300 or 600 ppm were only presented

with prior warning to sniff carefully and not too deeply.

Duration of sniffing was reduced by adjusting the metro-

nome interval to approximately 1 s. Thus, the time-

weighted averages for ammonia as set in the Netherlands

were not exceeded in this study.

Results

Threshold means by method

Because ODTs and LTs were not normally distributed, all

data points were subjected to logarithmic transformation.
Two out of 24 subjects did not participate in one of the dy-

namic olfactometry sessions. In order not to lose these cases,

missing values were replaced by the method of multiple im-

putation (Schafer and Graham 2002). In multiple imputa-

tion, each missing value is replaced by a list of m > 1

simulated values, in this case m = 5. Each of the 5 data sets

was analyzed in the same fashion using SPSS 11.5. Results

obtained from the multiple imputation data sets were then
combined, and P levels were corrected for uncertainty result-

ing from missing data, using NORM 2.03 (Schafer and

Graham 2002). Separate contrasts were fitted for the main

and interaction effects involving the within-subjects factors

Method (2 levels: static vs. dynamic olfactometry), Thresh-

old (ODT vs. LT) and Week (Week 1 vs. Week 2). Because

the resulting tests (after combining themultiple imputed data

sets) had approximately normal distributions, Z values are
reported. The reported P values are 2 sided; alpha was set

at 0.05.

The mean log-transformed threshold values and SDs of

greatest interest as well as geometric mean thresholds are dis-

played in Table 3. There was no main effect of Method (Z =

�1.11, P = 0.27). Separate contrasts were fitted to test differ-

ences betweenmethods in ODT versus LT. There was neither
a difference in ODT between methods (Z = �0.05, P = 0.96)

nor in LT (Z = �1.80, P= 0.07).

As expected, there was a main effect of Threshold (Z =

�10.69, P < 0.0001). With the mean ODT being 2.59 ppm

(mean log value = 0.41, SD = 0.97, not in Table 2), the mean

LT of 43.94 ppm (mean log value = 1.64, SD = 0.60, not in

Table 2) was significantly higher. The effect of Week was sig-

nificant (Z = 2.06, P = 0.04), with the mean threshold being
lower during the second assessment (MW2 = 8.76, mean log

value = 0.94, SD = 1.12, not in Table 2) than during the

first (MW1 = 12.96, mean log value = 1.11, SD = 0.89,

not in Table 2). However, this effect was no longer significant

after exclusion of one subject who had an extremely low

ODT of 0.019 ppb during the second static olfactometry

assessment (Z = 1.74, P = 0.08).

Reliability

Correlations were computed on untransformed data to de-

termine the test–retest reliability of the assessments within
and between methods. Within the dynamic olfactometry

method, there was a strong correlation fromWeek 1 toWeek

2 between ODTs (R = 0.61, P < 0.005) as well as LTs (R =

0.86, P < 0.005). Test–retest reliability was lower for ODTs

obtained using the static olfactometry method:R = 0.14, P =

0.52. For LTs, R = 0.45 and P < 0.05. Correlations between

methods were all low and not significant: for ODTs, R =

�0.14 at Week 1 and R = 0.12 at Week 2, and for LTs,
R = �0.06 at Week 1 and R = �0.08 at Week 2.

Discussion

LTs to irritants have been mainly collected using static

olfactometry. More recently, various applications of static

Table 3 Log-transformed mean odor detection (ODT) and LTs and SD and corresponding geometric mean (Geo mean) values in ppm by time point and
method (n = 24)

Week 1 Week 2 Total

Mean (SD) log Geo mean (ppm) Mean (SD) log Geo mean (ppm) Mean (SD) log Geo mean (ppm)

Static olfactometry

ODT 0.54 (0.95) 3.45 0.28 (1.57) 1.89 0.41 (1.29) 2.56

LT 1.49 (0.53) 30.68 1.51 (0.57) 32.73 1.50 (0.54) 31.69

Total static olfactometry 0.95 (1.13) 9.0

Dynamic olfactometry

ODT 0.53 (0.54) 3.42 0.30 (0.45) 2.00 0.42 (0.51) 2.62

LT 1.89 (0.45) 78.04 1.68 (0.65) 47.56 1.78 (0.63) 60.92

Total dynamic olfactometry 1.10 (0.89) 12.63
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and dynamic olfactometry have been employed, such as in

Shusterman et al. (2001, 2003), in which brief puffs of

n-propanol vapor and blanks were conveyed from bottles

to the nares at the time of sniffing; in Wise et al. (2005), lat-

eralization of ammonia was determined by flowing ammonia
into the nose using an olfactometer. In the present study, no

significant differences between methods were observed. In

case of the ODT, for both static and dynamic olfactometry,

the average threshold was 2.6 ppm. In case of the LT, a dif-

ference in thresholds (Mdo= 60.92 ppm vs.Mso= 31.69 ppm)

did not reach statistical significance (P = 0.07).

Potential discrepancies between methods could arise out

of a difference in psychophysical procedure (see Bliss et al.
1996). Whereas an up-and-down staircase procedure, where

every next step is tailored to the individual’s previous perfor-

mance, is preferable when testing individuals, it is not viable

when testing multiple subjects simultaneously, which is why

an ascending method of limits procedure was our method of

choice in the dynamic method. Interestingly, this did not lead

to significant differences between methods in this study, al-

though it may be partially responsible for the slightly lower
LTs obtained with the static method.

Because ODTs, and presumably also LTs, tend to fluctuate

over time within individuals due to differences in nasal pa-

tency, time of day, health condition, etc, we did not expect

very high test–retest within-subject reliability. However, be-

cause these fluctuations are assumed to be random, we would

expect the average of these assessments to be comparable

in a similar group of subjects, thus resulting in comparable
mean thresholds at different time points. This is in fact what

we found: although test–retest reliability for both types of

thresholds varied from low to high, on average there were

no differences over time. Test–retest reliability from Week

1 toWeek 2 was higher for the dynamic olfactometrymethod

than for the static olfactometry method (e.g., R = 0.86 vs.

R = 0.45 for the LTs in either method). Between methods,

correlations were very low. In comparison, Shusterman
et al. (2001) reported test–retest consistency of R = 0.60

for repeated assessments of LTs to n-propanol using static

olfactometry in a study of n = 16, and R = 0.50 in a larger

study of n = 60 (Shusterman et al. 2003). Using a static

method, Frasnelli and Hummel (2005) reported significant

correlations of R = 0.41 and R = 0.48 for LTs using linalool

and menthol, respectively, over a period of 6–25 days. Van

Thriel et al. (2006) reported reliabilities ofR= 0.44 for ODTs
and LTs for acetic acid assessed with static olfactometry.

The olfactometer employed in the present study differs in

some important aspects from olfactometers previously de-

scribed in the literature. The olfactometer employed here

is used for determining odor thresholds following an estab-

lished protocol (CEN 2003) in the context of odor regula-

tions to outside emissions. Air was neither humidified to

80% relative humidity or higher nor was the air temperature
heated to body temperature. Heating and humidification

of the air are desirable to approach natural intranasal

conditions, to prevent drying out of the nasal mucosa and

mechanical stimulation (and thus irritation) of the trigeminal

nerve by cold air (see Hummel et al. 2003). In our olfactom-

eter, relative humidity and temperature were approximately

25% RH and 26 �C, respectively. By not ‘‘blasting’’ the air
containing the stimulus into the nose, but allowing sniffing

for only 2 s per trial, and maintaining 1-min breaks between

trials, we tried to limit the above-mentioned effects as much

as possible. Wise et al. (2004) compared the 2 types of olfac-

tometry with carbon dioxide. Although they suspected that

cooling and drying of the mucosa may have played a role

when they used the simple olfactometer in which the air

was not heated and humidified, they concluded that the
agreement between the findings reached with either method

was still strong. Our findings seem to support the conclusion

that for certain applications, with the proper measures, re-

liable results can still be obtained.

With respect to the outcomes, the question could be raised

whether residents and farmers may actually encounter expo-

sures to ammonia vapor at the levels that were found to pro-

duce nasal irritation in the present study. Schiffman et al.
(2005) established ammonia levels from a swine operation

at diluted levels that could occur downwind from such oper-

ations to be 817 ppb, which is too low for most individuals to

detect either the smell or irritation from ammonia. On the

other hand, average concentrations of ammonia in swine

houses (i.e., not downwind from the operation) have been

reported to range from 5 to 18 ppm, with maximum concen-

trations of 43.7 ppm in sow buildings and in finishing barns
of 59.8 ppm (Koerkamp et al. 1998, in Schiffman et al. 2005),

whereas Zhang et al. (1998) reported a mean level of 26.0

ppm ammonia inside a swine grower/finisher room occupy-

ing 144 pigs. Compared with the results reached in this study,

some of these exposures could in theory yield irritation in

some individuals working in these environments; however,

the degree of dilution that occurs once the emissions are

mixed with outside air renders it extremely unlikely that res-
idents would encounter concentrations capable of eliciting

this effect.

In conclusion, both the static and dynamic method show

remarkably similar averages within a population for detec-

tion thresholds for the odor and irritancy of ammonia. In

comparison to the static method, over time, the dynamic

method delivered more reliable and repeatable ODTs. Re-

peatability of LTs was acceptable to good for both methods.
Individual thresholds, however, should not be compared

across methods.

Which method is optimal depends on multiple factors. One

such factor may be the chemical characteristics of the stim-

ulus compound. For example, odorants with low vapor pres-

sures are well maintained in containers but are more difficult

to vaporize and may condense in equipment lines more

readily when administered using dynamic olfactometry.
Compounds with high vapor pressures, on the other hand,

which readily partition into the gas phase under standard
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pressure and temperature conditions, such as ammonia, are

less suited to static olfactometry because they evaporate

easily from the container during use and thus need to be

prepared from stock frequently. For example, because we

were able to measure vapor concentration in the same bottle
at various times throughout the day using a handheld PID,

we registered that the vapor concentrations of NH3 inside the

bottles did not return back to their original values by the time

the next subject was tested, even though we kept bottles

closed as much as possible. This feature alone could account

for the lower test–retest reliability of this method when com-

pared with the dynamic method. Loss of stimulus strength

was not equal for all bottles, as this would have reflected
in changes in intercept only over the course of a day. Rather,

changes in both intercept and slope were observed, such that

more vapor seemed to be lost from bottles containing lower

concentrations than from bottles containing higher concen-

trations. This finding suggests that it is advisable to establish

the decay in stimulus value over testing trials, and use this to

correct calculated threshold values, when using highly evap-

orative compounds in static containers. However, our study
revealed that dynamic olfactometry, not subjected to these

problems, can be used for the assessment of chemosensory

thresholds of highly evaporative stimuli.

Another relevant factor for determining which method is

optimal is efficiency. Because 6 subjects can be tested simul-

taneously using the current setup for the dynamic method,

and sample containers do not need to be prepared, testing

could proceed faster. Depending on the cost of labor in-
volved in sample preparation and testing, on the other hand,

the static method may involve less expense and expertise. If

mixtures of odors are to be tested that were sampled in the

environment or are difficult to prepare in the laboratory,

dynamic olfactometry is clearly to be preferred. If irritation

assessment to complex outside emissions become more

common, as is the case for indoor emissions, further

development of reliable, quick, and cost-effective dynamic
procedures are desirable.

Acknowledgements

We thank Lilo Altmann, Cor ter Beek, Karolijne van der Houwen,

Egbert Huizing, Stephan Jonker, Irene Klugkist, Jan Kroeze,

Meinolf Blaszkewicz, Johan Ploegaert, Dennis Shusterman, Paul
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trigeminal system: irritation of the nasal mucosa using short- and long-
lasting stimuli. Int J Psychophysiol. 47:147–158.

Hummel T, Sekinger B, Wolf SR, Pauli E, Kobal G. 1997. ‘Sniffin sticks’:
olfactory performance assessed by the combined testing of odor identi-
fication, odor discrimination, and olfactory threshold. Chem Senses.
22:39–52.

Kobal G, Van Toller S, Hummel T. 1989. Is there directional smelling?
Experientia. 45:130–132.

Mahin TD. 2001. Comparison of different approaches used to regulate
odours around the world. Water Sci Technol. 44:87–102.

Michaels RA. 1999. Emergency planning and the acute toxic potency of in-
haled ammonia. Environ Health Perspect. 107:617–627.

Ministerie van Sociale Zaken enWerkgelegenheid. 2004. Nationale MAC-lijst
2005. Den Haag (the Netherlands): SDU Publishers.

Ogink NWM, Aarnink AJA. 2003. Managing emissions from swine faci-
lities: current situation in the Netherlands and Europe. Proceedings
of the University of Illinois Pork Industry Conference; 2003 Dec 11–12;
Champaign (IL).

Paustenbach D. 2001. Approaches and considerations for setting occupa-
tional exposure limits for sensory irritants: report of recent symposia.
Am Ind Hyg Assoc J. 62:697–704.

Prah JD, Sears SB, Walker JC. 1995. Modern approaches to air dilution olfac-
tometry. In: Doty RL, editor. Handbook of olfaction and gustation. New
York: Marcel Dekker. p. 227–255.

Ruth JH. 1986. Odor thresholds and irritation levels of several chemical sub-
stances: a review. Am Ind Hyg Assoc J. 47:142–151.

Schafer JL, Graham JW. 2002. Missing data: our view of the state of the art.
Psychol Methods. 7:147–177.

Schiffman SS, Bennett JL, Raymer JH. 2001. Quantification of odors and odor-
ants from swine operations in North Carolina. Agric Forest Meteorol.
108:312–240.

Schiffman SS, Studwell CE, Landerman LR, Berman K, Sundry JS. 2005.
Symptomatic effects of exposure to diluted air sampled from a swine

Odor and Irritation Thresholds for Ammonia 9



confinement atmosphere on healthy human subjects. Environ Health
Perspect. 113:567–576.

Shusterman D, Murphy MA, Balmes J. 2001. The influence of sex, allergic
rhinitis, and test system on nasal sensitivity to airborne irritants: a pilot
study. Environ Health Perspect. 109:15–19.

Shusterman D, Murphy MA, Balmes J. 2003. Differences in nasal irritant
sensitivity by age, gender, and allergic rhinitis stage. Int Arch Occup
Environ Health. 76:577–583.

Smeets M, Dalton P. 2002. Perceived odor and irritation of isopropanol: a
comparison between naive controls and occupationally exposed workers.
Int Arch Occup Environ Health. 75:541–548.

Smeets MAM, Kroeze JHA, Dalton PH. 2006. Setting occupational exposure
limits in humans: contributions from the field of experimental psychology.
Int Arch Occup Environ Health. 79:299–307.

Triebig G. 2002. Chemosensory irritation and the setting of occupational
exposure limits. Int Arch Occup Environ Health. 75:281–282.
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