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ABSTRACT  
Exposure to large organic aerosol particles may cause respiratory and skin reactions. The 

use of human exposure chambers offers possibilities for experimental exposure challenges 
carried out with patients, in research and for investigations of the effects of exposure on the 
skin and in the respiratory tract. The present aim was to study the performance of modern 
human whole-body exposure chambers during generation of large organic particles, and to 
develop and test new measuring techniques for use in exposure studies of the respiratory 
tract or on the skin. 

The work reported in the present thesis was based primarily on studies in a whole-body 
human exposure chamber located at Karolinska University Hospital in Solna, Stockholm, 
Sweden. This chamber was specially constructed for challenges with aerosols. Dynami-
cally controlled, the chamber is easy to operate. Since human exposure chamber set-ups 
and designs may vary and yield different performance and dust characteristics, the 
performance of another human chamber was also evaluated.  

Performance as a measure of temporal and spatial variability of the aerosol concentration, 
and aerodynamic particle size, was evaluated for these two chambers based on different 
air- and dust-mixing principles. Temporal and spatial variability close to the breathing 
zone during exposure was typically <10% in the chamber at Karolinska University 
Hospital. In a larger section around a human, only slightly higher spatial variation was 
found. The variability between exposure sessions was also low (<10%). Only limited 
influence of relative humidity on chamber performance for the evaluated aerosols was 
observed.  

Similar performance characteristics with pinewood dust were obtained in both chambers. 
The particle size distribution curves differed slightly, but some were comparable to those 
found in occupational environments. Performance as measured with a heated mannequin 
was almost the same as with humans, indicating that a mannequin can be used in 
preparatory tests. The temporal variation during an exposure session varied considerably if 
a neutralizer device for removing static charges in the dust was not connected; here over 
20–30% variation was not unusual. A neutralizer greatly decreased this variation to values 
near 10% as measured in one of the chambers. The same outcome was also found for 
spatial variation, which was high (over 20%) with no neutralizer.  

Exposure to wood dust within the woodworking industry causes various respiratory 
disorders. A study of bronchoalveolar lavage (BAL) fluid from eleven healthy individuals 
exposed to pinewood dust in one of the chambers revealed an accumulation of eosinophils 
and T-lymphocytes in the lungs after exposure.  

Skin exposure to aerosols of allergens and irritants may cause dermatitis. There are few 
methods for assessing skin exposure to such particles. A vacuuming sampler for removing 
particles from the skin was constructed and was tested in one of the chambers. This 
sampler was compared with two other skin and surface sampling techniques, one based on 
interception (a patch sampler - adhesive tape on an optical cover glass) and one using a 
tape stripping procedure. All three methods measure the mass of dust on skin. Healthy 
subjects were exposed to dust of wheat flour and cornstarch. Samples were taken from 
forearms and shoulders and analysed using optical microscopy. Small differences in the 
results were obtained. Agreement between the vacuuming sampler and the tape stripping 
technique was good. The three techniques are applicable for assessing skin exposure to 
particles and for dose/effect studies. The vacuuming technique allows for dust sampling 
from large areas of skin. 
 
Keywords: aerosol; bakery dust; bronchoalveolar lavage; chamber design; dermal exposure; exposure 
chamber; inhalation; large organic aerosols; mannequin; neutralizer; particle size; pinewood dust; skin 
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INTRODUCTION 
Exposure to large organic aerosol particles may cause respiratory and skin reactions. 
Provocation (challenge) systems such as whole-body exposure chambers are valuable in 
studying such reactions since they may offer a controlled environment and can maintain 
conditions for measuring aerosol concentration during exposure. These aerosols may 
contain particles of many sizes (polydispersive aerosols) ranging from ~1µm to larger than 
100µm. Such an atmosphere contains a substantial amount of large particles that contribute 
predominantly to the quantitative portion. Such an atmosphere will be defined in this thesis 
as one containing large organic aerosols or, more precisely, large organic aerosol particles.  
 
The aim of the work reported in this thesis was to study the performance of human whole-
body exposure chambers during generation of such airborne organic particles, and to 
develop and test new measuring techniques for use in exposure studies of the respiratory 
tract or the skin of humans. A further aim was to achieve controlled and homogeneous 
exposure sessions with pinewood dust in such a chamber in order to study if there is a 
cellular inflammatory response in the airways of healthy individuals. 
 
BACKGROUND  
Large organic aerosols and health effects 
Airborne contaminants occur as gases, vapours or aerosols. Aerosols – particles suspended 
in air - may exist as sprays, mists, dusts, smokes and fumes. In occupational hygiene, these 
different variants are important since they are related to different occupational diseases. 
Airborne dusts are of particular interest since they can be associated with occupational 
lung diseases such as pneumoconioses, and with systemic intoxications (Gardner et al. 
1999, Phalen 1997b). More recently, great concern has been expressed about the role of 
very small particles (ultrafine particles; often defined <0.1µm) in cardiovascular diseases 
(Brook et al. 2004). Dust particles usually range about 1-100µm in diameter, and they 
settle slowly under the influence of gravity. There is also an increasing interest in skin 
exposure to airborne particles which may cause contact dermatitis, contact urticaria or 
other local or systematic effects (Veien 2006, Rycroft & Frosch 2006, Lachapelle 1986). 
 
In atmosphere physics and chemistry, large particles are referred to as coarse particles, 
often defined as particles in the fraction 2.5-10µm (Brook et al. 2004, McClellan 1999). 
Since this thesis deals with particles in the occupational environment, the terminology 
large aerosols will be used even though the phrase ‘coarse particles or aerosols’ is used in 
occupational contexts (Vincent 2005, Vincent 1994). The shortened phrase ‘large aerosols’ 
have also been used when studying inhalable dust and horizontal elutriators (Tillery & 
Buchan 2002). 
 
Exposure to airborne organic particles can induce sensitization, respiratory reactions and 
bronchial hyper-responsiveness, and can also cause dermatitis. Besides exposure concen-
tration levels, the risks associated with aerosol exposure are related to the chemical and 
physical composition, the morphology, shape factors and biosolubility (e.g. fibres or other 
elongated shapes), surface factors and particle size (Muhle & Mangelsdorf 2003, Kleinman 
& Phalen 1997). Aerodynamic particle size is crucial, since it governs both the deposition 
rate and site, in the respiratory tract, of inhaled particles (Vincent 2005, Wong 1999, CEN 
1993). It may not always be clear which physical and/or chemical parameters are 
important.  
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Health effects of most organic dusts contaminated with microorganisms (bioaerosols) are 
often referred to the Organic Dust Toxic Syndrome (ODTS) and/or ‘farmers lung’, a 
respiratory and systemic illness that may follow exposures to organic dusts (Seifert et al. 
2003). Such dust comes from hay, grain, fuel, straw and livestock, and may include 
bacteria, molds, pollens, pesticides, chemicals, and animal particles like hair, feathers, and 
droppings. Numerous papers exist on the occurrence and health effects of endotoxin in 
organic dust. Some more recent are those by Wouters et al. 2006, Acevedo et al. 2005, 
Radon 2006 and Rylander 2004. The present work does not focus on this type of organic 
dust but deals with some types of vegetable and softwood dusts, which can be more or less 
free from such contaminants. Hereafter, the term large organic aerosol will be used in the 
text instead of large organic dust. A most common large organic aerosol is wheat flour or 
bakery dust. Some recent and some often citied papers are those by Brisman 2005, Bulat et 
al. 2004, Karpinski 2003, Brisman et al. 2003, Houba 1996, Burdorf et al. 1994. A scan-
ning electron microscopy (SEM) image of airborne wheat flour particles is shown in 
Figure 1. Occupational exposure measurements of many large organic aerosols including 
dust of thermoplastics, cereals, flour, textiles, paper and wood at Swedish workplaces have 
been described (Lidén et al. 2000).  
 

 
Figure 1. Scanning Electron Microscope (SEM) image of airborne wheat flour as sampled in the exposure 
chamber at Karolinska University hospital in Solna, Stockholm, Sweden. The white bar to the lower right 
shows 15µm. The small circular black dots in the background are the pores of the 0.4µm Nuclepore filter. 
(Photograph: Elke Hålenius, Analytica AB, Sweden). 
 
Wood dust is another common organic aerosol. It is formed during various operations in 
the processing industry. High exposure levels are found during sawing, polishing and 
sanding and exposure is associated with various clinical problems not only through 
inhalation but also contribute to the development of contact dermatitis (Estlander et al. 
2001). Some recent exposure studies of softwood dust from spruce and pine are those by 
Hursthouse et al. 2004 and by Schlünssen et al. 2002. 
 
Contact dermatitis may be caused by skin exposure to airborne particles (Rycroft & Frosch 
2006, Veien 2006). Glass fibres and cement and wood dusts cause irritant contact 



 
 

 10 

dermatitis (Deraeve et al. 1998, Lachapelle 1986). The dust of tropical woods, pine, some 
plants and medicaments may cause allergic contact dermatitis (Lachapelle 1986). Skin may 
be affected by dust containing nickel and some other metals (Mäkinen & Linnainmaa 
2004, Tinkle et al. 2003, Schubert 2000).  
 
Exposure challenge systems  
Our understanding of the health effects associated with aerosol inhalation or uptake from 
the skin by workers in occupational environments can be supported by human exposure 
chamber studies. Such studies permit estimation of a direct cause-and-effect relationship 
and may also remove confounding variables present in field studies. Test compounds, 
when airborne, may change their characteristics, and specialized analytical procedures are 
required for their identification. The ideal experimental scenario permits the generation and 
delivery of a compound or mixture in suitable concentrations and route similar to those 
found in the work environment.  
 
As already indicated, the clinical significance of exposure to large organic aerosols is often 
difficult to evaluate. Provocation (challenge) systems may be valuable in studying 
reactions since they offer a controlled environment and can maintain conditions for 
measuring the concentration level of aerosols that induce symptoms in subjects. When 
choosing a provocation exposure system for inhalation, dermal or other up-take, the basic 
requirement is that it should deliver a stable and well-characterized experimental atmos-
phere to a subject for a specific duration (Pauluhn 2003, Wong 1999, Phalen 1997a, Phalen 
1984). The use of a well-defined whole-body exposure chamber for humans allows 
mechanistic studies of the effect associated with inhalation and also through dermal 
deposition of aerosols, in a safe setting. Such studies may lead to a determination of a 
cause-and-effect (dose/effect) relationship while avoiding confounding variables that 
almost always occur in occupational field studies. The ideal experimental set-up permits 
the delivery of an aerosol in a concentration and route similar to what is found in the 
workplace. So far there is very limited experience of applying this technique in derma-
tology. 
 
In general, inhalation exposure systems for humans and animals may be classified into 
three main types (Wong 1999, Phalen 1997a, Bell et al. 1980): 

- Whole-body systems, in which the total body of humans or animals is exposed to the 
   experimental atmosphere 
- Head-only exposure systems (including helmet or hood type) 
- Nose and/or mouth only exposure systems (masks and oral-cavity apparatuses) 

 
Provocation systems that expose only parts of the respiratory tract (parts of the lung) have 
also been used (Schins et al. 2004, Newhouse 1999). Such systems are preferred when a 
precise delivery of material to a small area of tissue is required; but they are nonphysio-
logical in their delivery (instillation, entubation and tracheostomy are processes of 
application). A new aerosol generator that introduces fine particles into isolated perfused 
lungs has also been published (Gerde et al. 2004). This type of aerosol administration is 
outside the scope of this thesis; neither will the use of different aerosol inhalers for 
therapeutic drug administration into the respiratory tract be discussed.  However, a 
description of the use of a dry powder inhaler, the Spinhaler (Fisons, Loughborough, U. 
K.) when exposing subjects to wheat flour dust (Merget et al. 1997) is relevant in 
occupational research.  
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An alternative or complement is in vitro experiments, where the effects of aerosols on 
immunological cells can be studied. Two papers dealing with wood dust have been 
published recently (Maatta et al. 2006, Long et al. 2004). 
 
Whole-body exposure chambers or other large chambers may also be used to test new 
instrumentations and technology applications. The chamber atmosphere, normally well 
characterized, gives an excellent platform for such types of testing. As with human chal-
lenges in exposure chambers, knowledge of the performance of these chambers is vital 
when interpreting the outcome of instrumental testing.  
 
Table 1 lists some recent papers using exposure challenge systems for exposure to different 
aerosols. These are mainly descriptions of an exposure study, and seldom give information 
on the actual performance of the chamber or exposure system used. In the case of head-
only and nose/mouth-only exposure system, some of the papers only describe the system. 
The papers are classified by particle size studied, ‘large particles’ being defined here as a 
size distribution with a substantial fraction of particles above 10µm, while small (instead 
of fine) particles contain predominantly respirable particles (below ~5-7µm). For definition 
of respirable particles, see page 13, Aerosols characterisation).  
 
Table 1. Some recent papers on exposure systems for aerosol provocation or sampling. References for 
human, animal and instrumental studies, and particle size are listed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Active inhalation challenges of many agents (among others five challenges with wheat 
flour and enzymes, one with pinewood dust and one with latex) have been carried out in an 
exposure chamber (6m3) for patients with suspected occupational asthma (Piipari et al. 
2002). No exposure concentrations were measured during the 15-45 minutes challenges. 
Dust was administrated either through inhaling with a face mask (nose/mouth-only) from a 
‘prototype’ dust generator or ‘aired up by pressurised air’ into the chamber. The research 
team has also published a case study of two welders exposed to fumes from metal-arc 
welding of special stainless steels in a larger exposure chamber (8.5m3) (Hannu et al. 
2005). High concentration of inhalable was found during the 30 minutes exposure session.  
 

Type of exposure system  

 

 
Exposure 
of/for Particle size 

Some recent papers using 
different exposure systems 

Whole-body Human Large 
Gripenbäck et al. 2003, Grunewald et 
al. 2003 

 Human Small 
Stenfors et al. 2004, Ghio et al. 2003, 
Ghio et al. 2000 

 Animal Large and/or Small 
Lippmann et al. 2005, Roy et al. 2003, 
Jolie et al. 1999 

 
Instrumental 
testings Large and/or Small 

Grinshpun et al. 2005, O'Shaughnessy 
& Hemenway 2000 

 
Dermal 
applications Large and/or Small 

Lai et al. 2002, Choe et al. 2000, 
Byrne et al. 1995 

Head-only Human Large 
Kurtz et al. 2001a, Kurtz et al. 2001b, 
Laoprasert et al. 1998 

Nose/mouth-
only Human Large Fabries et al. 2000,  

 Animal Small 
Nadithe et al. 2003, Brandt et al. 2000, 
Bonnet et al. 2000 
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The main purpose of an aerosol exposure system for humans is to provide a controlled, 
characterized delivery of the airborne test material to the respiratory system or to the skin. 
Control and characterization implies accurate exposure monitoring and sampling in the 
breathing zone or on the skin area of interest. The durations of exposure in studies range 
from single acute exposures to repeated or continuous exposures. In inhalation studies, it is 
preferable to exclude or limit exposure through the skin, eyes or other non-respiratory 
pathways. The same will apply if only skin is the route of interest. 
 
Small impurities in a test compound may become a major constituent in an exposure 
chamber. Powders may contain low concentrations of contaminants small enough to 
penetrate the lower respiratory tract or get absorbed through the skin. The most common 
procedures used in inhalation toxicology often favour the dispersion of small particles, 
whereas the larger ones that often constitute the major fraction are stopped or entrapped 
with pre-separators, elutriators or cyclones before reaching the exposure chamber (Fabries 
et al. 2000). This means that the physical and chemical composition of a test material in air 
might differ greatly from the original compound, or may be very dissimilar to what is the 
characteristic in the air of the occupational environment. Such differences need to be 
identified and assessed. Also, where a small fraction of a toxic compound is to be homo-
genously mixed and distributed in a larger matrix (e.g. dough improvers in bakery flour), 
knowledge of the actual composition in the exposure chamber air must be determined.  
 
Chamber design considerations 
The most widely used construction material for dynamic chambers is stainless steel, which 
is sufficiently inert for most experimental atmospheres (Gardner et al. 1999, Phalen 
1997b). It is durable, does not build up localized electrical surface charge, is sterilizable, 
and can be formed into a great variety of shapes and sizes. Disadvantages of stainless steel 
are their expense and poor thermal insulating properties. Nonconductive material such as 
glass is also used because it is transparent and inert. A major disadvantage is its poor 
electrical conductivity, which means that areas of high static charge can be built up on the 
glass. This problem can be severe enough to nearly deplete the experimental atmosphere of 
particles prior to their being inhaled or deposited on skin. A safe exhaust system is 
important, especially when toxic, explosive, or otherwise reactive materials are being 
investigated. Otherwise, subjects or technicians running and/or maintaining the chamber 
system may be put at risk. 
 
Air and particles may be mixed in continuous exposure systems following different 
principles (Wong 1999, Cheng et al. 1989, Bell et al. 1980). A well-mixed atmosphere in a 
chamber is essential for ensuring homogenous distribution of the aerosol in the chamber, 
with uniform concentration regardless of the position of the subject (low aerosol spatial 
variability). Chambers have been designed to provide a high degree of mixing by creating 
a turbulent airflow into the chamber rather than by the addition of fans or other agitators 
inside the chamber. Turbulent mixing can be achieved by causing the airflow from the 
particle generator to pass through a conical duct in the chamber ceiling at high flow rates 
and to mix into the main airflow stream. Another way of achieving homogenous mixing is 
the use lower airflows in laminarizing and distributing units. In such, air and particles are 
mixed and forced downwards from the ceiling creating homogenous and vertical laminar 
conditions. Using fine honeycombs improves this flow uniformity (Heist et al. 2003). 
 
Dust particles leaving an aerosol generator possess a high degree of electrical charge. This 
causes the particles to behave uncontrollably in the chamber atmosphere. Charged particles 
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are undesirable for use in exposure chambers because this reduces their inhalability. 
Charged particles may also be deposited and lost in tubes and on walls. The most common 
way to eliminate, or rather reduce, this unbalanced state is to pass the aerosol stream 
through a static eliminator system. Neutralization is achieved by mixing the charged 
particles with bipolar ions produced by corona discharge (Hinds & Kennedy 2000) or 
radioactive decay of isotopes such as 210polonium or 85krypton (Liu et al. 1986, John 
1980). 
 
The ‘nominal’ aerosol concentration in an exposure chamber is the mass of material 
introduced into the exposure chamber in relation to the total volume of air available. 
Factors such as wall and tube losses, sedimentation and impaction, especially of larger 
particles, and chemical reactivity, may cause the measured or ‘actual’ concentration to be 
much less than the nominal concentration (Pauluhn 2003, Wong 1999). For this reason, the 
concentration close to the breathing zone should always be measured rather than relying on 
the nominal concentration alone. 
 
Modern human exposure chambers for aerosols use dynamic exposure systems where the 
airflow and introduction of test substance into the system are continuous (Phalen 1984, 
Cheng et al. 1989, Søstrand et al. 1997, Ekberg et al. 1999, Taylor et al. 2000). A dynamic 
exposure chamber system with an online computer control system is often used in order to 
monitor the aerosol concentration continuously. Airborne particle size, airflow rates or air 
exchange rates, climate features such as temperature and humidity, air- and dust-mixing 
homogeneity, stability and variability are parameters of interest. Real-time and direct 
reading monitoring devices (e.g., on-line aerosol instruments or other systems for aerosols) 
are useful for demonstrating that temporally (time-dependent) and spatially (location or 
space-dependent) stable exposure conditions are obtained.  
 
A modern human dynamic and continuous exposure chamber designed and built for 
aerosols is shown in Figure 2 (Lidén et al. 1998). Located at Karolinska University 
Hospital in Solna, Stockholm, Sweden, this was the main chamber studied in the present 
work. 
 
Aerosol characterisation 
Following inhalation, airborne particles may either be exhaled or deposited in the extra-
thoracic, tracheobronchial or alveolar airways. For air monitoring purposes, conventions 
have been agreed upon in terms of aerodynamic diameter, which defines what should be 
collected, depending on which region of the respiratory tract is of interest for that sub-
stance. The American Conference of Governmental Industrial Hygienists (ACGIH), the 
International Organization for Standardization (ISO), and the European Committee for 
Standardization (CEN) have produced agreed definitions of the different airborne fractions 
of interest. The three are the inhalable, the respirable and the thoracic fractions (ACGIH 
1999, CEN 1993, ISO 1995), see Figure 3.  
 
The inhalable aerosol fraction, or inhalable dust, is that fraction of a dust cloud that can be 
breathed into the nose or mouth. The respirable aerosol fraction, or respirable dust, is that 
fraction of particles that can penetrate beyond the terminal bronchioles into the gas-
exchange region of the lungs.  
 
A third aerosol fraction of interest is the thoracic fraction, which consists of particles that 
can penetrate the upper airways and enter the airways of the lung.  
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Figure 2. The set-up of a modern human whole-body exposure chamber for aerosols – the chamber at 
Karolinska University Hospital in Solna, Stockholm, Sweden (Lidén et al. 1998).  
 
 

 
Figure 3. The inhalable, thoracic and respirable conventions as percentages of total airborne particles (CEN 
1993). The original text in the figure has been replaced with a clearer and larger font. 
 
Aerosol samplers are used to measure concentraiones of the test atmospheres in order to 
characterize and control an exposure using techniques that collects the fractions described 
above. Such samplers should be properly calibrated and be representative of what is found 
in the breathing zone. A critical review of sampling criteria for aerosols and proposals for 
new ones was recently published (Vincent 2005).  
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The aerosol concentration obtained when sampling with closed- or open-faced total dust 
filter samplers (see Material and methods) is often called ‘total dust’. However, this is 
misleading since such samplers do not collect the absolute and total amount of dust in the 
air, due to the characteristics in sampler size and airflow through the sampler. ‘Total’ dust 
sampling was usually performed with a rather simple filter design and it was believed that 
almost all aerosols in the air were collected. In open-faced sampling, the upper lid of the 
traditional filter holder is removed during sampling; in closed-face sampling the flow 
passes through a small hole in lid.  
 
To specify and control an exposure study in a human chamber, several parameters should 
be monitored and characterized. The aerosol size distribution including mass median 
aerodynamic diameter and geometric standard deviation or distribution curves is crucial for 
understanding since the size governs both the deposition rate and site of particles inhaled in 
the respiratory tract. However, the geometric size of a particle does not fully explain its 
behaviour in air. Its aerodynamic diameter is defined as that of a sphere of density 1g/cm3 
having the same settling velocity in calm air as the particle in question, independent of its 
geometric size, shape and density (Vincent 2005, CEN 1993). Aerodynamic diameter 
expressed in this way is appropriate since it relates very closely to the particle’s ability to 
penetrate and deposit at different sites in the respiratory tract, as well as to particle trans-
portation in air filter sampling instruments. For sampling of the aerodynamic particle size 
distribution curve, cascade impactors PIDS (personal inhalable dust spectrometer (Gibson 
et al. 1987)) or similar can be used. Direct-reading size-selective instruments are also used. 
However, many of these do not measure the inhalable concentration, nor may they cover 
all ranges of particle size found in an occupational setting. 
 
Air sampling of aerosol concentration in the exposure chamber can suffer significant bias 
if the sampling efficiencies of the sampling devices are poorly defined. In inhalation 
studies, aerosol sampling implies that inhalable particles should be sampled, not the overall 
total present in the chamber. For skin or eyes exposure studies, all the particles present in 
the air may contribute to the dose.  
 
In addition, other dust characteristics besides composition and aerodynamic diameter are 
important. These include adhesion, light scattering, absorption capacity, solubility and 
hygroscopicity (Muhle & Mangelsdorf 2003, Kleinman & Phalen 1997). Climate factors 
such as humidity and temperature may also affect the behaviour of aerosols. 
 
Performance of exposure chambers  
Knowledge of the performance of human exposure chambers is vital for understanding the 
outcome of a provocation study. Performance may vary between individual chambers due 
to different chamber characteristics. For aerosol exposure challenges, important parameters 
that ought to be considered and controlled in human exposure studies are chamber design 
(continuous and dynamic system or not), how the aerosol is mixed, homogeneity of the 
air/dust mix, actual airborne dust concentration, airborne particle size, chemical and 
physical composition of the dust, static charges and air temperature and humidity during 
exposure. Other parameters like non-leakage into the surrounding areas and easy main-
tenance may also be topics of interest.  
 
For inhalation provocation studies in exposure chambers, a uniform and homogenous 
distribution of the aerosols is essential, since a non-uniform distribution might result in 
high exposure variability. The temporal and spatial distribution of the dust in the chamber 
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air is critical (Byrne et al. 1995), since it may affect the delivery of the dose to the subject. 
Such data and information are rarely available or seldom published. Spatial variability is 
important since subjects may change position during a session. Dust of organic compo-
sition and size such as wheat flour have proved difficult to generate and to keep at a 
homogeneous and stable concentration in exposure chambers (Cloutier & Malo 1992, 
Cheng et al. 1989), indicating that such variability might be large. 
 
Different air- and dust-mixing principles may give different chamber performance. The 
simplest way of distributing dust throughout a chamber atmosphere is by puffing/agitating 
a test material and letting it settle or be forced from the chamber by some simple venti-
lation system. The performance of such a chamber for aerosols in terms of the temporal 
and also spatial variation will be extremely high or not meaningful to estimate. The 
homogeneity of the aerosols in modern dynamic exposure chambers designed for different 
air- and dust-mixing principles may also give different performance characteristics. There 
are few such dynamic whole-body exposure chambers for the generation of aerosols, but at 
least two, based on different air mixing principles, are located in Scandinavia. One 
employs turbulent air mixing and is the main exposure chamber studied in the present 
work. Results from human studies of respiratory effects in the lower respiratory tract from 
exposure to different large organic aerosols have been reported from this chamber 
(Grunewald et al. 2003, Gripenbäck et al. 2003). The other chamber employs laminar air 
mixing and is located at a university hospital in Norway (Søstrand et al. 1997).  
 
Applications in human exposure chambers 
The most common application in human exposure chambers is provocation studies of 
agents in the respiratory tract. Exposure of healthy humans to wheat flour, α-amylase and 
glove powder based on cornstarch has been studied in the main chamber in the present 
work (Grunewald et al. 2003, Gripenbäck et al. 2003, Tornling et al. 1997). Summarized 
data from such a study will be presented below, but the outcomes of all the different 
clinical analysis are not the main topic of this thesis. 
 
Respiratory tract study – effect of pinewood dust on the lungs 
Wood dust is formed during various operations in wood-processing industries. The 
industrial use of wood is an important part of the Swedish economy, employing 1.5% of 
the working population (in 2001), in sawmills, joinery workshops, and paper- and 
furniture-manufacturing industries (Statistics Sweden, Stockholm, Sweden). Health 
problems associated with the environment of woodworkers are therefore important. 
Exposure levels differ between individual workplaces and also between different tasks at 
same workplace. Workers exposed to wood dust suffer from various respiratory symptoms, 
and develop alveolar inflammations even without showing signs of sensibilization (Johard 
et al. 1992). Rats exposed to pinewood dust also develop airway inflammation (Johard et 
al. 1994). Whether other agents in the wood working environment, such as terpenes, could 
induce the symptoms experienced has also been discussed (Eriksson et al. 1997). Airborne 
exposure to softwood particles like pinewood dust is associated with clinical symptoms, 
such as respiratory disorders (Ahman et al. 1995b) and nasal cancer (Malker et al. 1986); 
and contact dermatitis has also been reported (Eriksson et al. 2004). The complex clinical 
mechanism of effects of pinewood dust is not fully understood and the use of whole-body 
exposure chambers for experimental exposure challenges is of great importance. 
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Method developments in exposure chambers 
Dynamic whole-body exposure chambers are also used for developing new measuring 
devices and exposure assessment techniques (Duncan & Gudgin Dickson 2003, Todd et al. 
2001), see also table 1. The homogenous atmosphere they offer is suitable for reproducible 
and repeated testing. New scientific tools in inhalation studies are needed that may ease 
monitoring and interpretation of exposure data. In this thesis, a new air monitoring 
software for on-line dust measuring with a direct reading instrument will be described. 
Also, the use of a new heated mannequin for testing chamber performance will be 
described. 
 
Skin exposure assessment 
Exposure to hazardous compounds may occur by inhalation, dermal contact or ingestion. 
In occupational hygiene, inhalation has traditionally been considered the most important 
route. Recently however, dermal exposure has received more and closer attention, for 
instance in the EC Dermal Exposure Network (DEN) 1997–2000.  
 
Skin exposure measurement follows different principles (Fenske 1993, Gruvberger et al. 
2006). Direct methods involve removal procedures, use of interception (patches or pads) 
and fluorescence tracer techniques. Most of these techniques were developed, and are 
primarily used, for agents other than aerosols.  
 
Removal procedures most frequently used include wiping, rinsing and cleaning (Brouwer 
et al. 2000). Removal by tape stripping of the outermost skin layer, the stratum corneum, 
has been popular in recent years (Surakka et al. 2000, Nylander-French 2000). Vacuuming 
techniques have been employed mostly for sampling from surfaces other than skin, but 
they have been regarded as poor collectors due to their low removal efficiency (Glass et al. 
2003, Byrne 2000). Interception techniques such as patches or pads may be used to 
measure the mass of material deposited on the surface (Lindsay et al. 2006, Eriksson et al. 
2004). There are few validated and standardized methods for measuring skin exposure. In 
order to more clearly understand the process of particle deposition and encourage 
development of new sampling methods in dermal research, an approach using a basic 
concept (a model) for the different factors influencing skin exposure has been suggested 
(Schneider et al. 1999). The terminology is based on a conceptual model of the different 
steps leading to exposure - the transport of a substance from source to skin surface. 
Methods for measuring not only skin exposure but also that of other surfaces, e.g. clothes, 
that contribute to exposure by contact and transport between such surfaces are of interest. 
 
In this thesis, a small new vacuuming sampler for measuring particles on skin will be 
described and its performance will be evaluated using an exposure chamber.   
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AIMS OF THIS THESIS 
The purpose of the work reported in this thesis was to study the performance of human 
whole-body exposure chambers during generation of large organic aerosols, and to develop 
and evaluate new measuring techniques for use in exposure studies in the human 
respiratory tract or skin. Particular attention was given to the performance of, and 
applications in, a controlled dynamic and continuous human whole-body exposure 
chamber using turbulent air mixing.  
 
The following specific aims are addressed: 

1. to construct and test a new dynamic and continuous whole-body exposure chamber 
during generation of wheat flour aerosols; 

2. to investigate the performance of this chamber for different large organic aerosols 
(wheat flour, glove powder, cornstarch and pinewood). An additional goal was to 
study the use of a newly constructed heated mannequin as a surrogate for humans 
in initial and preparatory chamber studies; 

3. to evaluate and compare the performance of two whole-body exposure chambers, 
that use different air mixing principles, with pinewood dust. The importance of a 
neutralizer in removing static charges from the generated dust is specially 
addressed; 

4. to achieve controlled and homogeneous exposure sessions with pinewood dust in 
the chamber, to be used in studies of cellular inflammatory response in the 
airways of healthy individuals; 

5. to develop a small and handy vacuuming device for measuring particles on skin 
and use the exposure chamber for testing the sampler.  

 
Additional minor aims are: 

i.  Development of a user-friendly aerosol monitoring software. 
ii. Comparison of airborne particle size distribution curves in occupational 

settings and in exposure chambers. 
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MATERIALS AND METHODS 
The exposure chambers, the different aerosols, the sampling and analysis are described in 
more detail in the original papers. 
 
Experimental design 
In Figure 4 on the next page presents the study in flow chart form. The boxes describe the 
variables and characteristics evaluated with a reference (Roman numerals) to each separate 
paper. 
 
The aerosols evaluated were chosen either because they cause occupational skin and 
respiratory tract symptoms (bakery dust, glove powder and pinewood dust) or because they 
may serve as model substances (cornstarch). Exposure challenges of humans or with a 
heated mannequin were performed primarily in the newly constructed dynamic human 
whole-body exposure chamber based on turbulent air and dust mixing at airborne 
concentrations not uncommon in occupational environments. A second dynamic human 
exposure chamber using a laminar air- and dust-mixing principle was evaluated for 
pinewood dust only and its performance characteristics were compared with those of the 
first chamber.  
 
Performance tests of these two different whole-body human exposure chambers involved 
determination of temporal and spatial distribution of the aerosols as well as the 
aerodynamic particle size distribution of the inhalable fraction, all close to a subject’s or 
the mannequin’s breathing zone. Airborne particle size distributions in the exposure 
chambers were also compared to those found during field studies. The spatial distribution 
of deposited dust on skin and on other surfaces was evaluated for one of the chambers. A 
life-sized and heated mannequin and a user-friendly computer software for monitoring dust 
concentration and climate factors were developed and their usefulness was tested in the 
chambers. All comparisons were performed with the same measuring and dust-generating 
equipment when possible.  
 
Exposure data and some clinical data from a human challenge with pinewood dust with 
characteristics comparable to those of an occupational sanding process were studied. In 
that study (paper IV), eleven healthy subjects were exposed to airborne pinewood dust in 
concentrations of approx. 6mg/m3 for one hour.  
 
For skin exposure, a small and handy vacuuming sampler for removing particles from the 
skin was constructed and its use was compared with two other skin and surface exposure 
sampling techniques. Healthy subjects were exposed to large organic aerosols in the 
exposure chamber and areas on forearms and shoulders were sampled.  
 
Exposure chambers 
Chamber 1 with turbulent air mixing (I-V) 
Chamber 1, located at the Karolinska University Hospital in Solna, Stockholm, Sweden 
was designed and constructed as a closed chamber system so that contaminated air from 
the connecting room could neither pass into the chamber, nor could the test atmosphere in 
the chamber pass out to the connecting room. It has a dynamic air-through system and 
aerosols and air are turbulently mixed. The whole air-delivery system is adjustable and 
controllable and the total system is easy to handle and to clean. 
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Figure 4. Flow chart describing the different parts of the present work. SEM-image in upper right corner by 
Elke Hålenius, Analytica AB, Sweden. Drawing in the upper left corner from paper I, Fig. 2. 
 
The exposure chamber is a whole-body chamber (Figure 2 and 5). The ceiling, floor and 
three walls are of stainless steel while most of the front wall is glass. The chamber 
materials do not contain or release allergenic, irritant or other toxic substances.  
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Figure 5. A whole-body exposure chamber system, chamber 1 (drawing from paper I, Fig. 2). The drawing 
shows the actual chamber and the sluice. Materials: glass, stainless steel and aluminium. 
 
The exposure chamber accommodates one subject at a time. Floor size is 1.8x1.5m and 
height is 2.1m (volume 5.7m3). The room is furnished only with an aluminium chair. The 
exposure room is connected to a sluice (1.8x0.9x2.1m). Ports (inlets/outlets) on the front 
wall are used for connecting different equipment placed outside the chamber, such as air 
sampling devices, spirometry equipment and respiratory air supply. This makes it possible 
for the subject to inhale fresh air while skin exclusively is exposed. Temperature and 
humidity during exposure cannot be changed or targeted, since neither heating nor 
humidity units are installed. 
 
The air delivery system is presented schematically in Figure 6. Room air is supplied to the 
exposure chamber through microfilters by a modified centrifugal fan. The air flows from 
the chamber into the sluice through a valve in one of the walls, and from the sluice through 
a funnel in the ceiling. The polluted exhaust air is cleaned through a micro filter and vented 
outdoors. The system is sealed and contamination by room air or from other sources into 
the exposure chamber is avoided by maintaining a small static over-pressure in the 
chamber compared to the sluice (~2Pa). Leakage from the sluice is prevented by keeping a 
small static under-pressure in the sluice (-1Pa) compared to the connecting room.  
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Figure 6. Schematic figure of the air-delivery system (based on a drawing in paper I, Fig. 3). 
 
Mixing of the aerosol particles into the chamber is performed by passing the dust-laden 
airflow from the aerosol generator into the chamber through a conical duct in the ceiling, 
creating turbulent mixing. Filtered room air flows continuously through the chamber at 1.1 
- 1.6m3/min (corresponds to about 12–17 air exchanges per hour, ACH), and the airflow 
from the aerosol generator constitutes about 20% of total chamber flow. Since it is possible 
to exchange different parts of the system, for example a more powerful centrifugal fan, the 
characteristics of the system can be varied as required for each type of challenge. 
 
The chamber was originally designed and constructed also for the generation with gases. 
However, such trials or exposure challenges have not yet been performed. 
 
Chamber 2 with laminar air mixing (III) 
A larger set-up of chamber 2, located at the Rikshospital, Oslo, Norway, has been 
described by Søstrand et al. 1997. This chamber was rebuilt with stainless steel (acid 
proof) and glass/polycarbonate at its current location. Floor size is 2.35x2.35m and height 
2.80m (volume 15.5m3). Like for chamber 1, a small sluice is connected to the actual 
exposure room. This is a large exposure chamber with room for more than one subject. 
Purified air and aerosols at flows between 71–281m3/h (ACH=5-18), normally 71m3/h, are 
distributed and forced through four perforated ceiling plates (Aluminium Honeycomb, 
Aviation Ltd, U.K., 5x116x116cm).  This creates homogenous and vertical laminar 
mixing. The air is thus exhausted from four equally distributed outlets at floor level. The 
airflow from the aerosol generator constitutes about 1.7% of total chamber flow. As with 
chamber 1, no facilities for climate control are installed. 
 
Aerosol generation and neutralizer (I-V) 
Both exposure chamber systems can be run with different aerosol generators. For 
comparison in the present studies, the same aerosol generator, an RBG 1000 (Palas GmbH, 
Germany) was used (Figure 7).  
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Figure 7. The RBG 1000 aerosol generator and the different reservoirs are shown on the left. On the right is 
the stationary 85krypton neutralizer (between the copper tubes to the left). The neutralizer is covered with a 
thick shield of lead. 
 
This aerosol generator was used when working with free-flowing powders that do not pack 
easily. In the generator, dry powder from a reservoir located below a rotating brush is 
transported upwards at a given speed into the brush. The airflow through the generator 
head gives a secondary flow between 2–5m3/h, and a change of dispersion covers inside 
the generator can if necessary reduce the airflow to about 0.5m3/h. Different sizes of 
powder reservoir are available for loading different quantities of material into the generator 
(Figure 7). Parameters such as feed rate, brush speed and airflow through the generator are 
optimised for each challenge, but initial tests with wheat flour and cornstarch indicated 
only small effects from changing these settings. Depending on the targeted air concen-
tration, the different dust reservoirs were loaded with 3-30g of powder, sufficient for 
approximately 2 hours’ generation to cover for a start-up period and 60 minutes uninter-
rupted exposure session. If a longer exposure period is needed, the reservoir has to be 
refilled, causing a break of approximately 30 minutes before the concentration returns to 
the desired level. 
 
To eliminate potential static charges in the dust, the aerosol-laden airstream from the 
particle generator passes through a neutralizer (a radioactive 85krypton source) to the inlet 
air delivery system. In chamber 1, the neutralizer is stationary, fixed and could not be 
transported for use with chamber 2. The local neutralizer in chamber 2, a TSI Aerosol 
Neutralizer model 3054 (TSI Inc., Shoreview, Montana, USA.) did not work together with 
the RBG aerosol generator. All the tests in chamber 2 were therefore run without a 
neutralizer. For comparison, a few complimentary tests were performed in chamber 1 with 
the dust bypassing the neutralizer. 
 
Aerosol specification 
Bakery dust (wheat flour and α-amylase) (I-II, V) 
Wheat flour was selected from two batches (wheat flour 1 and 2) of standard quality grade 
wheat flour used at a large Swedish bakery. Wheat flour consists mainly of starch and 
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proteins, where the protein content is around 10-15%. In all three studies, the targeted 
airborne concentration of wheat flour was 5mg/m3, measured with 37mm open-faced total 
dust holder (OPFT), which corresponded to the Swedish threshold limit value (TLV) for 
organic dust at the time. During this work, a new TLV value for inhalable (INH) flour dust 
(3mg/m3) was introduced. For a separate exposure study, material from the second batch 
from the Swedish bakery was mixed with small amounts of fungal α-amylase (Fungamyl 
2500 BG, Novo Nordisk A/S, Bagsvaerd, Denmark), (wheat flour 3). Before mixing, the 
large-sized (about 0.2mm granulates) and very elastic and rubbery α-amylase was reduced 
by mild crushing in an agate mortar. The main part of the particle size after crushing was 
still large, averaging about 100µm with a very small portion of smaller sizes. The mixing 
was standardized and performed using a Turbula T2c (WAB AG Maschinenfabrik, Basel, 
Germany). There was no recommended Swedish TLV for α-amylase at the time of the 
studies.  An airborne level of about 40ng/m3 measured as INH dust was chosen. 
 
Cornstarch and glove powder (based on cornstarch) (II, V) 
Cornstarch (Maizena, Unilever Bestfoods, Sweden) is a pure homogeneous powder and the 
targeted airborne concentration in the chamber was 8mg/m3 as OPFT dust. Glove powder 
(AbsorboTM, National Starch and Chemical Corporation, Bridgewater, NJ, USA) is an 
absorbable powder prepared, according to the producer, by processing cornstarch in 
accordance with the requirements of the US Pharmacopoeia Monographs on Absorbable 
Dusting Powder and the British Pharmacopoeia Monographs on Sterilisable Maize Starch. 
The glove powder was analysed by us with low-temperature ashing and contained about 
97% organic materials. Magnesium oxide (MgO) was detected in the inorganic fraction 
using X-ray diffraction. No endotoxin was detected (Multi-test Limulus Amebocyte 
Lysate, BioWhittaker, Walkersville, MD, USA). An air concentration of approximately 
6mg/m3 (OPFT dust) was chosen as a suitable aerosol concentration corresponding to the 
Swedish TLV for organic dust at the time. 
 
Pinewood dust (II-IV)  
The pinewood dust was collected from an exhaust box connected to a sanding machine at a 
manufacturer of wood floor boards (Rappgo AB, Braås, Sweden). The boards were 
comparatively core-free with a very low content of volatile terpenes. Pinewood consists 
mainly of cellulose, hemicellulose, lignin, pectin and various extractives (Hildén 2004). 
The dust was sieved (<100µm) by us and stored in argon before use. A small amount of 
endotoxins was detected in the dust (Multi-test Limulus Amebocyte Lysate, BioWhittaker, 
Walkersville, MD, USA). An optical microscopic analysis of the wood dust prior to 
exposure indicated that the main part of the bulk material was from pinewood, with only 
small traces of domestic floriferous trees. The terpene air concentration in the pinewood 
dust was low (<0.02mg/m3 – the Swedish TLV for terpenes is 150mg/m3). No bacterial 
growth was detected. Based on the Swedish TLV for wood dust (2mg/m3 OPFT dust 
during an 8-h workday), an airborne dust concentration during one hour’s exposure of ~5-
6mg/m3 was chosen as a suitable level. In the progress of this work, a new TLV value for 
INH wood dust (2mg/m3) was introduced in Sweden. 
 
Study subjects 
Humans (I-V) 
The Regional Ethics Committee at Karolinska Hospital and Karolinska Institutet, Solna, 
Sweden, approved the studies. All participants in studies I-V gave their informed consent. 
 
In the three different wheat flour exposure studies, more than 25 healthy volunteers 



 
 

 25 

participated. In the glove powder and cornstarch exposure studies, more than 18 healthy 
individuals participated.  
 
In the pinewood dust exposure studies, more than eleven healthy volunteers participated. 
Eleven of these, participants in the clinical lung study, underwent a physical examination, 
including chest radiography and routine blood tests two weeks before the actual exposure. 
None had experienced respiratory tract infection during the month prior to the investigation 
or had a history of respiratory tract disease. Also, none had a history of atopy and all had 
negative results from radioallergosorbent tests specific for pine and spruce.  
 
A new heated mannequin (II-III) 
A life-sized heated mannequin was constructed by modifying a commercially available 
doll (POLYFORM GmbH & Co. KG, Rinteln, Germany). The mannequin (Figure 8) is 
heated to approximately 36°C (surface temperature) with a 100W DC-powered regulated 
heater, placed inside the chest region. The heat is distributed inside the mannequin with 
two small fans, one forcing the heat through a tube up to the mannequin’s head. During a 
short and initial 30-minutes exposure session, the mannequin was tested by measuring the 
temperature every second with eight sensors placed around the upper parts and, for 
comparison, around a human subject in a later exposure session. The temperature rose on 
average 1.4o (range 1.3-1.5o) around a human and 0.2o (range 0.1-0.2o) around the 
mannequin. Humidity as measured with a stationary humidity and temperature transmitter 
(Model 62102, Hygrocontrol, Hanau, Germany) placed close to subject/mannequin, 
increased by 0.2% for a human and decreased by 0.9% for the mannequin. The temperature 
changes during these initial tests are similar to the increase typically observed (1-2o) during 
a 60-minute human exposure. Since these initial tests were performed during different 
periods on the same day, the slight differences might be due to external factors. 
 
Exposure measurements - Sampling and analysis  
Sampling methods in air (I-V) 
New software for on-line monitoring of particle concentration and climate parameters  
New software for on-line and real-time registration of the continuous signals from the 
direct-reading dust instrument based on infrared light scattering (Casella AMS950, Casella 
SIMPEDS Ltd, London, UK) and the hygrometer (model 62102, Hygrocontrol, Hanau, 
Germany) was developed using LabView software (National Instruments Corporation, 
USA). This application ran on a laptop computer that stored data for later calculations and 
displayed a plot of the airborne dust concentration against time on the computer screen. 
Values from the hygrometer and the Casella AMS950 instrument are stored every two 
seconds for further calculation. Average values of the airborne concentration, relative 
humidity and temperature were continuously calculated and displayed on the screen 
(Figure 9). The Casella AMS950 instrument was checked daily with the calibration 
element supplied and calibrated for each dust using basic gravimetric analytical techniques. 
The Casella AMS950 is suitable and sensitive for fine particles, but after calibration works 
quite well for larger particles with a substantial fraction of small aerosols. 
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Figure 8. A close-up view of the heated mannequin in the chamber. The black sensor close to the 
mannequin’s head is the direct-reading instrument. Three dust samplers and the PIDS impactor (the round 
metallic tube) are shown on the right. 
 

 
Figure 9. A typical exposure session displayed on the laptop screen. The graph shows the concentration of 
dust in the chamber during two hours of continuous exposure. The temperature (23.9oC), relative humidity 
(22.0%) and air exchange rate (16.4/h) based on the plotted decay curve at the end are displayed. The 
language on the screen is mixed Swedish and English. 
 
This software also calculates the approximate air exchange rate (ACH) after each session, 
after the generation of aerosols has stopped. Since the airflow through the room is constant, 
the concentration over time will follow an exponential decay curve described by the 
equation 

Ct = C0 . exp (-ACH . t) 
where C0 is the initial aerosol concentration, Ct is the concentration at time t and ACH the 
air exchange rate (ACH).  
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Temporal variation in aerosol concentration during an exposure session 
After 30-minute start-up period, the relative airborne dust concentration on the direct-
reading instrument (Casella AMS950) and the new software was measured and evaluated 
for temporal distribution continuously during an exposure for at least 30 minutes, typically 
60 minutes. Measurements were performed with the sensor placed close to the subject’s or 
mannequin’s breathing zone (see Figure 8).  
 
Variability in aerosol concentration between exposure sessions  
The variability between exposure sessions when aiming at a targeted concentration was 
evaluated using data from exposure challenges with humans and the mannequin. It was 
assessed from measurements with conventional air sampling devices for inhalable (INH) 
dust, for open-faced total (OPFT) dust and for respirable (RESP) dust (all three samplers 
can be seen in Figure 8). The choice of samplers was related to current Swedish threshold 
values (TLV) and their recommended sampling methods. However, for both wheat flour 
and pinewood dust, the TLV changed from OPFT to INH dust during the period of these 
studies. INH dust (EN481 1993), was sampled with IOM samplers (SKC Ltd, Dorset, U.K) 
and OPFT dust was sampled in 37mm open-faced cassettes (Millipore, Bedford, Massa-
chusetts, USA). For both these samplers the flow rate was 2 litres per minute (LPM). RESP 
dust (EN481 1993), defined as airborne particles that can penetrate the gas-exchange 
regions of the human lungs, was sampled with cyclones (Casella SIMPEDS, Casella 
London Ltd, London, U.K), at a flow rate of 1.9LPM. Dusts were collected on membrane 
filters made of mixed cellulose esters, pore-size 0.8µm for OPFT and INH dust and 8.0µm 
for RESP dust (Millipore, Bedford, Massachusetts, USA). Both filters have adequate 
particle collection efficiency for dust of this particle size. For sampling and analysis of α-
amylase, membrane filters made of pure cellulose acetate were used.  
 
Spatial variation of the aerosol concentration during an exposure session 
Since subjects may change position during an exposure session, information on the spatial 
distribution of the aerosol is important. Sampling for analysis of spatial dust distribution 
was performed with OPFT dust cassettes only. Two different experimental set-ups were 
investigated. The first was based on two measuring points very close to the breathing zone 
on each side of the subject or mannequin. The other set-up used eight to nine measuring 
points placed within a section of about 1.5m3 around the upper part of the subject or 
mannequin (Figure 10). Each test normally lasted 60 minutes. 
 
Aerodynamic particle size distribution of the inhalable fraction 
For sampling the aerodynamic particle size distribution of the inhalable fraction, cascade 
impactors PIDS (personal inhalable dust spectrometer) (Gibson et al. 1987) were used and 
run at 2LPM (Figure 8). The impactor plates were coated with an adhesive (made from 
10% apiezone in toluene). As it is important in provocation studies that airborne particle 
size distribution in the chamber resembles as closely as possible what occurs naturally, a 
few comparisons were performed with samples from real working environments – 
corresponding distribution curves from a bakery and a joinery were studied. 
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Figure 10. Measurement of the airborne spatial distribution by sampling with OPFT dust holders around the 
mannequin. 
 
Sampling methods for deposited particles (V) 
Three techniques for skin and surface exposure measurements of deposited particles 
A small filter sampler for removing deposited particles from the skin by vacuuming was 
constructed (Figure 11). It consists of a three-piece, 25mm filter cassette (Nuclepore Corp., 
USA) with a specially designed copper nozzle with an opening of 10mm x 1mm. The 
nozzle has small openings on each side to prevent it from adhering to the skin during 
vacuuming. A sampling pump is connected to the cassette. Before sampling, the airflow 
through the cassette was adjusted to a fixed value with an external rotameter. A working 
flow of 10LPM was normally used. This corresponds to an air velocity in the nozzle of 
~14m/sec. Such a high air velocity results in particle deposition not only on the membrane 
filter but inside the sampler as well. Dust deposited in all three parts of the sampler 
(headpiece with nozzle, tube and filter) was combined and evaluated as one sample. The 
sampler can be loaded with different types of membrane filter as required. In these studies, 
a smooth-surface filter of polycarbonate, pore size 0.4µm (Nuclepore Corp., USA) was 
used. The actual vacuuming was done by moving the vacuuming sampler repeatedly over 
the exposed area five to six times. Normally, each sampler vacuumed a skin area of 
~12cm2. Before vacuuming, the skin areas were neutralized with a static charger 
(Staticmaster no. 2U500, NRD Inc., USA) to minimize the risk of particle losses. 
 
The patch sampler (based on interception sampling) with a sampling area of 4.2cm2, 
consists of a microscopy cover glass covered with adhesive tape placed in a specially 
designed two-piece plastic holder (Figure 11). The tape used (Scotch Pressure-Sensitive 
Tape, 3M, USA) is sticky on both sides and has good transparency to visual light. The 
sampling was done using the patches mounted on the forearms or shoulders before 
exposure (for patch position on the forearm, see Figure 11). 
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Figure 11. (a) The vacuuming sampler. The opening of the inlet is 10 mm in length and 1 mm in width. (b) 
Sampling areas and view of patch samplers mounted on shoulder and on forearm. (c) The whole investigated 
area on the forearm (sampling with tape strips or vacuuming was performed within the dotted area). 
(Photographs from paper V, Fig. 2 and Fig. 3). 
 
Tape stripping is a technique that removes deposited particles and also some of the stratum 
corneum cells, using adhesive tape. Tape stripping after exposure was done with 1.9cm 
Scotch Magic tape (3M, USA). Prior to stripping, the tape was neutralized with a static 
charger (Staticmaster no. 2U500, NRD Inc., USA) to minimize the risk of losses due to 
static charges. The tape was placed with the sticky surface on the skin. Slight pressure was 
applied with a silicon-surfaced roller (width 2cm), which was moved 10 times over the 
tape. The tape was then carefully removed from the skin and placed with the sticky side up 
on an objective glass for analysis. Normally, one tape strip covered a skin area of ~5.7cm2. 
Each area was always stripped twice. 
 
The removal efficiency of tape stripping was tested on the shoulder of a subject with wheat 
flour and on the forearms of a subject with cornstarch. A removal efficiency of tape 
stripping was assessed for one subject by stripping the same area 10 times on the shoulder 
after exposure to wheat flour. 96.4% was found of the mass on strip 1 and 99.8% when the 
mass on strip 2 was included (no dust was found on strips 4-10). For all other subjects 
exposed to wheat flour on the shoulders, the fraction found on the first strip was 95.4% (CI 
93.2–97.5%) when two successive strips were studied. On the forearm with cornstarch, the 
fraction found on the first strip compared with the cumulative amount for strips 1 and 2 
was 89.8% (CI 88.8–90.8). How well the vacuuming sampler removed particles from the 
skin at airflow 10LPM was examined by tape stripping of remaining particles on the area 
after vacuuming. The fraction found in the vacuuming sampler compared to the cumulative 
amount found in the sampler and on the tape strip together was 95.7%, with a CI of 94.8–
96.5%.  
 
Spatial variation of deposited particles during an exposure session 
On patches: The spatial particle deposition distribution inside the two exposure chambers 
was determined using patches. As with the spatial measurement of the airborne dust 
distribution, two different experimental set-ups were used. One was based on measure-
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ments of two sampling points on one side close to the mannequin. The left side of the 
mannequin was chosen in chamber 1 and the right side in chamber 2 (during exposure of 
pinewood only) because it was furthest from the aerosol inlet. The other set-up used 
between six and eight patches, which were placed quite close around the head and trunk on 
the same side of the mannequin as the first set-up. 
On skin: Spatial data for skin deposition homogeneity was evaluated only in chamber 1, by 
side-by-side sampling with the same sampling method (cornstarch and wheat flour were 
studied). From each exposure challenge, either one or two sampling sets were performed 
depending on whether two forearms or two shoulders were evaluated. The number of 
sampling sets from forearms or shoulders varied. The sampling was done using patches 
mounted on the forearms before exposure and sampling with vacuuming and tape stripping 
after exposure (for patch position and the area evaluated after exposure, see Figure 11). For 
the challenges with wheat flour from batch 1, only patches and tape- stripping were used 
since at that time the vacuuming sampler had not been constructed. To reduce the effect of 
possible non-homogeneous particle deposition, two areas not in direct contact were 
evaluated as one sample and compared with two other non-contiguous areas. 
 
Analysis of airborne and deposited particles 
Gravimetric determination (I-V):  
Before and after sampling, the membrane filters, impactor plates and patches (to be used in 
chamber 1) were weighed on a micro weighing balance MT5 (membrane filters and 
patches) and on a high precision weighing balance AT261 (impactor plates), both from 
Mettler-Toledo AG, Greifensee, Switzerland, in a controlled weighing room (relative 
humidity 50%, temperature 21°C). The particle size curve from chamber 2 was based on 
the weighing results from a Sartorius Micro MC210P (Sartorius AG, Goettingen, 
Germany). The aerodynamic particle size distribution curve by sampling with the PIDS 
impactor was determined by assuming the distribution curve to be bimodal and calculated 
using the model suggested by Lidén et al. 2000.  
 
Microscopy (V) 
All the samples to be studied with optical microscopy (filters, tape strips or patches) were 
stained and immersed in a suitable immersion liquid before the microscopic evaluation. 
The cornstarch particles on the surface filter and from inside all parts of the vacuuming 
sampler were collected by rinsing the sampler’s interior and staining before redeposition 
by liquid filtration onto a new 37mm cellulose ester filter with pore size 0.8µm (Millipore, 
USA). The new cellulose ester filter with the stained cornstarch particles was collapsed 
with acetone after drying and glycerol was used as immersion liquid. Patches and tape 
strips were prepared by staining and immersing in glycerol without a redeposition 
procedure. The cornstarch particles were counted at 10X objective magnification on a 
Leitz DM microscope (Leica, Germany) using a screen computer system (Lundgren et al. 
1995). Mass was calculated after comparison with a calibration curve based on filter 
samples spiked with known amounts of cornstarch particles. The starch amount in wheat 
flour was estimated using image analysis in an optical microscope at different 
magnifications. The starch was stained selectively and the area of the coloured and 
strongly red fluorescing starch, the main component of wheat flour, was determined in a 
stereomicroscope at X10 magnification and in an EPI-fluorescence Leitz DM microscope 
at X10 and X40 objective magnification (Leica, Germany). Computerized image analysis 
(Optilab, Graftek, France) was used. The volume of each starch particle observed in the 
microscope was measured by using different shape factors depending on the size of the 
single starch particle or of a cluster of starch and proteins. A density of 1.5g/cm3 was used 
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for converting volume to mass. The estimated detection limit for both procedures was 
<0.2mg/cm2. 
 
Other analysis (II) 
The analysis and the methods used for the determination of α-amylase were as suggested 
by Lillienberg et al. 2000. 
 
A human exposure challenge with pinewood (IV) 
The purpose of study IV was to investigate whether there is a cellular inflammatory 
response in the airways and changes in blood cells of healthy individuals following pine 
wood dust exposure. An inflammatory reaction would support the relationship between 
exposure and respiratory symptoms and subsequent disease. Eleven study subjects were 
exposed for one hour to pinewood dust, using exposure chamber 1, at a concentration not 
uncommon in occupational settings. Aerosol exposure was measured as INH, OPFT and 
RESP dust. Bronchoscopy with bronchoalveolar lavage (BAL) was performed 2-6 weeks 
before and one day after exposure as described by Eklund & Blaschke 1986. BAL cells 
were analysed by differential counts and phenotypical analyses of alveolar macrophages 
(AM) and T-lymphocytes from BAL fluid and peripheral blood were performed using flow 
cytometry as described in paper IV. Results from the phenotypical analyses of BAL fluid 
as well as all cell data from peripheral blood are not commented on in this thesis. 
 
Presentation of results and statistics 
The results for the different airborne dust concentrations are presented in graphs containing 
quantile box-plots. The outer sides of the rectangular box express the 25 and 75% quantiles 
(quartiles), the horizontal line inside the box the median, and the vertical line the range 
(minimum and maximum). The skewed rhomboid shows 95% confidence intervals with 
the average value (mean) at the widest point of the rhomboid.  
 
Ratios between the result of the vacuuming sampler or the patch against the result of tape 
stripping were tested using the Student t test, Ho: µ1/µ2 = 1, α= 5%. The 95% CI of the 
ratio was also calculated. Further, descriptive statistical calculations such as means and 
coefficients of variation (CV) were also used. 
 
Data from the BAL analysis are presented as medians with inter-quartile ranges. Statistical 
comparisons were made using Wilcoxon matched pairs test for comparisons between 
before and after values from the same individual. 
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RESULTS 
Chamber performance during an exposure session 
Temporal and spatial variation (I-III) 
The temporal distribution in chamber 1 (Karolinska University Hospital, Stockholm, 
Sweden), expressed as the coefficient of variation (CV), is presented in Figure 12. Since no 
difference was observed between the three different wheat flours, all these data are plotted 
together. The temporal distribution did not differ between the different organic aerosols or 
whether measurements were performed around a human or the mannequin. The outcome 
before the new on-line registration software was developed (calculated from the recorded 
chart of the direct-reading instrument) was in the same range (7-11%) at the same wheat 
flour dust concentration.  

 
Figure 12. Studies in exposure chamber 1 (result from paper II, Fig. 3). Box-plots showing temporal 
distribution of large organic aerosols during different exposure sessions separately for humans, mannequin 
and empty chamber. Measurements performed with a direct-reading instrument (Casella AMS950). The 
number of observations evaluated is shown above each box. 
 
A comparison with chamber 2 (Rikshospitalet, Oslo, Norway) during generation of 
pinewood dust is shown in Figure 13. As described earlier, it was not possible during the 
study period to achieve data with a connected neutralizer or from exposures at higher 
humidity in chamber 2. All the tests (eight exposure sessions in chamber 1 and seven in 
chamber 2) were performed with the heated mannequin inside the chamber. Data from a 
few supplementary exposure sessions in chamber 1 without neutralizer are shown as 
separate values (the small dots in the figure). 
 
On two separate occasions while exposing humans to pinewood dust in chamber 1 without 
the neutralizer and at a humidity level below 20%, temporal variations of 19 and 31% were 
found. 
 
The spatial distribution of OPFT dust between two measuring points on each side of the 
subject’s or mannequin’s breathing zone in chamber 1 is shown in Figure 14. There was 
similar variability for the different aerosols regardless of whether measurements were 
performed with humans or the mannequin. Also, analysing seven-to-nine sampling points 
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in a section of about 1.5m3 around the upper part of the subject or mannequin showed low 
spatial OPFT dust variability (Table 2). For the low level of α-amylase (target value 
40ng/m3) in wheat flour 3, CV was 21% (N=5) for the first experimental set-up. 

 
Figure 13. Studies in two human whole-body chambers (paper III, FIGURE 1). Box-plots showing the 
temporal distribution of pinewood dust when exposing the mannequin at low relative humidity (RH). The 
additional exposure sessions without neutralizer in chamber 1 are shown as separate values. Measurements 
were performed with a direct-reading instrument (Casella AMS950). 
 

 
Figure 14. Studies in exposure chamber 1 (paper II, Fig. 6). Box-plots showing the spatial distribution of 
airborne wheat flour, pinewood dust, glove powder and cornstarch based on data close to the breathing zone, 
for human subjects and the mannequin respectively. No data for the mannequin and glove powder are 
available. The number of exposure observations is shown above each box. 
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Table 2. Studies in exposure chamber 1 (paper II, Table 1). Spatial distribution of wheat flour, pinewood 
dust and glove powder in a 1.5m3 section around the exposed subject or mannequin, expressed as CV. 
Dust Mannequin 

or human 
CV          
(%) 

No. of 
filter 
samplers 

No. of 
exposure 
observation 

Wheat flour Human 5-17 9 3 
Pinewood dust Mannequin 8 8 1 
Pinewood dust Human 14 9 1 
Glove powder Human 6-7 9 3 
 
The spatial variation with pinewood dust for the two chambers based on two measuring 
points on each side of the subject’s or mannequin’s breathing zone at low relative humidity 
is shown in Figure 15. It indicates larger variability for the mannequin when no neutralizer 
is used. In chamber 1 no such difference was observed when the neutralizer was connected. 
Also analysing seven-to-nine sampling points in a section of about 1.5m3 around the upper 
part of the mannequin or humans without the neutralizer showed great variation in all tests 
irrespective of chamber (Table 3).  
 
 
 

 
Figure 15. Studies in two exposure chambers (paper III, FIGURE 2). Box-plots show spatial distribution of 
pinewood dust (based on data from the breathing zone only) in the two chambers at humidity below 25% 
(RH), for human subjects and the mannequin respectively. Data are presented for both with and without the 
neutralizer connected when available. The number of observation is shown above each box or as separate 
values. 
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Table 3. Studies in two exposure chambers (paper III, TABLE II). Spatial distribution of pinewood dust in a 
1.5m3 section around the exposed subject or mannequin expressed as CV.  
Exposure 
chamber 

Relative 
humidity 
    (%) 

Neutralizer Mannequin 
or human 

CV           
(%) 

No. of filter 
samplers 

Chamber 2 10 without mannequin 24 8 
Chamber 2 11 without human 20 7 
Chamber 1 6 without mannequin 27 8 
Chamber 1 25 without human 29 8 
Chamber 1 7 with mannequin 8 8 
Chamber 1 21 with human 14 8 
 
Effect of relative humidity (II) 
The effect of the relative humidity in chamber 1 on the temporal distribution of these 
organic aerosols during an exposure can be seen in Figure 16, where data is based on 
values for mannequin and humans together, as there was no difference observed between 
them.  

 
Figure 16. Studies in exposure chamber 1 (paper II, Fig. 7). Effect of relative humidity on temporal variation 
during an exposure session in chamber 1 for all aerosols measured for both human subjects and the 
mannequin. The variation is plotted in humidity intervals of 5% (as average values) between 5 and 55%. 
When more than one observation is available, the variation in that interval is shown with a vertical line 
expressing the standard deviation. A total of 107 observations was evaluated. 
 
Airborne particle size (I-V) 
The mass aerodynamic particle size distribution curves of the inhalable fraction in chamber 
1 for all different types of organic aerosols studied, as measured with the PIDS impactors, 
are shown in Figure 17. The aerosol concentration during these tests was close to the 
targeted levels.  



 
 

 36 

 
Figure 17. Studies in exposure chamber 1 (paper II, Fig. 8). Particle size distribution curves for inhalable 
organic aerosols as measured with PIDS impactors. 
 
The particle size distribution curves for pinewood dust only, but in both exposure 
chambers as measured, are shown in Figure 18.  

 
Figure 18. Studies in two exposure chambers (paper III, FIGURE 3). Particle size distribution curves for 
airborne pinewood dust as measured with PIDS impactors. 
 
The particle size and the morphology of airborne pinewood dust and glove powder are 
shown in Figure 19. Wheat flour aerosols are shown Figure 1. 
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Figure 19. Scanning electron microscope (SEM) images of pinewood dust (a) and glove powder (b). White 
bar shows 12 (a) and 15 (b) µm. The small black dots in the background are the pores in the 0.4µm 
Nuclepore filter. (Photograph: Elke Hålenius, Analytica AB, Sweden). Both images are from paper II (Fig. 9 
b and c). 
 
Homogeneity of deposited particles on patches and on skin (V) 
The spatial distribution of deposited dust was measured with the mannequin in chamber 1 
only. Variability data (as CV) from the first experimental set-up where two patches close 
to the mannequin on the left side as well as data from the second set-up with more patches 
(a somewhat larger section – 0.8m3) close to the mannequin can be seen in Table 4. The 
amount of dust deposited on the patches varied between 7-86µg/cm2h. 
 
Table 4. Studies in exposure chamber 1. Spatial distribution of deposited dust expressed as CV at different 
levels of relative humidity. 4-5 different patches were used in the larger section. 
Relative 
humidity  
      (%) 

Aerosols CV 
two patches 
(%) 

CV  
section of 0.8m3 
(%) 

No. of exposure 
sessions 

17-24 Pinewood 5-21 12-34 2 
17-23 Wheat flour 14-22 31-59 3 
22-32 Glove powder 1-9 7-8 3 
 
To estimate how evenly and homogenously these organic particles were deposited on 
forearms and on shoulders of humans exposed in chamber 1, 2-7 samples were collected 
with three different dermal sampling techniques (patches, vacuuming sampler or tape- 
stripping) for a different number of repeated sampling sets. Cornstarch and wheat flour 
were studied. The variation of cornstarch particles found on forearms for each sampling 
method was calculated and is shown in Table 5. The amount of cornstarch removed from 
the skin varied between 14-34µg/cm2h for the different sets. The variation of wheat flour 
on shoulders as measured with patches only was also evaluated. The dust loading of wheat 
flour starch found on the patches varied between 13 and 66µg/cm2h. 
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Table 5. Studies in exposure chamber 1 (paper V, Table 1). Variation in dust loading between areas on 
forearms and shoulders of humans during repeated sampling sets. 
Particles Sampling 

methods 
Areas 
exposed 

No. of 
sampling 
sets  

No. of 
samples 
per set 

CV 
% 

CI % 

Cornstarch Vacuuming Forearm 8 2-4 5.3 2.6–8.0 
Cornstarch Tape stripping Forearm 16 2-7 6.4 4.5-8.2 
Cornstarch Patch Forearm 8 2-4 4.3 2.6–6.0 
Wheat flour Patch Shoulder 10 2-3 9.4 4.7-14 
 
Only when studying wheat flour on subjects’ shoulders did the variation occasionally 
exceed 10%. The variation on the forearms with cornstarch was low, on average < 6%.  
 
Variability between exposure sessions 
Pinewood dust (II, IV) 
The variability between exposure sessions (N=11) in chamber 1 measured with the three 
different dust samplers (INH, OPFT and RESP dust) was evaluated for pinewood dust, and 
is illustrated in Figure 20. The variability for RESP dust was low (CV 8.8%) despite the 
low airborne concentration. 

 
Figure 20. Studies in exposure chamber 1 (paper II, Fig. 5). Box-plots showing the airborne pinewood dust 
concentration during challenges of subjects in different exposure sessions (N=11). Variability (%) expressed 
as CV is given under each box. 
 
Wheat flour, cornstarch and glove powder (I-III, V) 
There was generally a low variability in OPFT and RESP dust between different chal-
lenges of humans with wheat flour and glove powder (Figure 21) at the respective targeted 
airborne concentrations. Corresponding data from the pinewood dust exposures are also 
included in the figure. Too few measurements were available for evaluation of INH dust. 
For the low level of α-amylase (target value 40ng/m3) in wheat flour 3, the corresponding 
variation measured as OPFT dust was 16% (N=5).  
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Figure 21. Studies in exposure chamber 1 (paper II, Fig. 4). Box plots showing concentration of open-faced 
total (OPFT) dust and respirable (RESP) dust in different exposure sessions for wheat flours, pinewood dust 
and glove powder. The background respirable dust concentration in the chamber was ~0.1mg/m3. The 
variability expressed as CV is given under each box. 
 
The concentration fractions found between the different “size-selective” samplers (INH, 
OPFT and RESP dust samplers) for wheat flour, glove powder and pinewood dust are 
shown in Table 6.  
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Table 6. Studies in exposure chamber 1 (paper II, Table 2). Dust fraction as measured with three different 
size-selective samplers 

Proportion of dust found between samplers% 

  
Wheat 
flour 1 

Wheat 
flour 2 

Wheat 
flour 3 

Glove 
powder 

Pinewood 
dust 

OPFT/INH 90* 80* 83 85* 81 
 RESP/INH - - 3.5 - 14 
RESP/OPFT 11 6.8 4.5 11 18 

* Result obtained in extra exposure sessions measured separately after the human exposure studies..  
 
Comparison of airborne particle size in the chambers and in field studies  
Wheat flour (II) and pinewood dust (III-IV) 
In Figure 22, the mass aerodynamic particle size distribution curve of the inhalable fraction 
for wheat flour dust in chamber 1 as measured with the PIDS impactors is shown. For 
comparison, a corresponding distribution curve sampled at a Swedish bakery close to a 
dough mixer is also shown. 

 
Figure 22. Studies in exposure chamber 1 and in a Swedish bakery. Particle size distribution curves for 
inhalable airborne wheat flour dust in exposure chamber 1 and from a bakery close to a dough mixer as 
measured with PIDS impactors 
 
In Figure 23, the aerodynamic particle size distribution curve of the inhalable fraction from 
sanding of pinewood articles in a Swedish joinery (Lidén et al. 2000) and the curve for 
chamber 1 are shown. 
 
A human lung challenge to pinewood dust (IV) 
Airborne pinewood dust concentrations 
The aerosol concentrations in the chamber during the exposures, measured as inhalable, 
total and respirable dust, were 6.8 (6.7-7.4) mg/m3, 5.5 (5.4-6.0) mg/m3 and 1.0 (0.9-1.1) 
mg/m3, respectively (see also box plots in Figure 20). The particle size distribution curve 
of the inhalable fraction is shown in Figure 23.  
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Figure 23. Studies in exposure chamber 1 and in a Swedish joinery (paper III, FIGURE 3). Particle size 
distribution curves for inhalable airborne pinewood dust in exposure chamber 1 and from a sanding process 
in a joinery (Lidén et al. 2000) as measured with PIDS impactors. 
 
BAL cell count data 
Recovery and BAL cell variability were more than 70% and more than 90% respectively 
and did not differ before and after exposure. Exposure to pinewood dust significantly 
increased the total number of cells in BAL fluid (Table 7). The percentage of lymphocytes 
and eosinophils in BAL increased significantly (Figure 24) while the percentage of 
alveolar macrophages decreased correspondingly (see Table 10). Moreover, exposure to 
pine wood dust resulted in an increased number of mast cells in BAL (Table 10).  
 
Table 7. Studies in exposure chamber 1 (paper IV, upper parts of TABLE 1). Cell count data for 
bronchoalveolar lavage fluid from 11 healthy individuals after 1-hr exposure to pinewood dust. 
 Before a After b P-value 

Total cell count (x106) 16.1 (11.0-18.3) 31.5 (29.2-66.1) <0.001 
Total cell concentration (x106/L) 81.4 (64.1-97.5) 195.3 (154.6-341.2) <0.001 

Percentage of total BAL cells    

Macrophages (%) 95.4 (93.0-97.0) 90.0 (86.6-93.0) 0.003 

Lymphocytes (%) 3.8 (3.5-6.5) 7.6 (4.9-11.2) 0.019 

Neutrophils (%) 0.4 (0.4-1.9) 0.4 (0.2-1.7) ns 

Eosinophils (%) 0.0 (0.0-0.2) 1.8 (0.6-3.5) <0.001 

Basophils (%) 0.0 (0.0-0.1) 0.0 (0.0-0.2) - 

MAST cells in BAL c 2.0 (0.5-5.0) 6.0 (2.5-13.0) 0.004 

Data are shown as medians with upper and lower quartiles in brackets. 
a 2-6 weeks before exposure. 
b 1 day after exposure. 
c number in 10 visual fields, × 16 magnification 
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Figure 24. Studies in exposure chamber 1 (paper IV, FIGURE 2 a and c). Percentage of lymphocytes (left) 
and eosinophils (right) in bronchoalveolar lavage (BAL) fluid. Samples from 11 healthy volunteers 2–6 
weeks before and 1 day after a one-hour exposure to pinewood dust. The different lines represent individual 
patients. #: p=0.188, ***:p<0.001. 
 
There was no correlation or trend in the increase in BAL cells concentration with the 
concentration of dust, either of the inhalable fraction or of the respirable fraction. 
 
Skin exposure measurements (V) 
Comparison between different skin measuring techniques  
The results obtained with the vacuuming sampler and with the tape stripping procedure 
were compared after exposure to cornstarch in chamber 1. Four subjects were exposed 
separately. Areas on both forearms were sampled, giving a total of eight sampling sets to 
be evaluated. Tape strips were also sampled on areas already vacuumed. The result for 
vacuuming, tape strip after vacuuming and the two results from strips 1 and 2 are presented 
graphically in Figure 25. 

 
Figure 25. Studies in exposure chamber 1 (results from paper V, Fig. 6. Some of the areas have been 
modified for clarity.). Mass of cornstarch measured on forearms by vacuuming, tape stripping after 
vacuuming and tape strips 1 and 2 for eight sampling sets. 
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In Table 8, the comparison is presented as the average value (with confidence intervals) of 
the ratios of starch found with the vacuuming sampler and those found with tape strip 1 
and cumulatively with strips 1 and 2. 
 
Table 8. Studies in exposure chamber 1 (paper V, Table 3). Comparison between vacuuming and tape strip 1 
and the cumulative mass from strip 1 and 2 after exposure to cornstarch 
 No. of 

sampling 
sets 

Vacuum/tape strip 
ratio and (C.I.) 

Tape strip 1 8 1.01 (0.95-1.08) 
Tape strips 1 and 2 8 0.91 (0.86-0.96) 
 
Statistical testing (Student t test) indicated no difference in result when comparing 
sampling by vacuuming with use of the first strip. Adding tape strip 2 (i.e. tape strips 1 and 
2) gave a small statistical difference between the two techniques – average values with 
vacuuming were 9% lower. 
 
Patch sampling and tape stripping were also compared after exposure to both cornstarch 
and wheat flour. Samples were evaluated on forearms (cornstarch) and on shoulders (wheat 
flour). Seven subjects were exposed to cornstarch (12 sampling sets) and nine to wheat 
flour (11 sampling sets). The results for the patches and the cumulative result from the two 
tape strips (1 and 2) are presented in Table 9. 
 
Table 9. Studies in exposure chamber 1 (paper V, Table 4). Mass of cornstarch on forearms and mass of 
wheat flour starch on shoulders measured with patches and tape stripping. Strips 1 and 2 for all sampling 
sets. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 10 presents the comparison as the average value (and CI) of the ratios of starch 
found with the patches to that found using tape strips 1 and 2. 
 

Mass of starch (µg/cm2)  
Cornstarch on forearms Wheat flour on shoulders 
Sampling 
set no.  

 
Patch Tape strips 1 and 2 

Sampling 
set no.  

 
Patch Tape strips 1 and 2 

1 10.8 9.30 13 14.4 9.90 
2 11.0 8.74 14 9.74 10.1 
3 10.5 8.61 15 18.5 13.0 
4 10.6 8.80 16 12.5 8.42 
5 10.7 8.77 17 11.7 8.59 
6 11.6 9.04 18 17.1 14.2 
7 10.8 8.14 19 74.7 70.3 
8 11.5 8.26 20 52.2 56.5 
9 9.32 10.8 21 37.3 34.6 
10 9.33 8.89 22 33.7 42.8 
11 11.0 8.33 23 55.8 63.4 
12 17.1 14.5 - - - 
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Table 10. Studies in exposure chamber 1 (paper V, Table 5). Comparison between patch sampling and tape 
stripping (1 and 2). Results from test with cornstarch and wheat flour. 
Cornstarch Wheat flour 
No. of sampling 
sets 

Patch/tape strip 
ratio and CI 

No. of sampling 
sets 

Patch/tape strip 
ratio and CI 

12 1.21 (1.12-1.30) 11 1.15 (0.98-1.32) 
 
A t-test of data on the ratios for forearms and shoulders revealed a statistically significant 
difference for cornstarch between the two sampling techniques (on average 21% higher 
values with the patch) but not for wheat flour. If data from both cornstarch and wheat flour 
were combined, an overall significant difference was found with an average of 18% higher 
value obtained with the patch (CI 9–27%) 



 
 

 45 

DISCUSSION 
Human whole-body exposure chamber systems present unique possibilities for 
experimental exposure challenges with patients, in research and for investigating the 
effects of exposure on the skin and the respiratory tract. Mechanistic studies can be 
performed of the effects associated with inhalation or dermal deposition of airborne 
particles from well-defined exposure in a safe setting. Such studies offer opportunities for 
more accurate cause-relationship judgements in the investigation of patients than what is 
currently possible, while at the same time avoiding confounding variables that almost 
always occur in occupational field studies. The ideal experimental set-up should be able to 
deliver an aerosol at a concentration and via a route similar to what is found in the 
workplace. 
 
Exposure to airborne organic aerosols can induce sensitisation, respiratory symptoms and 
bronchial hyperresponsiveness; and can also cause contact dermatitis. Besides exposure 
level, the risks of respiratory effects associated with the exposure are related to particle 
size, chemical and physical characteristics of the aerosol, and morphology. Particle size is 
crucial, since it governs both the deposition rate and the site in the respiratory tract.  
 
The two whole-body exposure chambers for human exposure challenges studied in the 
present work were designed to maintain a homogenous and continuous distribution of 
aerosols during the whole time of exposure. The aerosol from a particle generator mixes 
with the general airflow, and the aerosol concentration is adjusted to obtain a desired 
exposure level. One chamber (chamber 1 at Karolinska University Hospital in Solna, 
Stockholm, Sweden) is based on a turbulent mixing process of the dust and airflow at the 
ceiling inlet while the other (chamber 2 at Rikshospitalet, Oslo, Norway) forces the mixed 
air and particles through small holes, creating a laminar flow downwards from the ceiling.  
 
In normal use, both chambers have a stationary neutralizer for eliminating static charges in 
the dust. However, during the study in chamber 2, no static elimination of the dust was 
achieved because the aerosol generator (RBG 1000 from Palas GmbH, Germany) and the 
local, stationary neutralizer (TSI Aerosol Neutralizer 3054, TSI Inc., USA) could not be 
successfully connected.  To get them working properly together, major readaptation 
combined with rigorous and time-consuming new exposure tests would have been needed. 
The absence of a neutralizer, however, may result in poorer chamber performance. One 
exposure chamber study generating aerosols containing endotoxin without a connected 
neutralizer, reported a temporal variation of 19% in dust concentration as measured with a 
direct-reading instrument (Taylor et al. 2000). The variability between exposure sessions 
varied considerably (data presented in a three-dimensional figure).  
 
Since the set-up of exposure conditions for previously untested compounds needs high 
accuracy and is time-consuming, a heated life-sized mannequin was constructed and its use 
as a surrogate for humans in initial and preparatory chamber studies was evaluated. New 
software for monitoring continuous signals from a direct-reading dust instrument and a 
hygrometer was also developed. Run on a laptop computer, this application displayed a 
plot of the airborne dust concentration against time during exposure. The software also 
calculated approximately the air exchange rate (ACH) after each session, after the 
generation of aerosols had stopped. In this way, information on the dilution of aerosols at 
locations within the room was achieved, which cannot be done by measuring the ACH 
through the exhaust rate only (Pavelchak et al. 2002). 
 



 
 

 46 

Chamber performance was tested during continuous exposure to different large organic 
aerosol particles; wheat flour, glove powder, cornstarch and pinewood. In chamber 2, the 
performance was evaluated with exposure to pinewood dust only. Because this chamber is 
larger than chamber 1, a somewhat lower dust concentration level was used during the 
study so as to maintain at least two hours of uninterrupted exposure. The homogeneity of 
the aerosol distribution in the chambers was investigated both for temporal and spatial 
variation during an exposure session with either humans or the heated mannequin. Further, 
the variability in exposure level between different exposure sessions days or months apart, 
when a targeted air concentration of a certain level was chosen, was evaluated for chamber 
1. For studies of particle deposition in skin exposure challenges, an important factor is the 
homogeneity of the deposited particles, either on skin or on other collection surfaces. 
Ideally, a large homogeneous area (skin or another collection area) is needed, or at least the 
variation of the deposited material on this area has to be known.  
 
Chamber performance (I-III) 
Temporal and spatial variation 
The temporal and spatial distribution of the organic aerosols in chamber 1 showed small 
variability, which was similar for the different aerosol types, and reproducibility between 
exposure sessions was good. The effect of humidity on temporal variation was limited, 
despite the absence of climate-control equipment. For pinewood dust when comparing the 
two different chambers, the temporal and spatial distribution of the dust showed some 
variability, depending on whether a static neutralizer was used. Humans and a heated 
mannequin were both exposed.  
 
To avoid the effect of high exposure peaks, low temporal variation during exposure is 
essential in studies of effects in humans. Independently of aerosol type, the temporal 
variation during an exposure session was lower than what has previously been reported for 
smaller inhalation chamber systems (<10% in chamber 1 measured with new and user-
friendly software). Fabries et al. 2000 reported a temporal variation of 12% for wheat flour 
in a small inhalation chamber (0.14m3), and O'Shaughnessy et al. 2004 found a temporal 
variation of 13.3% for grain dust generated with a Wright dust feeder (Wright 1950) in a 
hooded human exposure system. Thus, the reliability of exposure data from the present 
chamber 1 was high.  
 
For chamber 2, the corresponding temporal variation during exposure of the mannequin to 
pinewood dust (without a neutralizer) was on average 15%. Total variation range, however 
was large, with values between 7 and 26%. Three separate exposure tests without the 
neutralizer at humidity levels below 25% in chamber 1 gave values between 8 and 19%, 
which indicates behaviour similar to that in chamber 2. There was a clear difference in 
temporal variation between chamber 2 without neutralizer and chamber 1 with neutralizer 
at low humidity levels when exposing the mannequin. The difference in temporal 
variability when exposing the mannequin to other airborne organic particles in chamber 1 
compared to exposing humans, was small with a neutralizer connected. The minor 
tendency that humans achieved a somewhat wider interval than a mannequin is not 
surprising since humans, though sitting calmly during exposure, may make slight 
movements that affect the distribution of the dust. This difference was not found for 
chamber 2 when two additional human exposure sessions were evaluated (19 and 31% 
compared to 7–26% for the mannequin). 
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Even though both chambers lacked the possibility to control and regulate humidity and 
temperature, it was possible to evaluate effects on technical performance over a wide range 
(5-55%) of relative humidities for chamber 1. It could be expected that lower humidity 
would increase the exposure variability, but no such effect was found. Since the evaluated 
humidity interval was quite large, the results indicate that humidity was not a crucial 
parameter for these organic aerosols. For more hygroscopic aerosols, greater influence 
from humidity may be expected. All exposure tests in chamber 2 were performed during a 
winter month with relative humidity below 20%. To compare chamber exposure behaviour 
at such low humidity, additional tests were performed in chamber 1 under the same low 
humidity conditions. However, the influence of humidity has not been investigated fully 
without a neutralizer although two minor exposure tests with pinewood in chamber 1 at 8 
and 25% relative humidity did show higher variation at the lower humidity level.  
 
Since subjects may change positions during an exposure session, despite being instructed 
to remain seated, the characteristics of the spatial distribution of the aerosol are important. 
The spatial distribution in chamber 1 based on two measuring points close to the breathing 
zone on each side of the subject or mannequin, showed an average variation of  <10%, but 
with a larger interval than for temporal variation. For the low fraction of airborne α-
amylase (0.0008% in the OPFT dust), a spatial variation of only about 21% was found. A 
spatial variation >20% for the main fraction of dust was regarded as unsatisfactory for two 
such measuring points close to the breathing zone: such a large variation may affect the 
interpretation of data. The spatial distribution based on the same two measuring points on 
each side of the subject or mannequin in chamber 2 showed quite clearly that the absence 
of a neutralizer greatly increased the variation (pinewood dust was studied). One would 
also expect that humans who move inside the chamber should increase this variation 
compared to that with a mannequin, and this was indicated in chamber 2. However, only 
two human exposure sessions were performed. In chamber 1, this increase was not evident 
either (with the neutralizer connected), since for both humans and mannequin a spatial 
variation of below 10% was typically observed. For other organic aerosols in chamber 1, 
the difference in spatial variation between the mannequin and humans was also small. 
 
Exposure variability between sessions 
When interpreting data from provocation studies, it is important to keep similar exposure 
characteristics from one exposure session to another. In the present studies in chamber 1, 
the variability between sessions for OPFT dust (CV<10%) was almost as low as that 
during one exposure session, and for the very low fraction of airborne α-amylase it was 
only 16%.  INH dust, containing larger particles, displayed a slightly larger variability (CV 
~15% for pinewood dust). The variability of the respirable fraction was low (~10%) for 
cornstarch and pinewood dust, but considerably larger for wheat flour dust (20-36%). Such 
a high variability might be explained by wheat flour being non-homogeneous, with large 
variation in the content of small particles. Consequently, the respirable fraction might vary 
considerably despite similar INH and OPFT exposure levels. No published papers 
reporting such a conclusion in occupational settings have been found. 
 
Spatial variation of deposited particles measured on skin and patches 
One important factor when studying and comparing skin exposure methods is the 
homogeneity of the areas evaluated, since the same area could not be analysed repeatedly 
with the same method or with a comparing technique. Ideally, a large homogeneous skin or 
surface area is needed or at least the variation in the material deposited on this area has to 
be known. In chamber 1, the spatial homogeneity for deposited particles on the areas 
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evaluated was good. The variation on the forearms was low, 6% (CV) and below. Such low 
variation over a horizontal skin area within the whole-body exposure chamber makes the 
exposure chamber suitable for skin sampling tests. 
 
The spatial distribution of deposited dust on patches was measured only with the 
mannequin inside chamber 1. Variability data (as CV) from the first experimental set-up 
(two measuring points close to the mannequin) was below 20%. The variation from the 
larger section of 0.8m3 (the second experimental set-up with more patches) was higher.  
For wheat flour, a CV of almost 60% was found during one exposure session. On the other 
hand, for cornstarch, almost the same variation was found in both experimental set-ups. 
The particle size of cornstarch, with two well-defined nodes, is more homogenous than the 
much wider distribution curve for wheat flour. The presence of larger and also some 
smaller airborne particles is more common in wheat flour than in pinewood dust. 
 
Airborne particle size distribution 
In studies of the respiratory effects of aerosol exposure, knowledge of the airborne particle 
size is essential, since this will determine the deposition site of particles in the respiratory 
tract. Also, in provocation studies aiming to evaluate occupational risks, it is preferable 
that the particle size distribution is similar to what occurs naturally. The aerodynamic 
particle size distribution curves of the inhalable fraction achieved in chamber 1 were 
similar for all organic aerosols studied. With the exception of glove powder, these were 
bimodal, with average particle sizes of  ~10µm for the main fraction and with the other 
maximum between 20 and 30µm for wheat flour and pinewood dust, and at  ~50µm for 
cornstarch.  
 
For wheat flour dust, a comparison of the airborne particle size distribution measured with 
the same technique (PIDS impactors) found close to a dough mixer at a Swedish bakery to 
that found in chamber 1, indicated some but not crucial differences. A slightly higher 
fraction of larger particles was found at the bakery than in the chamber. However, the air 
sampling site chosen at the bakery was very close to the mixer and workers were not 
permanently stationed there during their shift. It may be assumed that the airborne particle 
size distribution further away from the mixer would contain a somewhat higher fraction of 
smaller particles, perhaps more similar in appearance to that found in chamber 1. In paper 
I, a distribution curve from chamber 1 is also presented which conflicts with the present 
result. After publication of that study, it was discovered that the material in the impactor 
plates was hygroscopic, which had a critical and large influence on the analytical result. 
These previous particle size curves have not been reproduced since the hygroscopic effect 
had been attended to. Other particle size data from Swedish bakeries has been presented 
(Burdorf et al. 1994, Lillienberg & Brisman 1994), and these authors also used PIDS 
impactors but have interpreted the dust collected on the upper impactor plate in a different 
way, which makes a comparison unsuitable with data in this work. In a study from an UK 
bakery, 80-85% of the airborne particles were larger than 14.8µm (Sandiford et al. 1994), 
but since the dust was sampled with a Sierra Marple personal impactor, the data are not 
directly comparable with the present result. However, it is clear that wheat flour aerosols in 
bakeries may include a higher fraction of particles larger than what have been found in 
chamber 1. No reference on airborne wheat flour particle size for other human exposure 
chambers has been found, but in a much smaller inhalation chamber, an aerodynamic 
particle size distribution of wheat flour was presented and the curve was found to be 
almost unimodal, with a maximum of about 5µm (Fabries et al. 2000). In that study, the 
aerosol generation system was based on a cyclone that blocked larger particles from 
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reaching the inhalation chamber, resulting in that 98.5% of the wheat flour dust was 
smaller than 10µm. However, the fraction of cereal proteins in the resulting dust might be 
higher in such an atmosphere since they appear to be found in the smaller particles. Thus, 
the choice of aerosol generating system is crucial, and the aerosol composition and size 
distribution must be considered when interpreting such exposure studies.  
 
The airborne particle size distribution curves of inhalable pinewood dust evaluated in the 
two different chambers were both bimodal but a higher proportion of larger particles was 
found in chamber 1, 51% of the dust consisting of particles larger than 10µm, compared to 
23% for chamber 2. There are few comparable particle size curves from real working 
environments available in the literature. A comparison of the particle size distribution 
curves found in the chambers to that found at a sanding process of pinewood articles in a 
Swedish joinery was possible to perform since the same type of measuring equipments 
(PIDS impactors) had been used (Lidén et al. 2000). The particle size curve in chamber 1 
seems to resemble quite closely that found in the joinery, with only minor differences. 
There was a clear peak at about 10µm, and the distribution curve in the joinery was wider, 
appearing almost unimodal. The particle size distribution curve found in chamber 2 differs 
more, perhaps because the dust in chamber 2 was forced to pass through the honeycomb 
roof. Particles are likely to impact and attach to the surface of the honeycomb as seen when 
cleaning the ceiling. Such roofs are probably more efficient for smaller particles than 
pinewood dust. 
 
An interesting approach in characterizing wood dust aerosols has been made by Harper et 
al. 2002. They describe a method that calculates the aerodynamic particle size after 
examinations in an optical microscope. This technique was used in a large study and 
compared with other conventional sampling techniques for inhalable dust of wood, mostly 
softwood (Harper et al. 2004). From that study it was concluded that aerosol mass appears 
to be concentrated in the range 10-70µm but with a “substantial” contribution from 
particles larger than 100µm. As was found with wheat flour dust in the present work, 
pinewood dust in occupational settings may also contain a high fraction of particles larger 
than can be found in these two types of exposure chamber. 
 
A complementary way to characterise airborne particle size is to calculate the relationship 
between measurements with different “size-selective” INH, OPFT and RESP dust samp-
lers, which have different collection efficiency depending on particle size. INH- and RESP 
dust samplers are well categorized (EN481 1993), while in the OPFT dust samplers air 
flow and filter size affect the particle sampling efficiency. The fraction between the 
concentration of INH and OPFT dust sampler is of particular interest, not only because the 
INH dust sampler is to replace the OPFT dust sampler in occupational exposure sampling, 
but also since the fraction gives an indication of the airborne particle size. A high fraction, 
i.e. similar values from both INH and OPFT dust samplers, shows that the majority of 
particles are inhalable, while a lower fraction indicates a larger particle size. The present 
data, with 80-90% of the INH dust collected with the OPFT dust sampler for all organic 
aerosols, indicates that the particle size distributions were not extremely large. Results 
from Swedish occupational environments (Lidén et al. 2000) using the same types of 
sampler show fractions of 40-60% for different types of organic aerosol of this type (e.g. 
wheat flour, dust from textile manufacture, wood sanding, dust from filter paper mills, 
starch dust in food factories). This indicates a higher proportion of large particles than 
what was found in chamber 1. The ratio between the RESP and the INH (or OPFT) dust 
samplers indicates the presence of small particles. In a Scottish survey of bakery dust (HSE 
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1999), an average of 4.7% of the inhalable dust was respirable (independently of work 
tasks), which is quite close to what was found for the present wheat flour 3 in chamber 1. 
No other published papers on such ratios in occupational environments for other large 
organic aerosols used in this study have been found. 
 
Use of a heated mannequin (II-III) 
A wider and higher temporal and spatial variability in aerosol concentration might have 
been expected when exposing humans than with the mannequin, since humans may make 
slight movements that influence the distribution of the dust. However, no such difference 
in the temporal distribution of dust between the mannequin and humans was found for 
chamber 1, and only a slightly lower temporal variation was observed when neither 
humans nor mannequin occupied the chamber. Further, the present data show no difference 
between humans and the mannequin in spatial variability measured close to the breathing 
zone. This indicates that the turbulent air mixing principle in chamber 1 works 
satisfactorily. Thus the use of a heated mannequin is appropriate in preparatory studies for 
human challenges in this type of chamber. However, spatial variability increased slightly 
when evaluated in a larger section around the subject/mannequin compared to only two 
measuring points close to the breathing zone. This needs to be considered for exposure 
studies in which subjects are asked to move around in the chamber.  
 
A human lung challenge to pinewood dust (IV) 
Continuous exposure to wood dust is known to increase the risk of airway disease (Ahman 
et al. 1995b, Hessel et al. 1995, Ahman et al. 1995a), of contact dermatitis (Estlander et al. 
2001, Meding et al. 1996) and of nasal cancer (Malker et al. 1986, Andersen et al. 1977). 
In a recent study by Douwes et al. 2001, pine sawmill workers were shown to have respira-
tory symptoms, including asthma and cough symptoms, as well as eye and nose irritation.  
 
In chamber 1, healthy individuals were exposed for 1 h to pinewood dust concentration 
similar to those previously reported from real life during wood dust work (Lidblom 1997). 
Before and after exposure, differential cell counts were performed on both BAL fluids. The 
cell data showed that exposure to pinewood dust results in an increase of eosinophils and 
lymphocytes in the lungs. Also, after exposure, a significant increase in BAL fluid mast 
cell number, as well as an increase in the total number of BAL fluid cells, was noted. 
Eosinophils, mast cells and lymphocytes (cells of vital importance to the development of 
an asthmatic inflammatory reaction) were accumulated in the lungs following pinewood 
dust exposure. Alveolar macrophages were also found in higher total numbers following 
pinewood dust exposure. It can thus be speculated whether a long-term effect of pinewood 
dust exposure, in some individuals, involves accumulation of eosinophils, which could 
contribute to the higher prevalence of asthma in wood industry workers.  
 
Previous studies on dust exposure with other large organic aerosols using the whole-body 
chamber revealed signs of airway inflammation, with significantly increased numbers of 
alveolar macrophages (AMs), in particular, following wheat flour exposure (Gripenbäck et 
al. 2003). With wheat flour, there was also a positive correlation in the increase in BAL 
cell concentration (total cells and alveolar macrophages) with the concentration of 
respirable dust found. For lymphocytes, a positive trend was detected with the respirable 
concentration. No such correlation or trend was found for pinewood dust in the present 
study. 
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Moreover, healthy individuals exposed to glove powder based on cornstarch showed 
dramatic signs of lung-accumulated eosinophils after exposure, eosinophils sometimes 
making up as much as 30% of all BAL fluid cells (Grunewald et al. 2003). An increase in 
the eosinophil fraction in BAL fluid after pinewood dust exposure was also observed but in 
a much smaller degree than for glove powder. For pinewood dust, the lymphocyte fraction 
in the BAL fluid increased after exposure, which was not found for either wheat flour or 
glove powder. 
 
Wood dust reportedly includes endotoxins. However, exposure to endotoxins results in 
recruitment of neutrophils (Sandstrom et al. 1992), which was not registered in the present 
study. Wood dust may also include terpenes, which increase hyper-responsiveness in 
woodworkers (Eriksson et al. 1997, Eriksson et al. 1996). In the present study, no terpenes 
were identified in the airborne dust, nor were there any dramatic changes in pulmonary 
function after exposure.  
 
Skin exposure measurements (V) 
Experimental dermal research lacks sampling methods for particles and other 
contaminants. A vacuuming sampler for measuring dust particles deposited on human skin 
was constructed and its performance was evaluated in chamber 1. The sampler 
construction was simple, and sampling was non-invasive. The sampler measured the mass 
of dust found on the skin after a period of exposure expressed as µg per cm2. The 
vacuuming sampler consisted of parts from a standard sampling filter holder but with a 
specially designed metal nozzle. All the parts of the samplers were regarded as potential 
dust collectors and accordingly evaluated together. 
 
Using a small and handy vacuuming sampler for removing particles from the skin is 
tempting. Some small vacuuming samplers have been constructed for experimental 
sampling from surfaces other than the skin (Wheeler & Stancliffe 1998). However, their 
particle removal efficiency is low, which has limited their use and interest (Byrne 2000).  
 
The analytical technique used in the present work for testing was evaluation of starch 
particles with light microscopy. A slightly tedious procedure was the redeposition of 
sampled dust from the vacuuming sampler onto a filter suitable for microscopic analysis. 
Rinsing and redeposition procedures increase the risk of analytical losses, as any 
preparatory analytical step may do. Redeposition, which worked well for cornstarch in the 
present study, may cause analytical losses of greater importance at lower concentrations. 
Further development of the vacuuming device should address enhancement of collection of 
particles directly to a collecting medium so as to avoid rinsing and redeposition 
procedures. 
 
Two other techniques for measuring particles deposited on human skin were also evaluated 
– tape stripping (a removing procedure) and sampling with patches (an interception 
technique). They are both simple and almost non-invasive, and they also measure the mass 
of dust found on the skin. Removing cells and contaminants from the outermost skin layer, 
the stratum corneum, by stripping with adhesive tape is an established technique for 
assessment of acrylate deposition (Nylander-French 2000, Surakka et al. 2000). However, 
no study using the same procedure for removing particles deposited on the skin and at the 
same time evaluating the content of particles on the tape has been found. Sampling with 
patches is an established technique for assessing volatile compounds (Lindsay et al. 2006, 
Soutar et al. 2000). The present patch sampler was specially constructed for use with light 
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microscopy. One advantage of the patch is that it is quite easy to handle and can be 
analysed afterwards with different techniques depending on the particles studied. 
 
How efficient a sampler is in removing dust particles is an important variable when testing 
vacuuming and tape-stripping procedures. Vacuuming of cornstarch removed ~95% of the 
dust deposited on forearms. Tape stripping with only one strip removed ~90% of the 
cornstarch and 95% of the wheat flour. A tape stripping test with wheat flour (10 succes-
sive tape strips evaluated on one subject) indicated that >99% was found on the two first 
strips. The small difference between cornstarch and wheat flour in tape stripping efficiency 
might be explained by particle size effects and other different material behaviour or 
differences in the adhesive strength of the tape due to different batches of tape.  
 
When comparing these skin sampling methods, good agreement between the vacuuming 
sampler and tape stripping was found. They both removed >90% of the deposited dust. A 
small underestimation (an average of 9% lower values) was found with the vacuuming 
sampler when compared with a twice-off stripping procedure. When only one tape strip 
was evaluated, an almost identical result was obtained. The agreement between tape 
stripping and patch sampling differed slightly, with a small overestimation (average 21%) 
for the patch for cornstarch collected on the forearms and for wheat flour on the shoulders 
(on average 15%) when the tape stripping data were based on a twice-off stripping 
procedure. A slightly higher value on a patch might be explained by particles remaining 
stuck to the glue, while particles deposited on skin might fall off as the subject moved 
during exposure. 
 
It is not usually considered feasible to compare different skin measuring techniques 
because of different sampling characteristics and hence differing results (Fenske et al. 
1999). However, one comparison between a fluorescent tracer method and a rinsing 
procedure for spray painting (Roff et al. 2001) showed good agreement. The present result 
from the exposure study in chamber 1 shows that, given control of some vital influencing 
parameters in an exposure scenario, good agreement between different sampling 
techniques may be achieved when studying deposition of airborne particles. The present 
vacuuming sampler was a prototype to test the feasibility of vacuuming particles from the 
skin. It worked as well as the tape stripping procedure for removing particles deposited on 
human skin, and had high removal efficiency (~95% of the particles were found in the 
sampler). The greatest advantage may be the possibility to sample from large areas than are 
practical with tape stripping and using patches. With a vacuuming sampler, the sampling 
area may be increased as much as desired. 
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CONCLUSIONS 
- A human whole-body exposure chamber was constructed and was tested for challenges 

with wheat flour aerosols. Such a chamber gives possibilities for experimental 
exposure studies that can be carried out with patients, in research and for investigations 
of the effects of exposure on the skin and the respiratory tract. It may also presents 
opportunities for cause-relationship judgements in the investigation of patients.  

 
- The performance of the whole-body exposure chamber using turbulent air mixing 

confirms that it is appropriate for use in human provocation studies with different large 
organic aerosols, giving low temporal and spatial distribution with limited influence of 
relative humidity. Rigorous preparatory work is always needed when introducing a 
novel compound in exposure chambers, and the use of a heated mannequin instead of 
humans facilitates this. 

 
- In comparison with another exposure chamber using laminar air mixing, data 

confirmed that both were appropriate for use in studies of pinewood dust. Both 
chambers definitely need a connected neutralizer to minimize the unwanted variation 
due to static charges of the dust.  

 
- A human exposure challenge to pinewood dust in the chamber showed a significant 

accumulation of eosinophilic granulocytes and T-lymphocytes, in particular, but also of 
mast cells, in the lungs of humans after exposure. The results may be important to the 
understanding of airway inflammation, common among workers in the wood industry.  

 
- Experimental testing of a new vacuuming sampler of deposited dust on skin in the 

exposure chamber showed that vacuuming is a reliable technique. Sampling simplicity 
in the field will be more advantageous compared to using other techniques such as tape 
stripping or interception sampling (patches). The greatest advantage may be the 
possibility of sampling from large skin areas. 

 
- New software was developed for monitoring continuous signals from a direct-reading 

dust instrument. This application displayed a plot of the airborne dust concentration 
versus time on the computer screen during exposure and also calculated approximately 
the air exchange rate (ACH) after each session. 

 
- The aerodynamic particle size distribution in the chamber was quite close to what can 

be found in occupational settings for wheat flour and pinewood dust. In the chamber 
based on laminar mixing, the particle size of pinewood dust was slightly different, with 
a higher fraction of smaller particles.  
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