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Abstract Objectives: To measure eye blink frequency as
a measure of trigeminal stimulation of the eye. Human
subjects were exposed to oxidation mixtures represen-
tative of reactive indoor pollutants and clean air, from
which relative changes in blink frequencies were mea-
sured. Method: Male subjects (n=8) were exposed for
20 min to limonene oxidation products (LOPs), isoprene
oxidation products (IOPs), nitrate radicals (NO3), their
residual reactants, and clean air at 20% relative
humidity. A baseline blink frequency was measured
prior to and following each exposure (2·8 min). The
subjects were exposed locally in the non-dominant eye
and single blind in random order. Blinking was video-
recorded and evaluated for full sessions of 36 min while
the subjects viewed an educational film. The initial
terpene concentrations were one to two orders of
magnitude higher than mean indoor concentrations.
Results: The mean blink frequency increased signifi-
cantly during subjects’ exposure to gas-phase oxidation
products at lower part-per-billion (ppb) levels of LOPs,
42% (P<0.0001) and NO3, 21% (P<0.022), compared
with that at baseline. Neither the residual reactants nor
clean air changed the blink frequency significantly. The
findings coincided with qualitative reporting of weak eye
irritation symptoms. Conclusions: Changes in blink
frequency appear to be a promising measure of trigem-
inal stimulation from exposure to eye irritants in ppb
levels. Gaseous products of limonene and ozone, and
reactive radicals may cause eye irritation indoors.

Keywords Blink frequency Æ Eye irritation Æ
Nitrate radicals Æ Ozone Æ Terpene oxidation products

Introduction

Eye complaints, such as burning, dry and itching eyes
(i.e. eye irritation) are among the most common symp-
toms reported in the indoor environment. The preva-
lence has been reported to be approximately 20% to
40% in offices (Brightman and Moss 2000). The cause(s)
of eye irritation in the indoor environment is unknown,
although a number of suspected indoor factors have
been evaluated (Mendell 1993). Indoor air pollution has
been hypothesised as being one cause of eye irritation
(Norn 1992; Versura et al. 1999; Saxena et al. 2003). For
example, reported eye irritation has been associated with
the use of specific cleaning products for flooring mate-
rials. A number of identified correlations between re-
ported eye irritation and measured signs in the outer eye,
both in human exposure studies with indoor air pollu-
tants and in field investigations, has been found [cf.
(Wolkoff et al. 2003)]. It has been proposed that volatile
organic compounds (VOCs) could cause thinning and
alteration of the pre-corneal tear film (PTF) and epi-
thelial damage of conjunctiva (Norn 1992). In particu-
lar, lipophilic and/or surface-active pollutants have been
hypothesised to cause thinning of PTF, which finally
results in reduced stability of the PTF (Norn 1992). This
is unlikely, because both lipophilic and hydrophilic in-
door VOCs may alter the PTF only at industrial levels.
This has been shown for decane (Kjaergaard et al. 1989)
and propylene glycol (Wieslander et al. 2001), which are
representative of a lipophilic VOC and a hydrophilic
VOC, respectively.

However, a number of glycol ethers and esters have
not been shown to cause any alteration effects of the
PTF, even at industrial concentrations (Emmen et al.
2003; Iregren et al. 1993; Nihlén et al. 1998a, 1998b).
Similarly, a mixture of 22 different VOCs dominated by
butyl acetate and toluene did not alter PTF at a total
level of 24 mg m)3 (Kjaergaard et al. 1991). The indoor
concentrations of such VOCs are generally 3–4 orders of
magnitude lower than industrial levels, occupational
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exposure limits or estimated thresholds for airway irri-
tation. It is doubtful whether these compounds cause eye
irritation (Wolkoff and Nielsen 2001). However, some
VOCs are discriminated against by the analytical
methods and are not measured, i.e. chemically unstable
and/or short-lived species. Such species are produced in
the reaction of ozone (O3) with some terpenes and cause
airway irritation in a mouse bioassay, unlike the reac-
tants themselves (Wolkoff et al. 2000). The bio-response
is only partly understood, and the reaction mixture
comprises both residual (unreacted) reactants and ter-
pene oxidation products, which are complex mixtures of
intermediate compounds, radicals, organic acids and
carbonyl compounds (Seinfeld and Pandis 1998).

Ultrafine particles (i.e. of size 1–100 nm) are also
formed in terpene oxidation reactions with O3 (Bonn
et al. 2002), e.g. during cleaning activities that use ter-
pene-based agents (Long et al. 2000). Whether these or
the gaseous oxidation products are responsible for the
biological response remains unknown. Although the
above bioassay in addition to some field studies supports
the reactive chemistry as a plausible hypothesis for eye
and airway irritation in non-industrial settings (Wolkoff
and Nielsen 2001), there is a need for further substan-
tiation by a human model. There is not yet convincing
evidence that particles can alter the PTF at typical in-
door levels and result in eye complaints. The results
from human exposure studies in climate chambers with
exposure to approximately 400 lg m)3 airborne office
floor dust are inconclusive about eye irritation (Haus-
childt et al. 1999; Pan et al. 2000).

The abundance and, hence, the exposure of terpene
oxidation products indoors, depends on the identity and
concentration of the reactants (e.g. O3 and limonene),
their reaction rate and the air exchange rate, which
determine the build-up of reaction products. Terpenes
are emitted from vegetation and certain wood-based
building materials and are added to household products.
The terpene, limonene, is predominantly an indoor
source, and high concentrations can be obtained at a low
air-exchange rate in the absence of oxidants. A typical,
mean, indoor concentration is less than 10 parts per
billion (ppb), but values as high as 70 ppb have been
reported (Wolkoff et al. 2000), e.g. in cleaning agents or
in materials in new housing (Hodgson et al. 2000). O3

has been measured in concentrations of a few ppb to
hundreds of ppb and is, typically, 20%–70% of outdoor
levels (Weschler 2000). The main indoor source of iso-
prene is human exhalation and environmental tobacco
smoke; indoor measurements of isoprene concentrations
are sparse but are generally below 10 ppb (e.g. Fenske
and Paulson 1999; Wolkoff et al. 2000). Indoor nitrogen
dioxide (NO2) concentrations are similar to outdoor
values, i.e. up to approximately 25–50 ppb (Wolkoff
et al. 2000).

A number of eye physiology methods have been used
to characterise eye signs, such as the stability of the PTF
(Kjaergaard and Hodgson 2001). They are, however, not
a direct measure of eye irritation. Eye blink frequency

(BF) has been proposed as a measure of eye irritation
(Walker et al. 2001). There are three types of blinking.
First, reflex blinking is a rapid closure movement of the
eyelids. It is of short duration as response to a variety of
external stimuli, usually auditory, cognitive, trigeminal
or visual, including a component of other motor
behaviours. Generally, trigeminal stimulation dictates
most reflex blinks. Second, voluntary (conscious)
blinking, and third, involuntary (spontaneous) blinking
occur without external stimuli and at a fairly constant
frequency (Sibony and Evinger 1998). The dominance of
reflex blinking supports the above proposal.

Increase of BF has been found for some VOCs,
though at industrial concentrations. For example,
1,400 ppm butyl acetate resulted in a significant increase
from 9 to 12 min)1 (Iregren et al. 1993). Exposure to a
VOC mixture (total 12–24 mg m)3) resulted in a dose/
time-dependent increase in BF associated with reported
eye irritation (Prah et al. 1993). The BF increased from
approximately 21 to 35 min)1 from 35 min of exposure
to 0.03 to 3.2 ppm formaldehyde, most noticeably in the
range 1.2 to 3.2 ppm and concurrently with increase of
eye irritation (Weber-Tschopp et al. 1977). Recently, a
positive correlation has been observed between BF and
environmental tobacco smoke particles at low levels
(Junker et al. 2001). However, comparison of the results
is difficult because the period of measurement has gen-
erally been approximately 2 min or less, much shorter
than the individual cycle of involuntary blinking found
in this study.

The purpose of this study was to investigate whether
exposure of the human eye to limonene oxidation
products (LOPs), isoprene oxidation products (IOPs),
and nitrate radicals (NO3) at low relative humidity could
increase the BF reflected as a trigeminal stimulation. The
reaction mixtures represented a juvenile mixture of O3

and a fast-reacting terpene (LOPs), and an old mixture
of O3 and a slow-reacting hemi-terpene (IOPs). NO3 is a
model compound of a reactive species, which we in-
cluded to see if a reactive radical in low concentration
triggers trigeminal stimulation. We chose a relative
humidity of 20% to obtain as potent a response as
possible, as observed in a mouse bioassay study (Wilkins
et al. 2003).

Materials and methods

Chemicals

Oxygen (99.999% pure), nitrogen (>98% pure, O2+H2O
<2 ppm) and certified nitrogen dioxide (NO2) of concentration
94.6 ppm (98% pure) were from Hydrogas, Norway. O3 was gen-
erated photochemically by the irradiation of pure oxygen with a
thermostat-controlled mercury lamp with a high performance
power supply (for details see Wolkoff et al. 2000). Limonene
(>99.9% pure) and isoprene (>98% pure) were from Fluka. A gas
generator (model 350, AID, Avondale, Pa., USA) generated lim-
onene and isoprene vapours by evaporation of the liquids into a
filtered nitrogen stream. Clean humidified air was generated as a
separate air supply from charcoal-filtered air of medical grade.
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In the supply unit the air stream was split between a dry channel
and one passing a sparger with clean water. We adjusted the rela-
tive humidity by combining the two channel flows (see Fig. 1).

Generation of single compounds/mixtures

The experimental set-up is shown in Fig. 1. The measured con-
centrations of the reactants (i.e. starting concentrations before
mixing, sampling point I) and their residual concentrations (i.e.
after mixing and oxidation reaction, sampling point II) for all
exposures are shown in Table 1. O3 was partly consumed in surface
reactions in the reaction flow tubes and the reaction chamber. We
measured a first-order rate constant in order to address the wall
loss of O3. After that, we calculated the chemical loss of O3 in the
three systems; see ‘‘Modelling’’ and ‘‘Appendix’’ for details.

We generated LOPs by mixing flows of limonene
(215 ml min)1), O3 (50 ml min)1), and air (725 ml min)1) in a
Teflon tube [length (l) 1.3 m, internal diameter (i.d.) 2 mm] con-
nected to a wide-bore polyethylene (PE) reaction flow tube (l 4.7 m,
i.d. 2.2 cm). The flow through the PE reaction tube (193 ml min)1)
was adjusted by regulation of a pump (model s2500, Dupont, Del.,
USA) connected by a T-union to the Teflon tube downstream and
the PE reaction tube upstream. The chemical extent of the reaction
was calculated to be 50%, based on the consumption of O3 after
10 min of reaction, excluding wall loss; see Table 1.

We generated IOPs by mixing flows of isoprene
(2,020 ml min)1), O3 (50 ml min)1), NO2 (8.5 ml min)1) and air
(1,965 ml min)1) in a Teflon tube (l 1.3 m, i.d. 2 mm) connected to
a 183 l stainless-steel chamber with hand-polished inner walls (l
48.6 cm, width 48.6 cm, height 77.6 cm). The inlet and outlet of the
chamber were connected to two separate Dupont pumps, which

Fig. 1 Experimental set-up for
eye exposure
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regulated the flow into the chamber (1,700 ml min)1) and the flow
out of the chamber to the eyepiece (193 ml min)1). The chemical
extent of the reaction was calculated to be 67%, based on the O3

consumption after 108 min of reaction, excluding wall loss.
NO3 radicals were prepared from O3 (50 ml min)1) and NO2

(8.5 ml min)1), which were diluted with air (4,550 ml min)1) and
aged for 40 min in the stainless-steel chamber described above. The
outlet of the chamber was connected to a Dupont pump, which
reduced the flow to the eyepiece to 193 ml min)1. The chemical
extent of the reaction was calculated to be 23%, based on the O3

consumption after 40 min of reaction, excluding wall loss.
We generated the limonene and isoprene/NO2 by turning off the

O3 generator in the respective systems and produced O3, as a single
component, by omitting the limonene supply in the LOPs set-up.
The concentrations were slightly higher than their residual con-
centrations in the reaction mixtures (see Table 1). Exposure to
isoprene/NO2 was carried out as a binary mixture. Any perception
or change of BF from this mixture was assumed to be the sum-
marised effect of isoprene and NO2, because it could be modelled,
from the associated rate constants, that less than 1% of the NO2

reacted with isoprene during the 108 min of reaction time.
All the flow tubes and the chamber were cleaned prior to each

session with 500 ppb O3 (4 l min)1) for 2 h. All exposure concen-
trations were adjusted to 20%±3% relative humidity and
21�C±2�C. The mixing ratio of O2 was 26% in sessions 1, 4 and
5;otherwise, it was 21%.

Human eye exposure to mixtures and clean air

Eight male subjects aged between 30 and 63 years (mean 48 years)
participated in the study. Inclusion criteria were: non-smoker, ab-
sence of any pathological eye history and otherwise healthy. One
wearer of contact lenses was requested not to use them for 2 weeks
prior to exposure. The subjects used no systemic medication likely
to provoke dry eyes (e.g. (Craig 2002; Doughty et al. 1997). Prior
written consent was obtained from the subjects and the study was
approved by the local Danish Research Ethics Committee
(Copenhagen and Frederiksberg, KF01-005/02).

A specially designed glass eyepiece was utilised to restrict the
exposure to the eye. The eyepiece was connected to the reaction
flow tube or the stainless-steel chamber via a Teflon tube (l 1.8 m,
i.d. 1 cm); see Fig. 1. The eyepiece was designed to fit the facial
curve, which ensured an effective air supply at atmospheric pres-
sure. This gave an unnoticeable, low, linear velocity, which was
estimated to be less than 4 cm s)1 in the eyepiece, based on geo-
metric calculations. A digital video-camera (Sony DCR-PC110E
PAL; 25 frames/s) recorded the subject’s blinking; in addition,
comments by the subjects about perception were recorded. The
temperature was 21�C±2�C and the relative humidity was
31%±9% in the laboratory.

The subjects were exposed single-blind in their non-dominant
eye, which sometimes caused minor visual disturbances through the
eyepiece. The dominant eye was, however, unaffected, and gener-
ally, after a few minutes the subjects did not pay attention to the
eyepiece. They were neither informed about the nature of stimulus
nor could they smell it. An educational video-film was shown
during the session to prevent the subjects from cat-napping. Each
of the seven sessions was made up of four successive stages (see
Table 2): an acclimatisation stage, which included clean air for
3 min; initial baseline recording, with clean air for 8 min (stage A);
one of the compounds/mixtures BA–BG (stage B) for 20 min; and
finally a baseline recovery stage of clean air for 8 min (stage C).
The shift from stages A to B and B to C involved a manual change
of eyepieces and interrupted the stages for ca. 1 min (omitted on
the graphs in Figs. 1 and 2). The subjects were exposed in the
morning in random order of sessions; there was a minimum of 2
days between each session so that adaptation to the exposures
could be avoided.

Measurements

All flows of oxygen, nitrogen, and NO2 were adjusted daily by flow
controllers and measured before and after sampling with a trace-
able electronic bubble flow meter (Gillian Instrument Corporation,
N.J., USA). Temperature and relative humidity were measured by
a calibrated hygrometer (model Testo 601, Testoterm GmbH &

Table 1 Chemical characterisation of exposure conditions

Reactant concentrationsa LOPs IOPs NO3 O3 Limonene Isoprene/NO2 Clean air

Session/stageb 1 2 3 4 5 6 7
BA BB BC BD BE BF A, BG, C

Limonene (ppb) 220 – – – 116 – –
Isoprene (ppb) – 195 – – – 195 –
O3 (ppb) 130 103 53 71 <3 <3 <3
NO2 (ppb) <2 175 144 <2 <2 175 <2
Residual reactant and product
concentrationsc

Limonene (ppb) 75 116
Isoprene (ppb) 126 195
O3 (ppb) 40 31 39 40
NO2 (ppb) 127 117 175 <1
Particles (cm)3) <30 <2 <2 <2 <2 <2
Other parametersd

O3 reacted (ppb/%) 40/50 64/67 12/23
Reaction time (min) 10 108 40
Wall loss (O3) (s)1) 1.1·10)3 1.8·10)5 1.8·10)5

Temperature (ºC) 21±2
Relative humidity (%) 20±3

aLOPs, IOPs and NO3 are formed by the mixing of the reactants in
the specified concentrations. The mixtures are introduced into a
stainless-steel chamber or a flow tube and aged for the time dis-
played as the reaction time. The concentrations are mean values
±10% variation between exposures
bSee Table 2 for the definition of sessions and stages
cThe mixtures are not fully reacted and contain residual reactants.
Particles are counted in the range 7–1,000 nm

dThe term ‘‘O3 reacted’’ is the chemically consumed ozone,
excluding wall loss. The reaction time is estimated as the ratio of
volume and flow in the reaction chamber. Wall loss (O3) is the first-
order rate constant for the degradation of O3by the reaction
chamber (IOPs and NO3) or the reaction flow tube (LOPs) in which
the reaction takes place
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Co., Germany). The reactant concentrations of limonene and iso-
prene were measured prior to their reaching the reaction chamber
or the PE reaction flow tube at sample point I; see Fig. 1. The
residual concentrations of limonene and isoprene were measured at
the end of the Teflon tube at sample point II, which connected the
steel chamber or PE flow tube with the eyepiece. Limonene and
isoprene were measured weekly by being sampled on Tenax TA
adsorbent tubes followed by thermal desorption–gas chromato-
graphic flame ionisation detection. The sampling rate was
200±3 ml min)1 with Alpha-1 pumps (Ametek, Pa., USA). Ana-
lytical details are described elsewhere (Wolkoff 1998). A calibrated
photo ionisation detector (PID) (model PGM-7240, RAE Systems,
Calif., USA) was used for daily quality control of the limonene or
isoprene concentrations. O3 was monitored continuously in the
reaction mixture with a newly calibrated chemiluminescence mon-
itor (model 265 A, API, San Diego, Calif., USA). In the same
manner, NO2 was measured continuously with a newly calibrated
chemiluminescence monitor (model 200A, API). The limit of
detection for both instruments was 2 ppb. The loss of O3 to the
walls of the PE reaction flow tube was measured at the inlet
(sampling point I) and outlet (sampling point II) for the applied
flow and O3 concentration and similarly for the steel chamber.

The total number of ultrafine particles was measured at sam-
pling point II, once for a 10 min period by a condensation particle
counter in the range 7–1,000 nm and with a detection limit of 2
particles cm)3 (model 3022A, TSI, Minn., USA). The data were
averaged over 10 min.

Calculation of the blink frequency

A blink was defined as a downward movement of the upper eyelid
discernible by the researcher, but twitches and incomplete blinks
were excluded. An incomplete blink was defined as a movement of
less than one half of the total distance of the upper lid. All video-
recordings were critically viewed by the same researcher, and each
complete blink in stages A, B and C was stored, together with the
time, on a computer. The BF was calculated in sequences of non-
overlapping 4 min averages. An analysis showed that variation in-
creased with the BF, and, hence, the data were not normally dis-
tributed. Therefore, we transformed the data into a normal
distribution by taking the logarithm of the BF. The change of BF
caused by exposure to a reaction mixture or single compound was
modelled by linear regression analysis (SAS, version 8.1). The esti-
mated changes of BF in stage B relative to the baseline BFof stagesA
and C, and P values obtained from a t-test, are shown in Table 3.

A possible effect of clean air was tested in session 7 to enable us
to see if the set-up itself would influence the BF.

Modelling

We developed a simple one-compartment model with 19 reactions
in order to calculate the extent of the oxidation reactions, which
were expressed in terms of chemically consumed O3. The reactions
involved and their rate constants are listed in the Appendix. We
applied VISSIM, version 3.0 (Visual Solutions, Westford, Mass.,
USA) for this purpose, using the Backword Euler ( (Stiff) inte-
gration method with a 0.001 minimum stepsize.

The O3 concentrations in the reaction flow tube and the reac-
tion chamber were measured at sample points I and II in the ab-
sence of other species; see Fig. 1. The measurements were used to
calculate the rate constants for the wall loss designated in reactions
7 and 8 in the Appendix as:

Fig. 2 Examples of blink frequency/time curves for exposure to
clean air

Table 2 The exposure sessions

Session/stages Acclimatization A BA BB BC BD BE BF BG C
Clean
air

LOPs IOPs NO3 O3 Limonene Isoprene/NO2 Clean
air

Clean
air

3 min 8 min 20 min 8 min
1 + + + +
2 + + + +
3 + + + +
4 + + + +
5 + + + +
6 + + + +
7 + + + +

Viewing an educational film

Table 3 Changes in eye blink frequency

Blink frequency changesa LOPs IOPs NO3 O3 Limonene Isoprene/NO2 Clean air

Mean (%) 42 18 21 0 )12 )16 )9
95% CI 20 to 67 )1 to 40 3 to 43 )15 to 18 )25 to 4 )29 to 0 )23 to 7
Pb <0.0001 0.056 0.022 0.98 0.13 0.053 0.26

aThe change in blink frequency is specified as the geometric mean and the 95% CI. The P value is the probability that the blink frequencies
during exposure to the test compound and clean air are equal
bn=8, except for clean air (n=7)
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k ¼ �ln
O3; sample point II

O3; sample point I

� �
� t�1 ð1Þ

The wall loss was modelled for LOPs, IOPs, and NO3 by the
implementation of first-order rate expressions using the above de-
rived rate constants. The percentage of consumed O3 in oxidation
reactions, excluding wall loss, was calculated as:

O3; chemically reacted ¼ O3; sample point I � O3; sample point II � O3; wall

O3; sample point I � O3; wall

� 100%

ð2Þ

Results

The influence of exposure on blink frequency

Examples of low, medium and high BFs, where the
subjects have been exposed to clean air (session 7), are

shown in Fig. 2. The BF/time curves for all sessions
showed sinus-like cycles of about 5 min. Moreover, the
amplitude was larger for subjects with high baseline
BF. The baseline BF showed a variation between dif-
ferent days of exposure. This was calculated as the
standard deviation of the BF in stage A for all sessions
(the mean standard deviation was 3.1 min)1) and ap-
peared to increase linearly with the baseline BF
(R2=0.97). In addition, the BF showed a small positive
or negative trend averaging 0.05 min)2 in session 7; see
also Fig. 2.

Exposures of 20 min to LOPs caused a significant
increase of 42%, while exposure to IOPs and NO3 re-
sulted in increases of approximately 20% relative to the
baseline; see Table 3. The increase was significant for
LOPs and NO3, but that for IOPs was on the borderline
of significance. Examples of BF/time curves for one of
the subjects are shown in Fig. 3.

Fig. 3 Time/blink frequency
curves. Following 3 min of
acclimatisation, the subject is
exposed to clean air from
t=3 min to t=11 min
(stage A); the test compound/
mixture from t=11 min to
t=31 min (stage B); and clean
air from t=31 min to
t=39 min (stage C)
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LOPs, IOPs and NO3 contained residual concen-
trations of reactants, i.e. O3 and limonene; O3, isoprene
and NO2; and O3 and NO2, respectively, in addition
to the oxidation products. The oxidation reactions
had not reached completion, as a consequence of the
chosen reaction times. Therefore, we tested whether the
residual reactants could be responsible for the mea-
sured increase of BF; see Tables 1 and 3. The effects of
O3, limonene, and isoprene/NO2, respectively, were
negligible or showed an insignificant decrease of BF,
like clean air.

The formation of LOPs, IOPs and NO3 was modelled
in order for the amount of chemically consumed O3 to
be estimated. The wall loss of O3 in the reaction tube
and chamber followed first-order rate expressions, of
which the rate constants are listed in Table 1. The wall
loss was included in the model as an O3-competing
reaction. The percentages of O3 that were chemically
consumed in the LOPs, IOPs and NO3 mixtures were 50,
67 and 23%, respectively. The ultrafine particle counts
were negligible; see Table 1.

Discussion and conclusion

A session of exposure to clean air (session 7) was in-
cluded in order for us to study the variation of BF for
each subject during exposure to a blank. Irrespective of
the subjects, the BF/time curves showed similar sinus-
like patterns reflecting involuntary blinking. The indi-
vidual variations of BF with time, which is designated
the baseline blink cycle, have been observed by other
researchers (B. Piccoli, personal communication; Mon-
ster et al. 1978). Since the BF alternates on a minute
scale in a sinus-like cycle, the length of the baseline BF
recording must be larger than or equal to a cycle, for
purposes of comparison. A shorter baseline recording
will not be representative, and a longer one may tire the
subject unnecessarily. A baseline of 8 min was chosen to
include a minimum of one cycle. Moreover, the baseline
BF showed a positive or negative trend in a particular
session, which implies that a baseline recording prior to
an exposure (stage A) might not be representative for a
full session. A second baseline after the exposure
(stage C) was, therefore, included. The application of
stage C is valid only if the BF is unaffected by the
intervening exposure. This was not expected, since
the reactants were present in low concentrations. If the
assumption were incorrect, the difference in the baseline
BF from stage A to stage C should be more pronounced
in sessions 1–6 relative to the session of clean air. The
baseline BF level changed during the exposure, on
average a small positive trend. However, this trend did
not exceed that of the session with clean air, and it is,
therefore, unlikely that the final baseline would be
affected by the intervening exposure.

The baseline BF is also subject to variation on dif-
ferent days of exposure. Moreover, the linear depen-
dence of the standard deviation on the BF implies that

subjects with high BF show larger variation. Therefore,
a baseline is only representative when it is recorded
immediately prior to an exposure.

The significant increases in the BF by exposure to
LOPs and NO3 can be ascribed to neither their reactants
nor clean air. On the contrary, clean air, limonene and
isoprene/NO2 lowered the BF, although not signifi-
cantly. The effect is, therefore, ascribed to the oxidation
products, which are formed in the reactions. A larger
study is necessary to clarify the effects of IOPs and its
reactants, due to the borderline P value. Qualitatively,
the increases of BF coincided with self-reported eye
irritation symptoms, such as smarting, stinging, burning,
and warming at the lower lid and/or the inferior part of
the conjunctiva. Seven out of eight subjects, six out of
eight subjects, and five out of eight subjects reported
weak irritation from LOPs, IOPs, and NO3, respectively.
Less frequently, two out of eight, one out of eight and
one out eight subjects, respectively, reported weak irri-
tation from limonene, isoprene/NO2, and clean air,
while four out of eight subjects reported irritation from
O3, though BF was unaffected. Whether O3 plays a role
in the perceived irritation of the oxidative mixtures must
be further studied.

Ultrafine particles were virtually absent in the expo-
sure to the reaction mixtures and in the pure reactants.
Their low yield in this study might be due to the com-
bination of low concentrations and short reaction time
and to the wall sink effect of the reaction flow tube or
steel chamber, both of which have large surface-to-vol-
ume ratios. Hence, the observed increases of BF and the
reporting of weak irritation can solely be ascribed to
the gaseous oxidation products. Since the identity of the
oxidation products that are responsible for the observed
effects remains unknown, the reaction mixtures and
the extent of the reaction have been characterised by the
amount of O3 reacted; see Table 1.

The observed increases in BF are dominated by reflex
blinking as a result of trigeminal stimulation by the
gaseous oxidation products. The reason is that the
subjects were exposed to constant temperature, relative
humidity, and air velocity during each session. In addi-
tion, the subjects watched an educational film during
each session in order to maintain a neutral mental state
that minimised external stimuli affecting the reflex
blinking. The film did not excite the subjects but served
to prevent their cat-napping.

The purpose of the study was to measure BF changes
in humans exposed to LOPs and IOPs, which are sus-
pected to cause eye and airway irritation in office envi-
ronments. The concentrations applied were somewhat
higher than those typically measured indoors. LOPs can
be formed in a short time in high yields, due to the fast
reaction between limonene and O3. The reaction time of
10 min implies that the LOPs could be formed at air
changes as high as 6 h)1, which is at the high end in
European office buildings (Bluyssen et al. 1996). There
would be sufficient time for LOPs to build up and result
in an increase of BF, provided there are high-enough
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steady-state concentrations. Optimal conditions for the
formation of LOPs indoors depend on the outdoor flux
of O3 and that of limonene indoors (Weschler and
Shields 2000). The build-up of IOPs is slower than that
of LOPs, due to a smaller rate constant between isoprene
and O3 as well as that of NO2 and O3 (Atkinson et al.
1992). Moreover, isoprene is less abundant than limo-
nene. The yield of IOPs will decrease at high air ex-
change rates, and if limonene or other unsaturated
VOCs, which react faster with O3, are present. The age
of the IOPs mixture corresponded to 0.6 h)1, which is at
the lower end of mechanically ventilated office buildings
in Europe (Bluyssen et al. 1996). The NO3-producing
reaction caused a significant increase in BF when mod-
erate concentrations of O3 and NO2 were present.
However, the NO3 radical will only build up fast in an
environment with high concentrations of O3 and NO2 in
the absence of unsaturated VOCs, such as terpenes, and
a low concentration of NO (Weschler et al. 1994). For
this reason, NO3 can play a role in the above mentioned
(atypical) environments; however, it may explain a
minor fraction of the effect observed by IOPs. The
session with NO3 was included in the study because it
is a reactive radical. It serves as a model compound
for the reactive radicals that are formed in the LOPs
and IOPs mixtures and are reactive like NO3. Since
exposure to NO3 causes a significant increase in BF, the
reactive radicals might, therefore, be partly responsible
for the effects observed in the exposures to LOPs and
IOPs.

In conclusion, changes in human BF during exposure
to low concentrations of irritants appear to be a prom-
ising measure of trigeminal stimulation. The measure-
ments must, however, include an initial and a final
baseline recording, which contains a minimum of one
full cycle of involuntary blinking. Exposure to mixtures
of LOPs and NO3 increased the human BF significantly,
which was seen for neither the reactants nor clean air.

LOPs might be responsible for trigeminal stimulation of
the eye by an increase in BF under certain indoor con-
ditions, whereas IOPs might not be relevant. NO3 was
included as a model compound for reactive radicals,
which increased the BF even at low concentrations. The
findings support the hypothesis about reactive chemistry
in indoor air.
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