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Research Article

Impact of Health on Particle Size of Exhaled
Respiratory Aerosols: Case-control Study

Individuals with viral infection could possibly emit an infectious aerosol. The distinc-
tion between exhaled breaths of infected and healthy individuals should facilitate an
understanding of the airborne transmission of infections. In this context, the present
study is aimed at distinguishing healthy individuals from symptomatic ones by the
study of their exhaled breath. A setup composed of a modified hood connected to an
electrical low pressure impactor, which allows for the study of a wide range of par-
ticle sizes (from 7 nm to 10 lm), has been developed in order to collect exhaled
breaths. This setup has been used with seventy eight volunteers. The results obtained
using Principal Component Analysis (PCA) showed that exhaled breaths of individuals
without symptoms have statistical similarities and are different from those of individ-
uals with symptoms. This separation was made by the greater proportional emission
by individuals with symptoms of particles collected on stages 3 (D50 = 0.09 lm), 6 (D50 =
0.38 lm), 8 (D50 = 0.95 lm), 10 (D50 = 2.40 lm), and 12 (D50 = 4.02 lm) of the impactor.
There was not a specific size distribution obtained for the individuals with symptoms.
As a consequence, further research on the exhaled breath should be undertaken with
symptomatic volunteers and would require the analysis of this wide range of particle
sizes.
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1 Introduction

Respiratory viruses represent a major public health concern. Out-
breaks of bronchiolitis, influenza or cold have a major impact on
the smooth running of society, e. g., the annual outbreak of bron-
chiolitis affects more than 460,000 infants in France [1]. Airborne
transmission of respiratory viruses has been well established for
humans [2 – 5] and for animals [6 – 12]. Therefore, it has been shown
that infected individuals can emit particles in the air while talking,
sneezing or coughing. These droplets may carry microorganisms
and are likely to contaminate other people. The size of these drop-
lets determines how long they will stay in the environment before
settling and also the pulmonary site of deposition [13 – 16].

Until recently, only a few studies have explored the size and num-
ber of particles emitted during coughing, sneezing or talking. They
present various results with the diameters of the droplets ranging
between 0.3 and 2000 lm. The first experiments were performed in
the early 1940's using high-speed photography [17]. Duguid [18]
studied these particles by microscopic measurement of stain marks
found on slides exposed directly to air exhaled from the mouth. The
study reported that the diameters of the droplets ranged between 1

and 2000 lm. It was also stated that 95% of these particles were less
than 100 lm and that most droplets were between 4 and 8 lm in
diameter. The number of test subjects and their health status were
not described.

Loudon and Roberts [19] used a chamber with bond paper placed
inside to study droplet size. Three subjects with a dye in their
mouths coughed into this chamber. After 30 min, the air was with-
drawn from inside the chamber through a filter. Following this,
stain marks on the bond paper and the filter were measured using
microscopy. In this work, the average number of particles emitted
per cough was 470. Particles with a diameter of less than 10 lm rep-
resented 53.6 % of the sample. The health status of the test subjects
was not described.

Gerone et al. [20] used a 127 L stainless steel chamber shaped as a
truncated cone to minimize the impaction of particles on its sides.
It was then associated with different systems, e. g., impinger, impac-
tors and a particle-size analyzer, to collect coughs and sneezes. In
the study, the volunteers were experimentally infected with cox-
sackievirus A-21. The authors reported that most of the particles
were less than 1 lm.

Papineni and Rosenthal [21] used an optical particle counter
(OPC) connected to a funnel into which five healthy subjects
coughed. Size spectra were reported to be weighted towards the
smallest particles detectable by the OPC (the OPC was reported to
have a lower diameter limit of 0.3 lm). Approximately 85% of the
particles detected had diameters of less than 1 lm and the total
droplet concentrations ranged from 1 to 218 per L. Finally, Fennelly
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et al. [22], using a chamber containing microbial air samplers,
showed that most particles produced by individuals with pulmo-
nary tuberculosis were in the respirable size range.

Since methods and test subjects are different from one study to
another, it is difficult to compare these results. Consequently,
detailed information is not available. In particular, it is not possible
at present to determine the impact of volunteer health on the par-
ticle size of exhaled respiratory aerosols. In this context, the present
study is aimed at distinguishing healthy individuals from sympto-
matic ones by the study of their exhaled breath.

The experimental approach consisted of firstly developing a sys-
tem that allows measurement of fine particles exhaled from a
greater numbers of volunteers (78 individuals), with and without,
symptoms. Following this, the size differences between aerosols
emitted by symptomatic volunteers and controls were determined.
Finally, confounding factors, i. e., factors that could distinguish
between the two groups of volunteers without one noticing were
researched.

2 Materials and Methods

2.1 Human Volunteers

Seventy eight human volunteers, ranging in age from 6 to 66 years,
participated in this study. This panel was composed of 43 patients
selected by a general practitioner, called “symptomatics”, with
objective symptoms, i. e., cough, cold, etc. and 35 healthy persons
without symptoms called “controls”. Among the population, 54% of
the symptomatic volunteers and 50% of the controls were women.

2.2 Administered Questionnaire

Information was collected using a face to face interview with volun-
teers. Eight questions were asked: three questions concerned volun-
teers themselves (sex, age, and smoking habits) and five questions
described the symptoms (headache, fever, running nose, loose
cough and dry cough).

2.3 Biological Analyzes

Biological analyzes were performed for each volunteer on a nasal
swab using the Polymerase Chain Reaction (PCR) method. The
viruses searched were influenza viruses A, B, and C, Respiratory Syn-
cytial Virus (RSV), Human Metapneumovirus (HMPV), Rhinovirus,
Enterovirus and Coronavirus [23].

2.4 Description of the Setup Designed for Aerosol
Collection

A specific apparatus was designed in order to collect exhaled
breaths [24]. This experimental system is outlined in Fig. 1 and is
comprised of a modified cylindrical polyurethane hood and hose
(Protector Tornado T-9 hood, Scott Health and safety, Lancashire,
England) ventilated with powered air (Protector Tornado T-Power,
Scott Health and Safety, Lancashire, England) connected to a Poly-
Methyl MethAcrylate (PMMA) cone shaped part (BFP-Cindar, Cham-
pigny-sur-Marne, France). The initial flow rate inside the hood of
140 L/min was decreased to 40 L/min in order to limit the particle
loss. In order to prevent the particle content in the room obscuring

the particles produced by coughing, the air in the hood was filtered
with a P3 particulate filter (PSL filter PF251/2, Scott Health and
Safety, Lancashire, England). This modified ventilated hood was
linked to an Electrical Low Pressure Impactor (ELPI, Dekati, Tam-
pere, Finland). The ELPI is a real-time particle size spectrometer. It
measures airborne particles in the concentration size range of
7 N 10 – 3 to 10 lm (see Tab. 1). Its nominal airflow is 10 L/min. A mem-
brane filter (Durapore membrane filter, Millipore, MA, USA) was
placed on each stage of the ELPI in order to recover collected par-
ticles. No grease was added.

2.5 Particle Loss in the System

In order to determine the particle loss in the system, an aerosol was
compared before and after its passage through the ventilated hood.
In this way an aerosolization setup, was positioned either directly
connected to the ELPI (to represent the aerosol before its passage
through the hood) or inside the hood connected to the ELPI. The
aerosolized suspension was a ten-fold dilution of a solution that
simulates saliva (Artisial, Laboratoire Chemineau). The aerosol was
generated using a Collison nebulizer at 20 psi (BGI, MA, USA). Then
it was mixed with dry filtered air (10 L/min) in a homogenization
sphere (Belleville, France). Each aerosolization lasted for 2 min.

2.6 Test Protocol

Experiments were the same for each volunteer. After answering the
questionnaire, individuals were placed inside the ventilated hood,
which was connected to the ELPI. Volunteers were asked not to
cough during the first 10 s of the experiment in order to obtain the
background noise. They were then invited to cough as much as they
could and for as long as possible. Experiments were stopped when
volunteers requested it. The ventilated hood was cleaned using etha-
nol following each experiment.

2.7 Statistical Analysis

2.7.1 Principal Component Analysis (PCA)

A size distribution corresponding to the particles emitted by each
volunteer was obtained. The concentrations of these profiles were
extracted. The result takes the form of a matrix of 79 lines or obser-
vations (78 volunteers) and 11 columns or variables (10 ranges of
particle size). The intersection of a line and a column represents the

i 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.clean-journal.com

Figure 1. Setup for the collection of the exhaled breath of volunteers
coughing inside the ventilated hood.
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particulate concentration obtained for one stage of the ELPI
throughout the size distribution for each volunteer.

The dimensions of this data matrix are such that it is impossible
to directly detect any similarities in statistical behavior between the
volunteers (individuals) or sizes (variables). Principal Component
Analysis (PCA) [25] was chosen to analyze these results. This type of
analysis was employed in other studies processing the results
obtained using data from microorganisms (mould or bacterium)
[26, 27]. It enables a statistical representation of all data without
emitting any hypothesis. PCA generates an optimum and similar
graphical representations of the scatterplot representing the data
matrix. Each PCA factor is a linear combination of variables repre-
senting the maximum variance in the scatterplot. Factors have an
orthogonal relationship, so that they only take independent sources
of variance into account. Therefore, two spaces are constructed with
the same factors, i. e., a vectorial space for variables and an observa-
tion space. Two factors define a plane on which points (observa-
tions) or vectors are projected. The proximity of two vectors (varia-
bles) indicates a strong linear correlation between these two varia-
bles, as does the proximity of two points. Therefore, groups of obser-
vations and variables are defined to provide a view of the data struc-
ture that is little evident at first sight. SPAD version 3.5 (D�cisia)
data analysis software was used for these analyzes.

2.7.2 Multiple Correspondence Analyzes (MCA)

The answers of the volunteers to the questionnaire were trans-
formed into a 79 N 9-point matrix. In this matrix, lines represent the
volunteers and columns represent the questions. The intersection
of a line and a column represents the answer to each question. The
answers are binary, i. e., yes or no.

A Multiple Correspondence Analysis (MCA) was applied to this
matrix in order to identify the association between the selected fac-
tors. MCA is an extension of Correspondence Analysis (CA) to the
case of more than two variables. It is a method that allows the study
of the association between two or more qualitative variables. MCA
represents for qualitative variables what Principal Component Anal-
ysis does for quantitative variables. One can obtain maps where it is
possible to visually observe the distances between the categories of
the qualitative variables and between the observations [28].

3 Results and Discussion

3.1 Experimental Data Corrections

3.1.1 Limit of Detection (LOD)

The limit of detection (LOD) of the system was determined on
30 measures of blank (air filtered from the hood with nobody
inside). The LOD is defined by Eq. (1):

LOD = 3 N [Standard deviation of the blank] (1)

In doing so, it was estimated that the LOD was 140 particles cm – 3.
Only emissions with total concentrations greater than this value
were considered. Moreover, the background noise, i. e., the concen-
tration measured before the volunteer starts to cough, was removed
from the measured concentration during the emission for each
stage of the ELPI.

3.1.2 Correction Factors

In order to estimate the particle loss in the system, aerosol mimick-
ing saliva was compared before and after its passage in the modified
hood. These experiments (n = 5) permitted the assignment of a cor-
rection factor for each channel of the ELPI to the emissions of each
volunteer. Table 1 lists the correction factors obtained for each stage
of the ELPI.

3.2 Impact of the Symptoms on the Size Distribution
of the Particles Emitted by Volunteers

The results of the biological analysis highlighted eight symptomatic
volunteers infected by influenza virus and one by corona virus. No
virus was found among the controls. Due to the fact that the size of
the influenza virus and corona virus are greater than 80 nm [1] the
first and second channels of the ELPI (see Tab. 1) were not considered
afterwards. The averaged size distributions of emissions are pre-
sented for each group in Fig. 2.

This representation reveals that symptomatic volunteers emit
more particles than controls, especially considering particles of 0.5
lm and micronics particles. These particles, considering their size,
could carry some microorganisms such as virus or bacteria. These
results are in accordance with the study of Fennelly et al. [22]. How-
ever, the important dispersions of concentrations inside each group
(210% for each group) make it difficult to draw conclusions just by
the global observation of the two groups.

Moreover, analysis of the data collected consists of comparing
two series of more than 40 size distributions, where each represents
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Figure 2. Averaged particulate concentrations (particles/mL) of emissions
measured on ELPI stages for each group of volunteers.

Table 1. ELPI channel descriptions and correction factors assigned to volunteers' emissions (D50: Cutpoint, Aerodynamic diameter, lm).

Stage Terminal
filter

1 2 3 4 5 6 7 8 9 10 11 12

Cutpoint D50 (lm) 0.01 0.03 0.06 0.09 0.16 0.26 0.38 0.62 0.95 1.61 2.40 4.02 9.97
Correction factor – 1.95 2.73 3.56 1.77 1.50 1.11 1.08 0.95 0.82 0.78 5.92 14.80
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a significant quantity of information. Therefore, PCA, which ena-
bles a simple representation of data, was employed in order to study
variances in detail without emitting hypothesis, see Fig. 3. Data
were standardized before applying the PCA due to their important
dispersion. Therefore, the concentration of each particle size was
divided by the total concentration for each of the 78 volunteers.

The diagrammatic representation obtained using the SPAD pro-
gram reveals two groups of individuals, which are outlined by draw-
ing two ellipses. These groups are composed of individuals with and
without symptoms, respectively. A close comparison between the
two groups reveals that symptomatics are more dispersed than con-
trols. Indeed, symptomatics scatter along the two axes while “con-
trols” only scatter along the first axis. As expected, individuals with
viral infections are among the symptomatics. However, the pres-
ence of a virus had no impact on the exhaled breath, and therefore,
infected people did not form a third group. Nevertheless, it is diffi-
cult to conclude on the impact of virus considering the low number
of infected volunteers involved. This method facilitated the separa-
tion for 80% of individuals.

It should be noted that these results were obtained using the size
distribution of the particles emitted in the exhaled breaths. As a
result, the partition observed above is the consequence of the differ-
ences in these size distributions. As can be seen in Fig. 3, it is essen-
tially the second factor that distinguishes the two groups. This fac-
tor corresponds to several stages of the impactor (variables). In order
to identify these variables, they were projected onto a correlation
circle, see Fig. 4. The length of the vectors obtained provides infor-
mation on their representativeness in the circle defined by the prin-
cipal plane. Thus, the greater the importance of the vector norm,
the more a variable is well represented in the chosen plane.

By comparing the position of the volunteers on the PCA represen-
tation, Fig. 3, with the directions of vectors onto the correlation
circle, see Fig. 4, it is possible to determine which variables are
responsible of the separation. In doing so, it should be noted that
five stages of the impactor are involved. Their cutpoints (D50) are
0.09, 0.38, 0.95, 2.40, and 4.02 lm, respectively. These results indi-
cate that, in this study, symptomatics emitted more of these par-
ticles than controls.

The fact that symptomatics are more dispersed than controls, Fig.
3, shows that they did not present a single type of exhaled breath.
They can differ from the controls because of one or more of the par-
ticle sizes determined above. In 1997, Papineni and Rosenthal [21]
supposed that, owing to their small size, viruses were susceptible to
being among the fine particles, but until now there was no device
that could measure fine particles. Using the ELPI, it appears that
exhaled breaths contain fine particles that are possibly infectious.
In addition, the data obtained with the PCA permitted highlighted
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Figure 3. Diagrammatic representation of
a PCA made on 78 volunteers. F: Individu-
als without symptom, 9: Individuals with
symptoms, and 0: Infected volunteers.

Figure 4. Projection of the impactor's stages that compose the second
factor (factor that separates the two groups of volunteers) onto a correla-
tion circle. Each arrow represents an impactor stage and is identified by
its cutpoint (D50, lm).
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the necessity to take into account both the fine particles and also
super-micronic particles.

3.3 Research of Confounding Factors

In this part of the study, the presence of possible confounding fac-
tors, which are other factors that could cause the separation
between the two groups without one noticing, was checked. Sixteen
factors were compared with symptomatics factor and controls using
the MCA method. In the diagrammatic representation, a confound-
ing factor is revealed by the superposition of points. The findings
are summarized in Fig. 5. There is no superposition between symp-
tomatics or controls and others factors. Hence, there is no con-
founding factor concerning the two factors studied here, i. e., symp-
tomatics and controls. In the same way, “sex” and “smoker” charac-
ters (near the origin in this graph) are halfway between sympto-
matics and controls. Thus, they have no effect on the separation
observed in the previous graph. Finally, the symptomatics factor is
halfway between the “loose cough” factor and the “dry cough” fac-
tor. Subsequently, the size distributions of the symptomatics are
independent of the type of cough.

5 Conclusions

The purpose of this work was to distinguish healthy individuals
from symptomatics by the study of their exhaled breath. From this
preliminary study, it can be concluded that, on the one hand,
exhaled breaths of individuals without symptoms have statistical
similarities and are different from those of individuals with symp-
toms. On the other hand, a specific size distribution is not obtained
for the individuals with symptoms. It was shown that a proportion-
ally greater emission by symptomatic individuals of particles col-
lected onto the impactor stages with cutpoint (D50) of 0.09, 0.38,
0.95, 2.40, and 4.02 lm make this separation.

To the current authors' knowledge, differences between aerosols
produced by symptomatic volunteers and controls have not been
studied previously. Moreover, this is the first time that such a large

panel was used (78 volunteers) to study the exhaled breath [18 – 21].
The knowledge of the exhaled breath of symptomatic individuals
should also permit a better understanding of airborne transmission
mechanisms, in particular, considering annual outbreaks and pan-
demic threats.
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