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Objectives: Though sulfur dioxide (SO,) is used widely at workplaces, itseffects on humans are not known. Thresholds are report-
edwithout reference to gender or age and occupational exposure limits are basedon effects on lung functioning,although local-
ized effects in the upper airways can be expected.This study’'s aim is to determine thresholds with respect to age and gender and
suggests a new approach to risk assessment using breathing reflexes presumably triggered by trigeminal receptors in the upper
airways.

Methods: Odor thresholds were determined by the ascending method of limits in groups stratified by age and gender.Subjects
rated intensities of different olfactory and trigeminal perceptions at different concentrations of SO,. During the presentation of
the concentrations, breathing movements were measured by respiratory inductive plethysmography.

Results: Neither age nor gender effects were observed for odor threshold. Only ratings of nasal irritation were influenced bygen-
der. A benchmark dose analysis on relative respiratory depth revealed a 10%-deviation from baseline at about 25.27 mg/m’.
Conclusion: The proposed new approach to risk assessment appearsto be sustainable. We discuss whether a 10%-deviation of
breathingdepth is relevant.
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Introduction many functions, such as an antioxidant, bleaching gas, catalyst
or disinfectant, and is also used as a preservative in food [2].

Reported odor thresholds of SO, range from 0.266 mg/m’ (0.1

Sulphur dioxide (SO,) is a colorless gas with a strong, irritating
and pungent odor [1]. The gas is used in a variety of work-
places (i.e., in inorganic and petrochemical industries). It serves
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ppm) to 12.5 mg/m’ (4.7 ppm) [1,3-5]. This variety of different
thresholds might be due to differences in the psychophysical
procedure for measuring the odor threshold (e.g., number of
trials) [3,6,7] or in limited chemical analysis. No information
about age and gender of the subjects is given, and this limits
generalization to other populations. An experiment was there-
fore designed, which included the assessment of odor thresh-
olds for SO, in different age groups and in female and male
subjects.
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Sensory irritation is considered to be an adverse effect of a
chemical and should be avoided by observing OELs. Odor
thresholds are usually based on olfactory stimulation, which
is transduced via the olfactory nerve, while sensory irritation
is detected via trigeminal receptors. For most irritants, sensory
irritation is perceived at higher concentrations than odor [8-
12]. National OELs for SO, range from 1.33 mg/m’ (0.5 ppm;
Denmark, Switzerland) to 13.3 mg/m’® (5 ppm; Occupational
Safety and Health Agency, USA). In Germany, the maximum
allowable concentration (MAC)-Commission recommends an
OEL of 1.33 mg/m’. This MAC-value is derived from the ef-
fects of SO, on lung functions. However, in nasal breathing up
to 98% of the SO, [13-16] is absorbed in the upper airways and
therefore does not reach the lung at all when breathed through
the nose [14,16-18].

Sensory irritation by SO, is expected to take place in the
upper airways, more precisely in the larynx [19] due to the high
water solubility of SO, (112.7 g/L at 20°C) [20]. Therefore,
acute effects of SO, can be expected in the upper airways and
should also be considered for risk assessment. We suggest a
new alternative method for risk assessment in humans using
reflexes in breathing as an indicator of adverse effects.

Parameters of breathing regulation are a widely used criti-
cal endpoint in the risk assessment of irritants by adopting a
50% decrease in respiratory rate (RDs;) in mice [21-23]. The
RDj, values of sulphur dioxide range from 184 to 1,373 mg/m’
[22]. To derive a tentative OEL for human risk assessment, the
RD;, can be multiplied by 0.03; Alarie [24] was able to dem-
onstrate retrospectively that the RDs, was in that specific rela-
tionship to many OELs. This multiplication serves as a good
starting point for further considerations of possible risks. How-
ever, it is doubtful whether an approach, based on research in
animals, is appropriate for the evaluation of respiratory tract ir-
ritation in man [25]. Since it is unreasonable to expect attempts
to determine the RDs, in humans, an alternative method is
needed, one which is more appropriate for humans.

The detection of irritants by trigeminal receptors leads to
protective reflexes, such as for example, sneezing and apnea
[26]. Trigeminal nerves have been shown to be the basis of
respiratory reflexes (changes in breathing pattern) in animal
studies [27,28]. In a short-time challenge, a reduction of respi-
ratory volume can be observed at lower concentrations than
those evoking a decrease in respiratory rate [29-32]. Grunstein
et al. [30] found that cats react to SO, challenge with a decrease
of tidal volume and an increase in respiratory rate. A reduc-
tion of respiratory volume, as a trigeminally mediated reflex

response to the detection of sensory irritation [29,33], could be
used to identify critical endpoints in a dose-effect relationship
for human subjects. The benchmark dose (BMD) approach
is a method for risk assessment in humans recommended by
the U.S. Environmental Protection Agency. This method takes
dose-response information into account by fitting a mathemati-
cal model to dose-response data [34]. Using this method, differ-
ences in sensitivity were considered by predicting the sample’s
variation. Most studies investigating SO, use only one or two
concentrations so that an analysis of dose-response relation-
ships is impossible. Moreover, these studies cannot be aggregat-
ed as they are not comparable with regard to subjects, design,
and critical endpoints.

This study was designed to allow a BMD analysis of the
risk of SO,. Breathing depth as a continuous variable was used
as the critical endpoint. For studies with human subjects, a
change of 10% from a baseline is recommended to be regarded
as an adverse effect [34,35]. Monitoring of breathing depth is
a more objective method for measuring sensory irritation than
subjective ratings. Nevertheless, both subjective and physiologi-
cal (reducing respiratory volume as a reflex action) measures of
sensory irritation at different concentrations of SO, were made
on the assumption that this would strengthen the validity of the
assessment data.

Materials and Methods

The initial sample was composed of 22 male and 22 female
non-smoking subjects stratified by age and gender (male/fe-
male, young/old). A ‘young’ group comprised subjects aged
20-44 years, and an ‘old’ group subjects aged 45-65 years. Due
to technical reasons, complete data sets were available for only
39 subjects. Within this final sample, the average ages of the
young and old female subject groups were 31 (£8 standard de-
viation [SD]) and 54 years (£7 SD), respectively. The average
ages of the young and old male subjects were 26 (+5 SD) and
56 years (£7 SD), respectively.

The sample was recruited by announcements in local
newspapers in Dortmund, Germany. All aspects of the study
were performed in accordance with the Declaration of Hel-
sinki. Accordingly, subjects were informed about the substance
and possible effects during the psychophysical scaling experi-
ment (e.g., malodor, sensory irritation), and written informed
consent was obtained. The study protocol was approved by the
local ethics committee. Lung function had been assessed via
spirometry (VitaloGraph, Hamburg, Germany) by a physician
before the study began, and subjects with impaired lung func-
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tion (forced expiratory volume in 1 second/ forced vital capac-
ity < 0.7 regarding age and gender) were excluded.

The determination of odor threshold was conducted using the
standard procedure of ascending method of limits [36-41]. Start-
ing with very low concentrations, increasing concentrations of
SO, were interspersed with blank samples. In three trials, the
lowest of two subsequent correctly identified concentration
steps was used as an estimate of reliable olfactory detection.
The geometric mean of of these three estimates was calculated
and represented the individual odor threshold.

The rating procedure involved the use of a visual analogue
scale presented in the format of a ‘labeled magnitude scale’ [42].
This is a widely used scale to rate intensity of chemosensory
stimuli [43-48], and it mimics the ratio-like properties of magni-
tude estimation [42]. The descriptors comprised three olfactory
sensations (odor intensity, annoyance, and nauseous) and seven
trigeminal sensations (burning, tickling, nasal irritation, sneeze,
prickling, sharp, and pungent). These trigeminally mediated
perceptions were based on those perceived by congenitally
anosmic subjects [49]. The rating procedure was performed by
means of a PocketPC™ (HP Jornada 540, 240 x 320 pixel ,
Hewlett-Packard, Palo Alto, USA), which displayed the scale
label at the top of the screen (e.g., odor intensity), a slider on
the right side, and six categories for rated intensity (range: from
barely detectable to strongest imaginable) close to the slider.
The ratings were conducted during the one minute breaks after
each stimulus presentation. During a pre-test session, preced-
ing the scaling experiments, all subjects were familiarized with
the handling of the PocketPC, the use of the slider, and the ol-
factometer. This rating procedure and device has been used in
several studies [50].

In contrast to the odor threshold assessment, nine concen-
trations were presented in random order.

Breathing depth was measured by means of respiratory induc-
tive plethysmography (RIP) during stimulus delivery for the rat-
ings of olfactory and trigeminal perceptions. RIP is suitable for
monitoring breathing movements during natural breathing [51].
A flexible breast belt was fitted around the subject’s chest, and,
within this flexible belt, a forked wire is used as a coil. Techni-
cally, the movement of the chest changes the inductance of
this ‘coil’, and a biosignal recorder converts these changes into
electronic signals, which were digitized and stored on CF-cards
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Fig. 1. Exemplary oscillating breathing curve; inductance change of
the respiratory inductive plethysmography in time. RIP: respiratory
inductive plethysmography.

(biosignal recorder “Varioport-B”, Variograf-Software; Becker
Meditec, Karlsruhe, Germany). The signals for inhalation and
exhalation of the olfactometer were additionally stored on the
CF-cards so that movements and signals could be matched to
separate the inhalations of SO, and the inhalations of blanks.
The mean individual breathing depth (average amplitude of
inhalation and exhalation) was calculated using the recorded
oscillating breathing curve (Fig. 1).

To be able to compare breathing depth inter-individually,
the single breathing depth at each concentration was normal-
ized by the mean breathing depth at the lowest concentration.
Such an approach allows for the detection of intra-individual
changes in breathing. For the quantification of breathing vol-
ume, a more sophisticated assessment is necessary.

Determination of odor thresholds

SO, was delivered to the subjects’ noses by means of a flow-
olfactometer (TO7, ECOMA GmbH, Kiel, Germany). Ana-
tomically shaped sniffing ports delivered the stimulus to four
subjects simultaneously. SO, was injected into 25 L Tedlar-bags
filled with nitrogen. The substance was homogenized within
the bag by heating and rotation. By means of the dilution unit
of the TO7 olfactometer, nine different concentrations of SO,
could be generated. SO, concentration was presented in a geo-
metric series starting with a dilution of 1/2.5. Since nine con-
centrations were used, the lowest dilution was 1/640. The ‘real’
concentration was measured by a SO, analyzer (UV fluorescent
sulphur dioxide analyzer AF21M; ANSYCO, Karlsruhe, Ger-
many) 10 times at four concentrations (1/640, 1/160, 1/40,
and 1/20). The other concentrations were extrapolated from
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Table 1. Values of the investigated concentrations for odor
threshold

Dilution Desired value  Mean value Deviation,
SO,, mg/m*>  SO,, mg/m’ %
1/640 .0798 .0851 (.012) 5.9
1/320 .1596 .1569* -0.6
1/160 .3165 3112 (.017) -1.8
1/80 .6331 .6298* -2.2
1/40 1.266 1.133 (.048) -10.6
1/20 2.532 2.248 (.047) -11.3
110 5.065 4.299* -15.1
1/5 10.13 8.565* -15.4
1/2.5 18.76 15.58* -17.0

Table 2. Values of the investigated concentrations for rating
and measurement of breathing depth

Dilution Desired value  Mean value Deviation,
SO,, mg/m®>  SO,, mg/m’ %
1/640 .1596 1702 (.014) 6.6
1/320 3165 .3298* 3.8
1/160 .6331 .6331 (.029) -0.1
1/80 1.269 1.256* =11
1/40 2.538 2.290 (.052) -9.8
1/20 5.075 4.501 (.051) -11.3
110 10.15 8.592* -15.3
1/5 20.30 17.07* -15.9
1/2.5 37.59 33.58* -10.7

Measured values (ten repetitions per concentration) at dilutions of
1/640, 1/160, 1/40, and 1/20 with standard deviations in brackets.
*extrapolated values.

the measured values. The concentrations for the determination
of odor thresholds are shown in Table 1.

There is an increasing difference between estimated and
measured/extrapolated concentrations. This might be due to
flow loss for technical reasons. Subsequent analyses are based
on the measured/extrapolated concentrations. Subjects were
instructed to breathe according to a fixed pattern. Two flash-
ing light-emitting diodes (LEDs) on the top of the olfactometer
indicated inhalation and exhalation. By this means, the breath-
ing pattern of the participants was synchronized with stimulus
delivery. If the LEDs flashed on, subjects inhaled through the
nose for two seconds. When the LEDs turned off, subjects were
instructed to exhale through the mouth. Subjects were trained
in this synchronized breathing before the experiment started.

Supra-threshold assessment of olfactory and trigeminal percep-
tions (psychophysical functions) and measurement of breathing
depth

For the evaluation of sensations and the measurement of
breathing depth, higher concentrations were delivered by the
olfactometer than those used for the determination of odor
thresholds (Table 2).

At the start, two blank intakes were administered, so that
the subjects could regulate their breathing to the given breathing
rhythm. After that, SO, was presented to the subjects for two
seconds during every second inhalation (inhalation phase), and
each concentration step was repeated five times [5 X (2 seconds
inhalation + 2 seconds exhalation) = 20 seconds]. Each stimu-

Measured values (ten repetitions per concentration) at dilutions of
1/640, 1/160, 1/40, and 1/20 with standard deviations in brackets.
*extrapolated values.

lus presentation lasted 40 seconds (alternating five blank and
five SO, inhalations and exhalations), and the total stimulus
duration was 10 seconds (five inhalations). After one stimulus
presentation, the respective concentration step (e.g., 4.5 mg/
m’ SO,) was evaluated with respect to the intensity of olfactory
and trigeminal perceptions. The order of concentrations was
quasi-random to avoid adaptation effects, which could affect
the evaluation of perceptions. For the same reason, there was a
break of at least one minute between subsequent concentration
steps.

A dynamic flow olfactometer is an adequate device to
deliver stimuli of different concentrations to subjects in (nasal)
breathing situations, in which individual regulation of breath
intake could take place.

The determination of odor thresholds lasted approximately 35
minutes. Fifteen minutes after the threshold assessment, odor
evaluation and measuring of breathing depth took place, lasting
approximately 40 minutes (every concentration was presented
twice).

Determination of odor thresholds

A repeated measures ANOVA on odor thresholds with age and
gender as between-subjects factors was conducted to identify
gender or age differences.
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Subjective ratings

A repeated measures MANOVA on subjective ratings (10
perceptions) with age and gender as between subjects factors
and concentration as a within-subjects factor was conducted to
identify gender or age differences in subjective ratings. Using
planned comparisons of the subjective ratings made at a cer-
tain concentration step of SO,, the initial effect concentration
was defined as the first significant deviation from the preceding
concentrations (initial effect level, TEL). Non-linear regression
analyses were used to fit psychophysical functions according to
Stevens’ power law [52]: W(I) = kI°. ¥ represents the perceived
intensity of a physical stimulus, 7 stands for the intensity of the
physical stimulus (in this case, the concentration of SO,), kis a
proportional constant, and the exponent a determines the slope
of psychophysical function. The higher the exponent a, the
steeper is the psychophysical function. Only this parameter is
analysed.

Measurement of breathing depth
A BMD-analysis for continuous variables with non-linear and
linear regression was conducted on breathing depth with a
10%-deviation from baseline as the critical value.

To test the impact of odor sensitivity on breathing depth,
the individual odor threshold was correlated with breathing
depth at every concentration using Spearman’s rho.

Results

An ANOVA on age with gender and age group as between-
subjects factors revealed no interaction between age group and
sex (p > .10).

The median odor threshold was around 2.77 mg/m’® (25" per-
centile: 1.78 mg/m’; 75" percentile: 5.32 mg/m”’). The odor
thresholds for the different groups of subjects are shown in
Table 3.

Table 3. Odor thresholds for each investigated group

2 th th
Median > . 5 :
percentile  percentile
Female 1.766 1.434 2.865
Young
Male 3.556 1.790 8.172
Female 3.575 2.487 6.052
Old
Male 2.790 2.221 8.307

Median, interquartile range in mg/m’.

Odor Thresholds and Breathing Changes Caused by Sulphur Dioxide
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The ANOVA on odor thresholds showed no significant
main or interaction effects for sex or age (p > .10), although
the median threshold for young women seems to be lower than
that for the other groups.

The repeated measures MANOVA on subjective ratings re-
vealed that the concentration of SO, has a highly significant
effect on all of the ratings (p < .001) with higher ratings at high
concentrations. For the ratings of all perceptions, power func-

Table 4. Parameters of fitted power function with goodness-
of-fit measure (adjusted R?)

: Adjusted . Adjusted

Perception a R? Perception R?
Odor intensity 45 .95

Olfactory 48 .96 Disgust 45 .93
Annoyance .50 .95
Tickling .25 .88
Prickling .29 91
Nasal irritation .36 .88

Trigeminal .40 .95 Pungent 41 .95
Sneeze 44 .78
Burning 44 .90
Sharp 5l .96

Olfact . trigeminal rati
350 actory vs ngemma ra mgs - Strong
@ Olfactory
300 @ Trigeminal

o

X 250 A

c

g 200 A

£ - Moderate

2 150 -

5

Z 100 -

50 - - Weak
0 - Barely detectable

T
0 10 20 30 40

Concentration (mg/m3)

Fig. 2. Mean ratings of olfactory and trigeminal perceptions (+SE) at
different concentrations of SO, and fitted power curves. SE: standard
error.

www. e-shaw.org



Kleinbeck S et al.
Safety and Health at Work | Vol. 2, No. 4, Dec. 30, 2011

Table 5. Initial effect levels and perceptual range of each
investigated perception

Perception Mean initial Initial effect
effect level level
Odor intensity 2.290
Olfactory 3.027 Disgust 2.290
Annoyance 4.501
Nasal irritation 2.290
Pungent 2.290
Sharp 4.500
Trigeminal 7.419 Sneeze 8.592
Tickling 8.592
Prickling 8.592
Burning 17.07

tions [W([) = kI°] were fitted to the observed data. Goodness of
fit and estimates for a are given in Table 4.

The parameter a for the mean olfactory rating is higher
than for the mean trigeminal rating, indicating a steeper slope
in olfactory ratings. The non-aggregated values of a range
from .45 to .50 for olfactory perceptions and from .25 to .51 for
trigeminal perceptions. The goodness of fit varies between .78
(‘sneeze’) to .96 (‘sharp’).

Fig. 2 shows the mean olfactory and the mean trigeminal
ratings at each concentration and the fitted power curves.

Starting with similar ratings at low concentrations, the
slope is steeper for the mean olfactory perception, reaching
higher ratings at 2.29 mg/m’. Planned (difference) contrasts on
the non-aggregated perceptions show the IELs (cf. Table 5 for
the IELs of all perceptions).

The mean IELs for olfactory and trigeminal ratings differ
(3.03 vs. 7.42 mg/m”). The initial effect is larger for non-aggre-
gated olfactory ratings (cf. Fig. 2). While the non-aggregated
IELs of olfactory ratings vary between 2.29 and 4.5 mg/m’,
those of trigeminal perceptions vary between 2.29 and 17.07
mg/m’.

While there is no significant main effect of age on the
ratings, there is a gender effect on nasal irritation with male sub-
jects report less nasal irritation than female subjects (p < .05).
Furthermore, there is a significant interaction between concen-
tration and sex for nasal irritation (p < .01; cf. Fig. 3). Planned
comparisons reveal that female subjects made higher ratings
than male subjects at the lowest concentration (0.17 mg/m”)
and at the high concentrations (17.07 mg/m’ and 33.58 mg/
m?).

400 A
—=— Female L Strong
W —e— Male
w
-+ 300 A
c
2
I
E 200 A
= - Moderate
©
c
T
=< 100 A
&
- Weak
- Barely detectable
0 T T T T T T T T T
A D QD A0 LD D
N QoY A R R \,\_Qq?;p

Concentration (mg/m3)

Fig. 3. Gender differences in ratings of nasal irritation (+SE) at
different concentrations of SO, at each concentration. SE: standard
error.
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T
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Fig. 4. Individually normed breathing depth in relation to concentra-
tion displaying a quadratic trend. SE: standard error.

The relationship between breathing depth and concentration is
displayed in Fig. 4.

A quadratic function was fitted to the data (adjusted R?
= .49). For lower concentrations (up to 2.29 mg/m’; below
threshold range), breathing depth varies randomly around
1. Beginning at 4.5 mg/m’ (supra-threshold range), a linear
decreasing trend is obvious. A BMD analysis was therefore
conducted on the four supra-threshold concentrations. In this
analysis, a 10%-deviation from baseline is regarded as a critical
value. A linear function provides the best fit. A 10% decrease
in breathing depth is observed at about 32 mg/m’. While the
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Table 6. Correlation of breathing depth with odor threshold at
each concentration

Odor threshold Spearman’s

Breathing depth at rho; p in brackets*

.1702 mg/m’ -.164 (.34)
.3298 mg/m’ -.088 (.61)
6331 mg/m’ 278 (.10)
1.256 mg/m’ -.393 (.02)
2.290 mg/m’ -213(.21)
4.501 mg/m’ .032 (.86)
8.592 mg/m’ -.124 (.47)
17.07 mg/m® .109 (.53)
33.58 mg/m’ .085 (.62)

*significance: p < .003 (Bonferroni corrected).

BMD refers to the central estimates, BMD limit (BMDL) com-
putes the confidence limit (95%) for the BMD based on the
asymptotic distribution of the likelihood ratio [53]. The BMDL
for breathing depth concerning SO, is around 25 mg/m’.

Table 6 reveals no significant correlations (Bonferroni
corrected) between breathing depth and odor threshold at any
concentration.

The correlations are both positive and negative, and there
is no obvious trend.

Discussion

Age-related differences might be absent because the subjects
do not differ substantially enough with respect to age. With
regard to odor thresholds, Hummel et al. [54] did find differ-
ences in odor thresholds for n-butanol between age groups 16-
35 and 36-55 years (9.3 vs. 8.8 on a scale ranging from 1 to 16;
every step on this scale represented bisection of concentration
[dilution ratio 1:2]) and between age groups 16-35 and > 55
years (9.3 vs. 7.3 with lower numbers representing higher odor
thresholds). However, as Hummel et al. [54] only report an
analysis of composite scores, it is unclear whether or not these
differences in odor thresholds are significant.

Nevertheless, the older group in the present study (45-65
years) comprises subjects from both ‘older’ age groups.

The age groups in this study were chosen to represent
young and old workers. van Thriel et al. [48] investigated age
groups similar to those in this study and found no correlation
between age and the odor threshold for n-butanol. Further-

Odor Thresholds and Breathing Changes Caused by Sulphur Dioxide
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more, they found no age effect on the ratings for six other sub-
stances (acetic acid, propionic acid, formic acid, ethyl acetate,
ethyl formate, cyclohexylamine) in an experiment using a simi-
lar procedure.

Men and women seem to be influenced by SO, in a com-
parable manner. Though Hummel et al. [54] found gender
differences in odor thresholds for n-butanol, this study revealed
no such differences for SO,. Only the ratings of a trigeminal
perception, nasal irritation, were affected by gender. van Thriel
et al. [48] were also unable to demonstrate gender effects on
olfactory perceptions (odor intensity, disgust, annoyance) for
the substances mentioned above. The only gender effect found
was on the pungency ratings, this was in the same direction as
the only gender effect reported in this study: in this particular
respect, females appear to be more sensitive than men.

Subjects are able to perceive concentration changes. Sub-
jective ratings reveal a dose-effect relationship as seen in the
goodness of fit of power functions. There are IELs at 2.29 mg/
m’ though the odor threshold is higher (2.77 mg/m’). At 2.29
mg/m’ a number of subjects are already able to smell SO, (40%
with odor threshold lower than 2.29 mg/m®). At lower concen-
trations, the mean ratings might represent apparently random
ratings (‘noise’).

Surprisingly, no clear difference in initial effect level could
be found between olfactory and trigeminal perceptions. Even
trigeminal perceptions, like nasal irritation or pungency, have an
initial effect level below the odor threshold. However, olfactory
ratings are steeper, demonstrating a more differentiated olfac-
tory rating at the investigated concentrations. As the ‘trigeminal’
ratings follow the saturation curve, they might be olfactory-
driven. Trigeminal activation, as a mechanism in pain transduc-
tion, should show a disproportionate increase in ratings. This
is because the perception of pain (for example, pain evoked by
electric shocks) follows a power curve with exponents between
2 and 3.5 [55]. Sensory irritation elicited by ‘real’ trigeminal
activation might emerge at even higher concentrations.

As there have been no experiments using lateralization to
determine sensory irritation threshold for SO, [1], the concen-
tration causing reduction in breath intake volume in this study
cannot be compared with this measure. van Thriel et al. [12]
considered that methods of static olfactometry (i.e., sniffing
bottles) to measure lateralization thresholds are artificial when
contrasted with the detection of odors in working environ-
ments. Two studies using dynamic olfactometry [12,56] report-
ed perceptions of trigeminal symptoms in the subjects at con-
centrations far below the lateralization threshold determined
in static olfactometry. Whether these perceptions were caused
by olfactory stimulation or ‘real’ trigeminal stimulation is not
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clear. However, it is possible that simple sniffs, as used in static
olfactometry, could lead to an underestimation of trigeminal
stimulation due to temporal integration of nasal irritation [57,58].
Further experiments are necessary to clarify the role of olfac-
tory and trigeminal stimulation on perceptual ratings.

This study investigated the determination of odor thresh-
olds using breathing depth as an indicator of sensory irritation.
This method is a more realistic approach to threshold measure-
ment because in involves several inhalations during a normal
breathing rhythm rather than the single sniff required in static
olfactometry.

In all subjects, a decrease in breathing depth at around 25
mg/m’ (BMDL) can be considered an adverse effect. Breath-
ing depth might not be appropriate for an evaluation of the
chronic effects of SO,, but it does prove to be helpful in assess-
ing acute effects using a BMD method. For risk assessment, the
BMD approach is recommended by the U.S. Environmental
Protection Agency [34]. The BMD method is reported in sev-
eral reviews [59-61] to be an alternative and favored approach
compared with the ‘no-observed-adverse-effect-level’ (NOAEL)
method. While the NOAEL represents the highest experimen-
tal dose for which no adverse health effects could be found,
the BMD incorporates dose-response information by fitting a
mathematical model to experimental dose-response data [34].
Critical effects in the BMD method are usually defined as a
10% deviation from background level [35]. Breathing depth
proved to be a suitable indicator for acute effects of an odor-
ous chemical [29,31]. Whether a 10% deviation from baseline
in breathing depth is a relevant effect is not clear. Any devia-
tion from baseline caused by an irritant should be avoided.
Therefore, an acute evaluation of this deviation has to take into
account deviations in normal breathing. The baseline used in
this study is the breathing depth observed at the lowest concen-
trations of SO,. The ‘real’ baseline, which should be measured
at blank samples, might be higher. Due to technical reasons
(adaptive filters adjusting the mean to 1), detection of the ‘real’
baseline is not possible with the method used. More research is
needed to evaluate this deviation. Nevertheless, the suggested
method proved to be capable of detecting reductions of respira-
tory depth. Using only a breast belt, it is possible that these re-
ductions are due to shifting from breast breathing to abdominal
breathing, although such a change is unlikely in sitting subjects
without any workload. However, an additional abdominal belt
should be used in further experiments. Nevertheless, the results
showed a concentration-driven change in breathing relative to
the breathing movements at the lowest concentration. In com-
bination with refined hypotheses about deviations and with
an additional abdominal belt, this method can be a sensitive,

valuable tool in risk assessments of local irritants affecting the
upper airways.

If breathing movements are regulated voluntarily on the
basis of olfactory information and not, as suggested, by reflexes
evoked by trigeminal receptors, it could be argued that a low
odor threshold would result in a decrease in breathing depth at
lower concentrations than would be the case with a high odor
threshold. A positive correlation between odor threshold and
breathing depth should therefore be noticed, at least at higher
concentrations. This could not be confirmed. Instead, on the
basis of this study’s results, it is possible to argue that respira-
tory volume might be regulated via reflexes elicited by trigemi-
nal activation. In animal studies, trigeminal activation has been
shown to be the cause of protective respiratory reflexes [26-28].
Therefore, the reduction in respiratory volume in our subjects
can presumably be related to trigeminal activation.

This method is not limited to occupationally used sub-
stances, but can be generalized to naturally occurring sub-
stances or environmental pollutants. However, more studies are
needed to further validate the method. Whether a 10% devia-
tion in depth of breathing is suitable for such purposes should
be topic for further research. Nevertheless, this study suggests
a new approach for risk assessment with human subjects using
breathing responses.

Conflict of Interest

No potential conflict of interest relevant to this article was re-
ported.

Acknowledgments

The work was supported by the BGIA-Institute for Occupa-
tional Safety and Health of the German Social Accident Insur-
ance. And the authors would like to thank all participants as
well as the staff of the involved working groups for conducting
the experiments and the extensive chemical analyses.

References

1. Arts JH, de Heer C, Woutersen RA. Local effects in the respi-
ratory tract: relevance of subjectively measured irritation for
setting occupational exposure limits. Int Arch Occup Environ
Health 2006;79:283-98.

Von Burg R. Sulfur dioxide. J Appl Toxicol 1996;16:365-71.

3. Ruth JH. Odor thresholds and irritation levels of sev-
eral chemical substances: a review. Am Ind Hyg Assoc J
1986;47:A142-51.

www. e-shaw.org



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Hazardous Substances Data Bank [Internet]. Bethesda (MD):
National Library of Medicine (US); 1998 [cited 2009 Dec
17]. Available from: http://toxnet.nlm.nih.gov/cgi-bin/sis/
htmlgen”HSDB.

Nagata Y. Measurement of odor threshold by triangle odor
bag method. Bull Japan Environ Sanit Cent 2003:118-27.
Doty RL, Hastings L. Neurotoxic exposure and olfactory im-
pairment. Clin Occup Environ Med 2001;1:547-75.

Doty RL. Olfactory dysfunction and its measurement in
the clinic and workplace. Int Arch Occup Environ Health
2006;79:268-82.

Brand G. Olfactory/trigeminal interactions in nasal chemore-
ception. Neurosci Biobehav Rev 2006;30:908-17.
Cometto-Muiiiz JE, Cain WS. Trigeminal and olfactory sen-
sitivity: comparison of modalities and methods of measure-
ment. Int Arch Occup Environ Health 1998;71:105-10.

Savic I. Processing of odorous signals in humans. Brain Res
Bull 2001;54:307-12.

Shusterman D. Review of the upper airway, including olfac-
tion, as mediator of symptoms. Environ Health Perspect
2002;110(Suppl 4):649-53.

van Thriel C, Schédper M, Kiesswetter E, Kleinbeck S, Juran
S, Blaszkewicz M, Fricke HH, Altmann L, Berresheim H,
Briining T. From chemosensory thresholds to whole body
exposures-experimental approaches evaluating chemosen-
sory effects of chemicals. Int Arch Occup Environ Health
2006;79:308-21.

Speizer FE, Frank NR. The uptake and release of SO2 by the
human nose. Arch Environ Health 1966;12:725-8.

Sandstrom T. Respiratory effects of air pollutants: experimen-
tal studies in humans. Eur Respir J 1995;8:976-95.

Brain JD. The uptake of inhaled gases by the nose. Ann Otol
Rhinol Laryngol 1970;79:529-39.

Frank NR, Yoder RE, Brain JD, Yokoyama E. SO2 (35S
labeled) absorption by the nose and mouth under conditions
of varying concentration and flow. Arch Environ Health
1969;18:315-22.

Badenhorst CJ. Occupational health and safety risks associ-
ated with sulphur dioxide. J South African Inst Min Metall
2007;107:299-303.

Andersen IB, Lundqvist GR, Jensen PL, Proctor DF. Human
response to controlled levels of sulfur dioxide. Arch Environ
Health 1974;28:31-9.

Shusterman D. Toxicology of nasal irritants. Curr Allergy
Asthma Rep 2003;3:258-65.

GESTIS database on hazardous substances [Internet]. Sankt
Augustin (Germany): Institute for Occupational Safety and
Health of the German Social Accident Insurance; 2008 [cited
2008 Nov 12]. Available from: http://biade.itrust.de/biaen/
Ipext.dll?f=templates&fn=main-h.htm.

Nielsen GD, Wolkoff P, Alarie Y. Sensory irritation: risk as-
sessment approaches. Regul Toxicol Pharmacol 2007;48:6-18.

Odor Thresholds and Breathing Changes Caused by Sulphur Dioxide

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Saf Health Work 2011;2:3%-64

Schaper M. Development of a database for sensory irritants
and its use in establishing occupational exposure limits. Am
Ind Hyg Assoc J 1993;54:488-544.

Alarie Y, Schaper M, Nielsen GD, Abraham MH. Structure-
activity relationships of volatile organic chemicals as sensory
irritants. Arch Toxicol 1998;72:125-40.

Alarie Y. Dose-response analysis in animal studies: prediction
of human responses. Environ Health Perspect 1981;42:9-13.
Bos PM, Busschers M, Arts JH. Evaluation of the sensory ir-
ritation test (Alarie test) for the assessment of respiratory tract
irritation. J Occup Environ Med 2002;44:968-76.

Tizzano M, Gulbransen BD, Vandenbeuch A, Clapp TR,
Herman JP, Sibhatu HM, Churchill ME, Silver WL, Kinna-
mon SC, Finger TE. Nasal chemosensory cells use bitter taste
signaling to detect irritants and bacterial signals. Proc Natl
Acad Sci U S A 2010;107:3210-5.

Taylor-Clark TE, Kiros F, Carr MJ, McAlexander MA. Tran-
sient receptor potential ankyrin 1 mediates toluene diisocya-
nate-evoked respiratory irritation. Am J Respir Cell Mol Biol
2009;40:756-62.

Nassenstein C, Kwong K, Taylor-Clark T, Kollarik M, Mac-
glashan DM, Braun A, Undem BJ. Expression and function
of the ion channel TRPA1 in vagal afferent nerves innervating
mouse lungs. J Physiol 2008;586:1595-604.

Walker JC, Kendal-Reed M, Hall SB, Morgan WT, Polyakov
VV, Lutz RW. Human responses to propionic acid. II. Quan-
tification of breathing responses and their relationship to per-
ception. Chem Senses 2001;26:351-8.

Grunstein MM, Hazucha M, Sorli MH, Milic-Emili J. Effect
of SO2 on control of breathing in anesthetized cats. J Appl
Physiol 1977;43:844-51.

Arzi A, Sela L, Green A, Givaty G, Dagan Y, Sobel N. The
influence of odorants on respiratory patterns in sleep. Chem
Senses 2010;35:31-40.

Lawther PJ. Effect of inhalation of sulphur dioxide on respira-
tion and pulse-rate in normal subjects. Lancet 1955;269:745-8.
Burgess KR, Whitelaw WA. Effects of nasal cold receptors on
pattern of breathing. J Appl Physiol 1988;64:371-6.

Crump K, Bruce A, Elaine F. The use of the benchmark dose
approach in health risk assessment. Washington, DC: Envi-
ronmental Protection Agency (US) Risk Assessment Forum,;
1995. Report No.: EPA/630/R-94/007. 93 p.

Benchmark dose (BMD) methodology [Internet]. Washing-
ton, DC: Environmental Protecton Agency (US); 2009 [cited
2009 Jul 17]. Available from: http://www.epa.gov/NCEA/
bmds/bmds_training/methodology/intro.htm.

van Thriel C, Blaszkewicz M, Schéaper M, Juran SA, Klein-
beck S, Kiesswetter E, Wrbitzky R, Stache J, Golka K, Bader
M. Chemosensory effects during acute exposure to N-methyl-
2-pyrrolidone (NMP). Toxicol Lett 2007;175:44-56.
Cometto-Muiiiz JE, Cain WS. Efficacy of volatile organic
compounds in evoking nasal pungency and odor. Arch Envi-

www. e-shaw.org



Kleinbeck S et al.
Safety and Health at Work | Vol. 2, No. 4, Dec. 30, 2011

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

ron Health 1993;48:309-14.

Doty RL. Olfaction and multiple chemical sensitivity. Toxicol
Ind Health 1994;10:359-68.

Nordin S, Lotsch J, Kobal G, Murphy C. Effects of nasal-
airway volume and body temperature on intranasal chemo-
sensitivity. Physiol Behav 1998;63:463-6.

Junker MH, Danuser B, Monn C, Koller T. Acute sensory
responses of nonsmokers at very low environmental tobacco
smoke concentrations in controlled laboratory settings. Envi-
ron Health Perspect 2001;109:1045-52.

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

Green BG, Dalton P, Cowart B, Shaffer G, Rankin K, Higgins
J. Evaluating the ‘Labeled Magnitude Scale’ for measuring
sensations of taste and smell. Chem Senses 1996;21:323-34.
Shusterman D, Avila PC. Real-time monitoring of nasal mu-
cosal pH during carbon dioxide stimulation: implications for
stimulus dynamics. Chem Senses 2003;28:595-601.

Dalton P. Psychophysical methods in the study of olfaction
and respiratory tract irritation. Aihaj 2001;62:705-10.

Smeets MA, Mauté C, Dalton PH. Acute sensory irritation
from exposure to isopropanol (2-propanol) at TLV in workers
and controls: objective versus subjective effects. Ann Occup
Hyg 2002;46:359-73.

Djordjevic J, Zatorre RJ, Jones-Gotman M. Effects of per-
ceived and imagined odors on taste detection. Chem Senses
2004;29:199-208.

Winston JS, Gottfried JA, Kilner JM, Dolan RJ. Integrated
neural representations of odor intensity and affective valence
in human amygdala. J Neurosci 2005;25:8903-7.

van Thriel C, Kiesswetter E, Schdper M, Juran SA, Blasz-
kewicz M, Kleinbeck S. Odor annoyance of environmental
chemicals: sensory and cognitive influences. J Toxicol Envi-
ron Health A 2008;71:776-85.

Laska M, Distel H, Hudson R. Trigeminal perception of
odorant quality in congenitally anosmic subjects. Chem Sens-
es 1997;22:447-56.

Kleinbeck S, Juran SA, Kiesswetter E, Schaper M, Blaszke-

www. e-shaw.org

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

wicz M, Briining T, van Thriel C. Evaluation of ethyl acetate
on three dimensions: investigation of behavioral, physiologi-
cal and psychological indicators of adverse chemosensory ef-
fects. Toxicol Lett 2008;182:102-9.

Sackner MA, Watson H, Belsito AS, Feinerman D, Suarez M,
Gonzalez G, Bizousky F, Krieger B. Calibration of respiratory
inductive plethysmograph during natural breathing. J Appl
Physiol 1989;66:410-20.

Stevens SS. On the psychophysical law. Psychol Rev
1957;64:153-81.

Crump KS, Howe RB. Chapter 9. A review of methods for
calculating confidence limits in lowdose extrapolation. In:
Clayson DB, Krewski D, Munro I, editors. Toxicological risk
assessment. Boca Raton (FL): CRC Press, Inc.; 1985. 230 p.
Hummel T, Kobal G, Gudziol H, Mackay-Sim A. Normative
data for the “Sniffin’ Sticks” including tests of odor identifica-
tion, odor discrimination, and olfactory thresholds: an up-
grade based on a group of more than 3,000 subjects. Eur Arch
Otorhinolaryngol 2007;264:237-43.

Coren S, Ward LM, Enns JT. Sensation and perception.
Hoboken (NJ): Wiley; 2004. 598 p.

Schmidt R, Cain WS. Making scents: dynamic olfactometry
for threshold measurement. Chem Senses 2010;35:109-20.
Wise PM, Canty TM, Wysocki CJ. Temporal integration of
nasal irritation from ammonia at threshold and supra-thresh-
old levels. Toxicol Sci 2005;87:223-31.

Wise PM, Radil T, Wysocki CJ. Temporal integration in nasal
lateralization and nasal detection of carbon dioxide. Chem
Senses 2004;29:137-42.

Filipsson AF, Sand S, Nilsson J, Victorin K. The benchmark
dose method-review of available models, and recommenda-
tions for application in health risk assessment. Crit Rev Toxi-
col 2003;33:505-42.

Nielsen GD, Ovrebg S. Background, approaches and recent
trends for setting health-based occupational exposure limits: a
minireview. Regul Toxicol Pharmacol 2008;51:253-69.

Sand S, Victorin K, Filipsson AF. The current state of knowl-
edge on the use of the benchmark dose concept in risk assess-
ment. J Appl Toxicol 2008;28:405-21.



