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Systemic Effects of Wood Smoke in a Short-Term Experimental
Exposure Study of Atopic Volunteers
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Objective: To investigate whether short-term systemic effects of wood
smoke occurred in atopic subjects after experimental wood smoke exposures.
Methods: A double-blind climate chamber study was conducted on 20
healthy atopic subjects with exposures to filtered air and wood smoke. Pneu-
moproteins, coagulation and adhesion factors, and cytokines were measured.
Heart rate was monitored with pulse monitors. Data were analyzed with mixed
models. Results: Few differences in the outcomes were observed. Plasma
tissue factor remained elevated during filtered air exposure (P = 0.002).
P-selectin declined independent of exposure (P = 0.0006). Interleukin-6
increased after filtered air (P = 0.03). Conclusions: The study confirmed
previous observations among nonatopics of limited changes after a 3-hour
wood smoke exposure.

A ir pollution is a well-documented cause of morbidity and mortal-
ity. Cardiovascular and pulmonary effects associated with short-

as well as long-term pollution exposure have been known for long1,2

and confirmed in recent studies.3 Studies have been conducted in a
wide range of cities and regions of the world, confirming the adverse
effect of polluted air from a variety of sources on cardiopulmonary
health. The strongest associations are most often ascribed to fine
particulate matter,4 but effects of gases such as ozone and SO2 have
also been observed.5,6 Air pollution is a complex mixture of these
and numerous other pollutants of which many stem from combus-
tion sources. Indeed, evidence is growing that combustion-derived
pollutants (ie, smoke) especially from traffic are the major drivers of
adverse health effects.7

In less affluent regions of the World, smoke from the com-
bustion of wood (and other biomass) is a very important contributor
to both ambient and indoor air pollution (eg, from open fireplaces).
Severe health effects have been shown in relation to such exposures,
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in particular on respiratory health and less so on cardiovascular
health.8,9 In more affluent regions, wood smoke contributes less
to the air pollution although some evidence exists for local wood
smoke contributions to both ambient and indoor air pollution as
well as to health effects.10 Associations between wood smoke and
respiratory and cardiovascular effects have been demonstrated in
both epidemiological10–12 and experimental studies.13 Because of
decreases in other air pollutants and increases in the combustion of
wood and other biomass in recent years, there is a need for better
understanding of health effects of wood smoke. People with chronic
respiratory disease and cardiovascular diseases may be particularly
prone to adverse effects of wood smoke.14

A handful of short-term experimental wood smoke exposure
studies have been conducted in healthy subjects so far.13,15–19 In these
studies, effects on pneumoproteins—in particular, Clara cell protein
(CC16), an anti-inflammatory protein secreted in large amounts in
the bronchioli of healthy humans—exhaled NO, and symptoms of
mucosal irritation have repeatedly been demonstrated, though no
single effect was observed in all of the studies.

In previous publications from the present study on atopic sub-
jects, we have reported on short-term wood smoke-induced increase
in symptoms20 without finding any effects on the airways,21 the mi-
crovascular function, or a range of markers of oxidative stress and
inflammation in peripheral blood mononuclear cells.22

Yet inflammation23 and changes in heart rate variability
(HRV)24,25 have been shown to occur with exposure to ambient
air pollution including wood smoke.13 Both mechanisms may be
relevant in the causal pathway to cardiovascular and pulmonary
disease.23 Pollution-induced inflammation in the airways causes the
formation of reactive oxidative species and the release of numerous
cellular mediators, such as cytokines into the bloodstream, where
they can affect coagulation and endothelial function. In association
with deceased HRV, these mechanisms are plausibly involved in the
development of cardiovascular disease such as myocardial infarction.

Our aim was to investigate whether short-term systemic ef-
fects of wood smoke could be observed in a population of atopic
volunteers. We hypothesized that at optimal wood burning condi-
tions emitting fine particle concentrations above 200 μg/m3 blood
coagulability and heart rate variability would be affected and that
these effects would be accorded by an increase in circulating mark-
ers of epithelial damage such as pneumoproteins and cytokines. In
addition, we hypothesized that controlled experimental conditions,
blinding, and randomization would enable us to observe even small
changes in the outcomes. Finally, we hypothesized that increased
effects could be observed at higher concentrations.

MATERIALS AND METHODS

Study Population
Details on recruitment, clinical testing, design, and exposure

are provided in a previous publication and are only briefly described
here.20 Nonsmoking atopic volunteers with normal lung function and
without bronchial hyperresponsiveness were enrolled in the study.
Atopy was determined by at least 2 positive (≥3 mm) reactions
by skin-prick testing to 11 common inhalant allergens. Exclusion
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criteria were pregnancy or a medical history of suggesting a risk
for the participant. Bronchial responsiveness was determined by a
methacholine provocation test.

Before any exposure session during the study, the participants
were required to be without signs of infections or airway symptoms
for at least 1 week, and not to have taken any drug during at least
48 hours. The study protocol was approved by the Aarhus County
Human Study Review Board in accordance with the regulations for
the protection of the participants (Ref. no. 20070097), and written
consent was obtained from all the participants.

Design
Exposures were delivered using a randomized, double-blind,

crossover design with six different Latin squares to ensure that all
possible exposure orders were represented in a group of 24 subjects
and that learning or carryover effects were avoided. In groups of
four, the participants were allocated to a total of three exposure ses-
sions: high particle concentration, low particle concentration, and
filtered air with at least 2 weeks between each exposure session as
described elsewhere.20 Before the exposures, the participants entered
the chamber and spent a 30-minute acclimatization period with fil-
tered air exposure. After acclimatization, approximately 30 minutes
was used to build up the exposure, followed by 3 hours of maintained
exposure. Each exposure session and all clinical samples were con-
ducted at the same times of the day on every exposure day.

During the exposure sessions, participants were seated at a
desk at rest. They were seated at different positions in the cham-
ber during each of the three sessions to outbalance possible expo-
sure variations because of the location of the inflow of air to the
chamber. The climate chamber was thoroughly cleaned before each
exposure session, and participants wore disposable coverall (Kleen
Guard T65XP, Kimberly-Clark, Dallas, TX) over their clothes to
avoid unintended contamination of the air.

Exposures
The study was conducted in a 79-m3 stainless steel climate

chamber at the Section of Environmental and Occupational Health,
University of Aarhus, as described in more detail elsewhere.20 The
wood smoke was generated in a wood stove Morsø model 7110
(Morsø Jernstøberi, Nykøbing Mors, Denmark) from which it en-
tered the chambers through a ventilation duct. The flue gas emissions
were mixed with filtered ambient air (HEPA filter, McLeod Russel
Filter AG, LUWA, United Kingdom) and aged to allow particle con-
densation, chemical reactions, and changes of water content and
temperature, mimicking the changes normally occurring to smoke
from a chimney mixing with ambient air. The stove had primary,
secondary, and tertiary air inflow, window, and convection heating.
The tertiary airflow was switched off in order to be representative
of an average wood stove in Denmark, but otherwise the wood was
burned under optimal conditions. Burning was done with Danish
beech wood, which had been stored under controlled atmospheric
conditions to ensure that it was dry (relative humidity <20%). On
days with smoke exposure, the 30-minute buildup period was not
started until the fire in the stove was stably burning. During ex-
posure sessions, combustion was kept stable with insertion of one
piece of wood every 30 to 40 minutes. During insertion of wood, the
connection of the chamber to the stove was temporarily closed to
prevent large particle boosts. Combustion procedures were the same
for all exposure sessions, although during clean air exposures the
inlet to the climate chamber was kept closed and all smoke left the
stove through an outside chimney. To ensure the safety of the par-
ticipants, the CO concentration was continuously monitored with an
X-am2000 CO-monitor (Drägerwerk AG & Co, Lübeck, Germany)
and the clean air inflow was increased by the technician if CO con-
centrations reached 35 ppm. Concentrations between 35 and 50 ppm
CO were accepted for a total of 30 minutes per session. Additional

exposure conditions monitored included ventilation, air temperature
and humidity (LinaxA310, Camille Bauer AG, Wohlen AG, Switzer-
land; HMT100 Thermo-hydrograph, Vaisala Oyj, Helsinki, Finland),
light (Panlux, Gossen, Erlangen, Germany), sound (CR:822B, Cirrus
Research plc, Hunmanby, United Kingdom), and stationary sampled
gravimetric particle concentrations using a Harvard impactor op-
erated at 10 L/min equipped with polytetrafluoroethylene W/ring
37-mm, 2.0-μm filters for each size fraction (R2PJ037, Pall, Port
Washington, NY). The mass of sampled particles on the filters was
determined by weighing them before and after sampling.

Clinical Measurements and Biomarkers
Just before each exposure session, baseline clinical investiga-

tions were performed. The investigations were repeated immediately
after exposure (0 hour post), 6 hours after exposure (6 hours post),
and the next morning (20 hours post). All clinical investigations were
timed, so that they were performed at the same time of the day during
and after each exposure session.

The clinical investigations consisted of symptom question-
naires, spirometry, acoustic rhinometry, nasal lavage, exhaled NO
measurements, venous blood sampling, urine sampling, measure-
ments of blood pressure, heart rate, and endothelial vascular function.
Only the methods relevant to the topic of this article are described
herein. Details of the remaining methods were published previously.

Venous blood sampling was done at baseline and at 0, 6, and
20 hours after exposure. To avoid inducing artifacts in the outcomes
of interest, it was done with a 21-gauge needle (Multifly needle for
monovette tubes, Sarstedt, Nümbrecht, Germany) and without the
use of a tourniquet when possible. Plasma samples were collected
in S-Monovette (Sarstedt, Nümbrecht, Germany) vacuum tubes for
serum or with added citrate or ethylene diamine tetraacetic acid. Cit-
rate tubes used for the tissue factor (TF), selectins, and von Wille-
brand factor antigen (VWF:Ag) were never the first tubes filled to
avoid the blood sampling procedure to influence the concentration of
the markers. All tubes were centrifuged within 2 hours at 4000 rpm
for 25 minutes at 12◦C. From the centrifuged tubes, the supernatant
was transferred to Eppendorf tubes in specified amounts. Urine sam-
pling was performed only at baseline and after 24 hours. Men were
informed to discard the first 100 mL of urine before sampling in
polyethylene tubes All samples were stored in a −80◦C freezer until
analysis.

Primary endpoints CC16 and surfactant protein D (SP-D) in
serum, CC16 in urine, and the plasma TF, soluble (s)P-Selectin,
and sE-selectin were measured with commercial enzyme-linked-
immunosorbent serologic assays (ELISAs). The TF was analyzed
with IMUBIND ELISAkit Product No. 845 (American Diagnos-
tica Inc, Stamford, CT) and the selectins with Parameter human sP-
and sE-Selectin (R&D Systems, Abingdon, United Kingdom), and
CC16 and SP-D with kits from Biovendor (BioVendor Laboratory
Medicine Inc, Brno, Czech Republic). Urinary CC16 was adjusted
for urinary creatinine. von Willebrand factor antigen was measured
with an in-house ELISA using antihuman VWF (from Dako A/S,
Glostrup, Denmark).26 Lower limits of detection were 0.35 U/mL for
VWF:Ag, 18 ng/mL for P-selectin, 13 ng/mL for E-selectin, and un-
known for the TF. Day-to-day coefficient of variation varied between
2.1% and 9.7%. Surfactant protein A (SP-A) was determined using
a homemade ELISA using two different antibodies against human
SP-A, one polyclonal and the other monoclonal.27

After thawing, the ethylene diamine tetraacetic acid plasma
was analyzed with an in-house assay as described by Skogstrand
et al.28 In short, 50 μL of plasma (diluted 1:10) and 50 μL of
a suspension of capture antibody-conjugated beads were mixed
in plate wells. After 11/2 hours of incubation, the beads were
washed twice and subsequently reacted for 11/2 hours with a mix-
ture (50 μL) of corresponding biotinylated detection antibodies, each
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diluted 1:1000. Streptavidin–phycoerythrin (50 μL) was added to the
wells, and the incubation was continued for an additional 30 minutes.
Finally, the beads were washed twice and resuspended in 125 μL of
buffer and analyzed on the Luminex 100TM platform. All samples
were measured in duplicates. By this method, the concentrations of
the following proteins were measured: interleukin-1β (IL-1β), -4,
-5, -6, -8, -10, -12, -18; tumor necrosis factor (TNF); interferon-
γ ; granulocyte-macrophage colony stimulating factor (GM-CSF);
transforming growth factor-β1; monocyte chemoattractant protein-
1, macrophage inflammatory protein-1α, regulated upon activation,
normal T-cell expressed and secreted (RANTES).

Heart rate variability was assessed as intervals between R
peaks from the electrocardiogram signal (R–R intervals). Measure-
ments were performed with a Polar RS800 pulse monitor (Polar
Electro Oy, Kempele, Finland) during a 20-minute resting period in
the supine position 9 to 10 hours after the start of the exposures. Data
were extracted from the first 4 minutes of the resting period using
Polar ProTrainer 5 software. For sensitivity analysis, data from the
last 4 minutes of the resting period were also used.

The plasma cytokines and HRV were considered secondary
endpoints of the study.

Power Considerations
Calculations of study power showed that even with only 10

participants (ie, in the case of loss of more than 50% of the partici-
pants) we would be able to detect standardized residuals in the order
of 2.5 with a power of 80%.

Statistics
A mixed model was developed using SAS software (SAS 9.2,

SAS Institute Inc, Cary, NC), with a significance level of 0.05. As ran-
dom effects it included patient, patient–time, and patient–exposure
interactions, and as fixed effects it included time, exposure, carry-
over, period, seat in the chamber, and time–exposure interaction.
Time was divided into baseline, 0, 6, and 20 hours. Carryover was
a variable created to indicate what had been the previous exposure
(if any). Period was a variable indicating during which of the six
2-week periods of the entire experiment that any particular exposure
session was performed. The primary outcome of interest was the
interaction term time–exposure as an effect of this term indicated a
difference in the change from baseline associated with the exposures.
In case of nonnormal distributions, analyses were performed on ln-
transformed outcome variables. HRV data were also ln-transformed
and analyzed with a one-way analysis of variance test with SPSS
(SPSS Inc, PASW Statistics 18, Chicago, IL).

RESULTS
A total of 20 atopic (female–male ratio 1:1) participants with

a mean age of 25.1 years completed the study. The mean concentra-
tions of fine particles (<2.5 μm) were 13 μg/m3 during filtered air,
222 μg/m3 during low, and 385 μg/m3 during high wood smoke ex-
posures. The mean temperature was 22.9 to 23.0◦C, and the relative
humidity varied from 22% during filtered air to 32% during high
wood smoke exposure.

The plasma TF varied statistically significant between the
three exposures (P = 0.002). As shown in Fig. 1, the TF was statis-
tically significant higher during the filtered air exposure than during
the low and high concentration wood smoke exposures (P = 0.03
and 0.0005, respectively). Nevertheless, a P value of 0.38 for a
time–exposure interaction indicated that the difference between the
exposures did not change with time (ie, it was present already be-
fore the smoke exposure was initiated). Plasma sP-selectin, as can be
seen in Fig. 2, declined with time (P = 0.0006). The concentration of
sP-selectin was statistically significant higher at baseline compared
with 0 hours (P = 0.0002) and 6 hours (P = 0.0009) but not 20 hours
after exposure (P = 0.61). The P value for a time–exposure inter-
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FIGURE 1. Plasma tissue factor. Means of the ln-transformed
plasma tissue factor concentrations at baseline, and 0, 6, and
20 hours after the three exposures to filtered air, low, and
high concentrations of wood smoke. Error bars represent +1
standard deviation.

FIGURE 2. Plasma sP-selectin. Means of the ln-transformed
plasma sP-selectin concentrations at baseline, and 0, 6, and
20 hours after the three exposures to filtered air, low, and
high concentrations of wood smoke. Error bars represent +1
standard deviation.

action was 0.66, thus indicating that the difference in sP-selectin
between the exposures did not change with time. No statistically
significant changes were observed in sE-selectin or VWF:Ag.

In most cases the cytokines had to be ln-transformed before
statistical analysis because of deviations from normality. A differ-
ence in IL-1β levels between the exposures was observed (P = 0.03),
as shown in Fig. 3. During the wood smoke exposures, IL-1β was
elevated (GM between 42.8 and 44.8 ng/L) compared with the fil-
tered air exposure (GM 38.2 ng/L). With a P value of 0.09 for the
time–exposure interaction, a tendency to a difference in the develop-
ment of the IL-1β concentrations over time between the exposures
was indicated.

The time–exposure interaction was statistically significant for
IL-6 (P = 0.03), indicating that a differential change in the plasma
concentration of this cytokine occurred during the three different
exposure sessions. As illustrated in Fig. 4, the difference appeared
to be due to an increase in IL-6 from baseline during the filtered
air exposure sessions, which did not appear during the wood smoke
exposures. Overall, the cytokine IL-18 did not vary statistically sig-
nificant with time or exposure, but in the paired analyses the level
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FIGURE 3. Plasma interleukin-1β. Means of the ln-
transformed plasma IL-1β concentrations at baseline, and 0,
6, and 20 hours after the three exposures to filtered air, low,
and high concentrations of wood smoke. Error bars represent
+1 standard deviation.

FIGURE 4. Plasma interleukin-6. Means of the ln-transformed
plasma IL-6 concentrations at baseline, and 0, 6, and 20
hours after the three exposures to filtered air, low, and high
concentrations of wood smoke. Error bars represent +1 stan-
dard deviation.

of the cytokine was found to be elevated during filtered air exposure
compared with the two wood smoke exposures. Figure 5 illustrates
this and is suggestive of an elevation with time in IL-18 only during
the filtered air exposure.

In contrast, the majority of the measured plasma cytokines
did not show any variations related to time or exposure. This was
true for IL-10, IL-12, TNF, interferon-γ , GM-CSF, transforming
growth factor-β1, monocyte chemoattractant protein-1, macrophage
inflammatory protein-1α, and RANTES. The vast majority of IL-4,
IL-5, and IL-8 measurements were below the lower limit of detection,
and data were not analyzed. The serum pneumoproteins CC16, SP-
D, and SP-A showed levels in line with those reported previously,
with a diurnal variation for CC16. There was no significant impact of
wood smoke exposure. Males had higher urine CC16 than females.
Data are not shown as no differences in relation to exposure were
observed.

HRV data were complete for 93.3% of sessions. Errors were
detected in 22 of the total of 14,652 R–R intervals that were recorded
in the 4-minutes intervals used for the analysis. Mean heart rate

during testing was 65.4 beats/min (range, 50–83) with no difference
between exposures. The high frequency power (HF), low frequency
power (LF), LF/HF ratio, root mean square of successive differences
in normal-to-normal intervals, and the percentage of successive nor-
mal R–R interval differences greater than 50 ms were all in the same
range during the 3 exposures. Box plots of the LF and LF/HF ratio
are shown in Fig. 6. Using heart rate measurements from the last 4
minutes of the resting period did not alter the results.

DISCUSSION
Despite mean fine particle concentrations during the wood

smoke session varying from 222 to 385 μg/m3 and occurrence
of symptoms of airway mucosal irritation as reported in detail
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FIGURE 5. Plasma interleukin-18. Means of the ln-
transformed plasma IL-18 concentrations at baseline, and 0,
6, and 20 hours after the three exposures to filtered air, low,
and high concentrations of wood smoke. Error bars represent
+1 standard deviation.

FIGURE 6. Heart rate variability. Box plots of the ln-
transformed low-frequency power (white) and low-to-high-
frequency power ratio (dotted) from the heart rate monitor-
ing after the three exposures. Error bars represent +1 stan-
dard deviation.
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elsewhere,20 very few effects were observable in this experimental
exposure study.

No exposure-related changes were observed in other primary
(coagulation) and secondary (cytokines and HRV) endpoints. The
plasma TF and IL-18 were both elevated during filtered air expo-
sures compared with the wood smoke exposure sessions, but these
differences were already apparent at baseline (ie, before any wood
smoke entered the climate chamber). The decline in plasma sP-
selectin, which was observed, did also not differ between the three
exposures. Only for plasma IL-6 concentrations, we observed differ-
ential development with time between filtered air and wood smoke
exposure. The diurnal variation in S-CC16 and the sex-related dif-
ferences in U-CC16 we observed were similar to those observed by
others.15,17,29,30

There has been a paucity of changes—other than in CC16 and
exhaled NO—in markers of epithelial injury, airway, and systemic
inflammation in the previous experimental wood smoke exposure
studies in the literature15–17,19 in which healthy volunteers were ex-
posed to fine particles in the 150 to 300 μg/m3 range. In those studies,
no effects on lung function, blood, and bronchoalveolar lavage cell
counts, plasma fibrinogen, factor VIIIc, VWF, TNF, or C-reactive
protein were observed. Wood smoke did, however, induce increases
in S-amyloid A, factor VIIIc/VWF ratio, urinary excretion of free 8-
iso-prostaglandin2α, and glutathione concentrations in bronchoalve-
olar lavage. It is not known whether similar effects occurred in this
study as we do not have data on these. We abstained from conduct-
ing serum amyloid A analyses. Considering that no increases were
observed in IL-1β, TNF, or IL-6—three of the major inducers of hep-
atic amyloid A synthesis—any increase in serum amyloid A would
be surprising. Because levels of VWF were found to be unaltered
during the experiments, we abstained from measuring factor VIII:C,
which represents a secondary acute-phase reactant to VWF. Further-
more, methods for recording of factor VIII:C are less reproducible
than the ELISA method used for the estimation of VWF. Bronchial
lavage was not performed and thus could not be analyzed. Thus,
wood smoke in this concentration range, which can occur in homes
with poor stoves or burning conditions,31 does not seem to have ma-
jor effects during exposures lasting a few hours in healthy subjects
at rest or mildly exercising. In contrast to this study, most,13,15,16,18,19

but not all,17 previous experimental studies have included exercise to
increase breathing and thus exposure. We anticipated that the atopic
status of the subjects rendered them more susceptible and investi-
gated whether any systemic effects occurred even in the absence
of exercise. Our study does not preclude effects in bronchoalveolar
lavage, in mediators that were not measured, of higher concentra-
tions, of prolonged exposure, or with exercising subjects. Indeed,
a recent study of a 2-hour experimental wood smoke exposure of
485 μg/m3 revealed increased neutrophil counts in bronchoalveolar
lavage and blood.18

Changes in HRV associated with air pollution have most of-
ten been documented among elderly subjects who are commonly
considered more susceptible to air pollution although such changes
were also documented among young adults exposed to urban air
pollution.32 Previous studies on HRV after wood smoke exposures
in which Holter monitor electrocardiographs (ECGs) were used for
assessments have provided conflicting results. An intervention study
of wood stove replacement in rural Guatemala found no evidence
of an association between HRV and the stove intervention.33 In ex-
periments with young healthy subjects, Ghio et al18 observed no
change in HRV despite a higher wood smoke exposure than in our
study, whereas Unosson et al13 found that wood smoke decreased
several indices of HRV compatible with vagal inhibition. In the lat-
ter study, the exposures were comparable to the high exposures in
our study but the burning conditions were poorer and the volunteers
exercised intermittently during exposures. In our study, we assessed
HRV with Polar RS800 pulse monitors intended primarily for use

by athletes and not with ECG monitors recommended for this type
of measurement. The advantages of the RS800 are low cost and
simplicity of use in the setting where many clinical measurements
were performed within limited time and space. HRV data were easily
extracted in the desired 4-minute periods and graphical presentation
of the data allowed for visual operator inspection and correction of
the pulse data if needed. Thus, the Polar RS800 and Polar ProTrainer
5 software seemed feasible for the project. The Polar monitors and
software have been directly compared with ECGs in one study.34

It was concluded that the Polar equipment did not identify errors
satisfactorily, generally overestimated HRV, and that uncertainty in-
creased with higher values. Agreement with ECG measurements was
particularly poor among elderly women but improved considerably
after visual inspection and manual removal of errors in the other
age and sex groups. These are important flaws in a clinical setting
but, as discussed by Quintana et al,35 are not likely to have seriously
affected the ability to detect any HRV changes in this study of young
healthy subjects. Without a direct comparison with ECG monitors,
it cannot be excluded that HRV differences were present, which
would have been discovered by such monitors. It seems more likely
that the absence of exercise, the relatively low exposure levels, and
the good burning conditions of the wood were insufficient to cause
HRV change in the participants. Contrary to our hypothesis, atopic
subjects may also be less susceptible to short-term effects of wood
smoke.

Our finding of a decrease in plasma IL-6 after wood smoke
exposure relative to an increase after filtered air confirms the finding
in a previous experimental wood smoke exposure study.16 The timing
of this relative decrease in IL-6 was comparable as in our study it
was observed 6 hours and in the Swedish study 7 hours after the
initiation of the exposures.16 The most likely reason for the increase
in plasma IL-6 after the filtered air exposures is the normal afternoon
increase caused by diurnal variation.36 The mechanism behind the
absence of this increase after wood smoke exposure remains obscure.
Surprisingly, the proinflammatory cytokines IL-1β and TNF were
unaffected at 0 hour after wood smoke exposure. Either the reactions
upstream of IL-6 occurred only locally and could not be observed
in plasma as suggested by a tendency for an increase in nasal lavage
reported elsewhere,20 involved other mediators than IL-1β or TNF
as shown in relation to bioaerosol exposure,37 or they peaked earlier
than 3.5 hours after the initiation of the exposure sessions.

The fact that sP-selectin decreased with time during all of the
three exposures and continued this decrease in the morning after the
exposure sessions was surprising. This adhesion molecule probably
has a small diurnal variation with higher levels in the afternoon
than in the morning,38 and an inflammatory reaction would tend to
increase sP-selectin because of shedding of the membrane-bound
form. It remains obscure whether our observation is coincidental or
a result of conditions common to all three exposure sessions that
led to increased baseline levels as a result of shedding in the hours
before the study. The latter, that exposure conditions before the
volunteers’ arrival at the climate chamber caused common reactions
unrelated to the exposure sessions, seems unlikely. Nevertheless, the
fact that some outcomes such as the plasma TF reported here and lung
function reported elsewhere21 differed between the exposure sessions
at baseline also suggests that unintended differences in conditions
before arrival at the climate chambers affected the results despite
the balanced design, random order of, and 2-week intervals between
exposures. Indications of such pre-entry differences in outcomes
despite efforts to balance the design have previously been observed
in climate chamber studies and may have affected the ability to detect
effects of the outcomes.39

The design, randomization, organization, and blinding were
the major assets of the study. In addition, we used an up-to-date
climate chamber in which all conditions other than the exposures
were kept very constant.20 Another strength was the application
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of mixed models with inclusion of dummy variables for possible
carryover and period or seasonal effects.

The weaknesses of the study were the fact that it could not
be conducted entirely according to the balanced design because of
the lack of 4 of the planned 24 participants and some cases of
respiratory illness among participants, which led to postponed ex-
posure sessions compared with the schedule. The activities of the
participating volunteers in the hours and days before the expo-
sure sessions could not be standardized or completely controlled
for and were likely to cause random effects (ie, decrease the signal-
to-noise ratio). More importantly, the blinding was imperfect be-
cause of the smell of wood smoke, which was unmistakably stronger
during the smoke exposure than during filtered air exposure ses-
sions despite burning in the wood stove outside the chamber at all
occasions. This most likely could have affected symptom report-
ing, as reported by Riddervold et al,20 and seem less likely to have
caused effects in the objectively measured outcomes. In our opin-
ion, the limited number of effects observed, combined with the ob-
served changes in IL-6 in concordance with previous research, sup-
ports that imperfect blinding is unlikely to have resulted in spurious
findings.

In this study, the healthy volunteers were atopic as defined
by a skin-prick test but did not have symptoms of allergic disease
such as rhinitis or asthma. Previously, asthmatic children have been
shown to be particularly sensitive to wood smoke,40 and we specu-
lated that this might also be the case for young adult atopics. The
lack of stronger inflammatory reactions among the atopics in this
study compared with the nonatopic subjects in other studies seems
to indicate that atopy per se does not enhance susceptibility to short-
term peak exposures to wood smoke. Nevertheless, this hypothesis
remains to be tested in a study including both atopic and non-atopic
subjects. In case atopics are not more sensitive to wood smoke than
nonatopics, one might speculate that the increased sensitivity to
wood smoke among asthmatics reported is related to the bronchial
hyperresponsiveness rather than the (allergic) inflammation of the
airways.

CONCLUSIONS
This experimental exposure study confirmed that only

limited effects could be observed after a 3-hour wood smoke
exposure in the 2 to 400 μg/m3 fine particle range in healthy atopic
volunteers. A relative decrease in plasma IL-6 that has previously
been described after wood smoke exposure was confirmed. The
subjects in the study were atopic but did not seem to be more
susceptible to cardiovascular and inflammatory effects of wood
smoke compared with nonatopic subjects in the few previously pub-
lished experimental wood smoke studies. Nevertheless, differences
in exposure conditions render comparison with previous studies
difficult.
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