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Abstract

Background: Exhaled breath studies suggest that humans exhale fine particles during tidal breathing, but little is
known of their physical origin in the respiratory system during health or disease.
Methods: Particles generated by 3 healthy and 16 human rhinovirus (HRV)-infected subjects were counted using
an optical particle counter with nominal diameter-size bins ranging between 0.3 and 10 mm. Data were collected
from HRV-infected subjects during tidal breathing. In addition, data from healthy subjects were collected during
coughs, swallows, tidal breathing, and breathing to total lung capacity (TLC) and residual volume (RV). Using
general additive models, we graphed exhaled particle concentration versus airflow during exhalation. Exhaled
particles were collected from expired air on gelatin filters and analyzed for HRV via quantitative PCR.
Results: HRV-infected subjects exhaled from 0.1 to 7200 particles per liter of exhaled air during tidal breathing
(geometric mean¼ 32 part/L). A small fraction (24%) of subjects exhaled most (81%) of the particles measured
and 82% of particles detected were 0.300–0.499 mm. Minute ventilation, maximum airflow during exhalation, and
forced expiratory volume 1 second (FEV1 % predicted) were positively correlated with particle production. No
human rhinovirus was detected in exhaled breath samples. Three healthy subjects exhaled less than 100 particles
per liter of exhaled air during tidal breathing and increased particle concentrations more with exhalation to RV
than with coughing, swallowing, or rapid exhalation.
Conclusions: Submicron particles were detected in the exhaled breath of healthy and HRV-infected subjects.
Particle concentrations were correlated with airflow during the first half of exhalation, and peaked at the end of
exhalation, indicating both lower and upper airways as particle sources. The effect of breathing maneuver
suggested a major contribution from lower airways, probably the result of opening collapsed small airways and
alveoli.
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Introduction

Studies of exhaled breath suggest that humans generate
fine particles during tidal breathing but little is known of

their origin in the respiratory system. Older studies of exhaled
breath primarily detected particles larger than 1mm due to
less sensitive techniques, including counting particles in
photographs of coughs and sneezes,(1) culturing of indicator
bacteria exhaled and impacted on plates,(2) and counting
slides or filters of exhaled dye droplets under a micro-

scope.(2,3) In these studies, particles were rarely detected in
breath exhaled during tidal breathing, but were detected
during coughs and sneezes. As more recent studies of healthy
subjects have shown, particles are also produced during tidal
breathing, and approximately 98% of these particles are under
1mm.(4–7) Particle concentrations reported in these studies
span several logs: one study measured particle concentrations
between 14 and 3230 particles per liter,(6) and another re-
ported concentrations between 20 and 400 particles per liter.(8)

In our previous study of subjects infected with influenza, we
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found that they produced 67 to 8500 particles per liter of
air and that 87% of the particles were under 1mm.(9)

Droplets can be generated by shear forces produced by air
flow acting on the airway lining fluid and entraining parti-
cles composed of mucus, surfactant, and pathogens,(10,11)

especially during cough.(12) It has also been hypothesized
that droplets are produced from the destabilization of the
lining fluid during the reopening of collapsed small airways
and alveoli during breathing.(6) Recently, another study
found that exhaled particle concentrations increased 4- to 18-
fold when inhaling deeply and rapidly after a deep exhala-
tion, hypothesizing that the opening of airways and alveoli
blocked by fluid during inhalation is a significant source
of particles.(13) Identifying the origin of these particles is
important when interpreting studies of exhaled breath bio-
markers, including cytokines,(14–19) metals,(20–22) and patho-
gens such as viruses(9,23) and bacteria.(24)

This report describes a study of exhaled particles in the
setting of human rhinovirus (HRV) experimental infection,
and includes adjacent experiments on the effect of breathing
maneuvers on exhaled particle number and size distribution
in healthy subjects.

Materials and Methods

Exhaled breath particles from HRV-infected subjects

Location and subject recruitment. Subjects were recruited
from a study population at the University of Wisconsin Ma-
dison where they were investigating differences in outcomes
for asthmatics and nonasthmatics experimentally infected
with HRV. Nineteen of the 38 subjects (asthmatic and non-
asthmatic) recruited for the parent study participated in our
exhaled breath study. At screening, subjects underwent a
physical examination, allergy skin prick testing, blood draw
for RV16-neutralizing antibody, a urine pregnancy test, and
pulmonary function tests before and after inhalation of albu-
terol. Details of the outcomes study have been published.(25)

Protocols were reviewed and approved by the Harvard
School of Public Health and the University of Wisconsin
Institutional Review Boards for Human Subject Protection.
Informed consent was obtained from all patients after the
study goals and procedures were explained in detail.

Exhaled breath collection. Exhaled breath measurements
were conducted on the fifth day following HRV inoculation.
The collection system was a prototype of the Exhalair (Pul-
matrix Inc., Lexington, MA), and consisted of a mouthpiece,
particle counter, airflow meter, collection filter, and com-
puter control system. Another Exhalair prototype was pre-
viously used to measure exhaled breath aerosols in healthy
subjects(6) and the Exhalair was used to measure particles in
influenza infected subjects.(9) Particle counts, relative hu-
midity, and temperature were recorded every 0.33 sec with a
Climet CI-550 (Climet Instruments Company, Redlands, CA)
optical particle counter. Particle counts were stored cumula-
tively in six channels with the following nominal diameters:
>0.3, >0.5, >1, >3, >5, and >10mm. Airflow measurements
were recorded every 0.004 sec. The dead space between the
mouthpiece and the particle counter was approximately
0.14 L and generated a time lag of 0.292 sec between airflow
measurements and particle detection. Airflow and particle
measurements were lined up by starting the first recorded

airflow measurement at 0.292 sec. Figure 1 shows a sche-
matic of a subject at the sampling setup.

Subjects were instructed to breathe normally through a
mouthpiece during sampling and to stop the test if they had
to sneeze, cough, or otherwise interrupt regular tidal
breathing. If subjects stopped for any reason the sampling
was repeated. Each subject breathed into the particle counter
for 3 min while wearing a nose clip and without removing
his/her mouth from the sampling mouthpiece. Minute ven-
tilation was calculated by summing the total breath volume
exhaled and dividing by the total sampling time.

Ambient particle washout time from the lungs was esti-
mated by analysis of a graph of particle concentration
versus time and selecting the time period it took for con-
centrations to drop to constant levels. After the ambient
particle washout time, each subject’s particle concentration
and airflow graphs were scrutinized for peaks indicating
leaks or deviations from tidal breathing. Leaks were iden-
tified when particle concentrations increased to levels sim-
ilar to those observed during the ambient particle washout
time (exhaled breath particle concentrations were generally
several orders of magnitude lower) and airflow patterns
deviated from those observed during tidal breathing. Data
from these time periods were eliminated from the regular
tidal breathing analysis. Other criteria for eliminating data
were particle concentration peaks caused by respiratory
events thought to be swallows or deep breaths. These ir-
regular breathing patterns were detected by looking for
abnormal inhalation–exhalation airflow cycles and particle
counts. Once the tidal breathing data was quality checked
for respiratory events other than tidal breathing, particle
concentrations were graphed during inhalation and exha-
lation to check for leaks, assuming particles should only be
measured during exhalation.

Human rhinovirus quantification. After the particle mea-
surements were made, exhaled breath particles were col-
lected on single-use 37-mm gelatin filters (Sartorius,
Goettingen, Germany), previously used to sample airborne
human influenza viruses.(26) A Medo pump (model VP0625,
Medo USA, Hanover Park, IL) maintained airflow at

FIG. 1. Schematic of volunteer breathing into exhaled
breath collection system. Subject inhaled HEPA-filtered room
air and exhaled into (1) an optical particle counter, or (2) a
gelatin filter for subsequent human rhinovirus analysis. For
both branches the tubing diameter was 22 mm and the total
tubing length was 36.8 cm.
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28.3 Lpm. Subjects were instructed to wear a nose clip and
breathe for 20 min through the mouthpiece while all exhaled
particles were collected on the filter. After collection, gelatin
filters were shipped on dry ice to the University of Massa-
chusetts Lowell and stored at �808C until analyzed.

In the laboratory, gelatin filters were dissolved at room
temperature in 800mL of nuclease-free water (Promega,
Madison, WI) and split into 400-mL aliquots. HRV RNA was
extracted from the aliquots using Trizol-chloroform extrac-
tion, reverse transcription, and quantitative PCR protocols as
previously described,(27) and the RNA obtained was sus-
pended in a final volume of 20mL. We could detect a mini-
mum of 24 virus particles per PCR well, and the overall limit
of detection was 192 virus particles per gelatin filter.

Exhaled breath particle measurements
in healthy volunteers

Three healthy volunteers from the University of Massa-
chusetts Lowell community were recruited to study the effect
of breathing maneuvers on total exhaled breath particle
concentrations. Subjects breathed into the Exhalair system,
which measured particles using an optical particle counter
and recorded measurements in four channels with the fol-
lowing nominal diameters: 0.300–0.499, 0.500–0.999, 1.000–
4.999, and >5.000mm, and the Exhalair software calculated
particle concentrations. Subjects breathed through a mouth-
piece while wearing a nasal clip to prevent ambient air
leakage. Following a washout period during which subjects
inhaled and exhaled deeply to remove residual environ-
mental particles in the lungs, subjects were instructed to
perform the breathing maneuvers pictured in Figure 2.

Data and statistical analysis

Exhaled breath particle concentrations from the healthy
volunteer study were plotted over time using Excel (Micro-
soft Corporation, Redmond, WA). For the HRV infection
study, Excel was used to compute average airflows, as well
as inhaled and exhaled volumes. Particle concentrations
were computed by dividing the particle counts recorded
every 0.3 sec by the inhalation/exhalation volume. For time
increments that contained both inhalation and exhalation
values (end or beginning of a breath), only exhalation vol-

umes were calculated and it was assumed that all particles
counted in this time originated during exhalation. Particle
and airflow data files were analyzed using macros written in
Visual Basic 6.3 (Microsoft Corporation) for Excel. Regres-
sion analyses were performed using R software version 2.4.1
(The R Foundation for Statistical Computing, Vienna, Aus-
tria). Generalized additive models (GAM)(28) with a negative
binomial link were used to evaluate the relationship between
particle concentration and airflow for each subject. GAMs
allow the relationship between the covariates and the re-
sponse to follow a smooth curve. This curve is fit with a
spline which lets the data determine its shape.(28) The nega-
tive binomial link allows for the model to fit data which is
overdispersed relative to a Poisson distribution (i.e., mean
less than the variance), as well as allowing analysis of data
sets with a large proportion of zeros which cannot be ap-
proximated by a lognormal distribution.(29) The GAM mod-
els were fitted using R software with the mgcv library
developed by Simon Wood.(30) Smoothed plots of particles
versus exhaled volume and airflow were generated for each
subject using Lowess smoothers (locally weighted polyno-
mial regression) in R.

Results

Exhaled breath particles from HRV-infected subjects

Summary statistics. A total of 19 subjects were enrolled
in the HRV exhaled breath study: 7 asthmatics (37%) and 12
nonasthmatics; 79% of subjects were female and 90% were
under the age of 25. Complete exhaled breath particle count
data were obtained from 17 of the 19 subjects enrolled. Data
collected from two subjects were eliminated because of in-
correct nose clip use, which contaminated the exhaled breath
particle counts with environmental aerosols. Incorrect nose
clip use was detected by looking for an irregular airflow
pattern over time. Gelatin filters for HRV analysis were
collected from 18 of the 19 subjects (16 of the 17 with particle
data).

Exhaled breath particle counts. Figure 3A presents a
typical particle concentration profile over two tidal breaths
for one subject, and Figure 3B presents the corresponding
airflow measured simultaneously. Particle concentrations

FIG. 2. Schematic of lung volumes attained while performing breathing maneuvers, where #1: tidal breathing, #2: TLC to
RV with slow exhalation, #3: TLC to tidal volume with fast exhalation, #4: TLC to tidal volume with slow exhalation, #5: high
volume tidal breath (panting), #6: swallowing, #7: coughing, #8: short breaths.
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during tidal breathing ranged between 0.2 and 7200 particles
per liter [geometric mean (GM)¼ 32 particles per liter] in this
study population. Minute ventilation ranged between 5.4
and 9.1 Lpm (GM¼ 6.8 Lpm), ambient particle washout time
between 5 and 115 sec (GM¼ 34 sec), breathing frequency
between 9 and 29 breaths/min (GM¼ 17 breaths/min), and
maximum exhaled airflow from 14 to 21 Lpm (GM¼ 17 Lpm).
On average, 16% of particle data was eliminated due to leaks
or particle concentration peaks due to deviations from tidal
breathing. Figure 4 shows an example of the graphs used to
check for ambient air leakage during tidal breath sampling.
Figure 4A and B shows a high (HHPs) and low particle
producer (LPPs), respectively, where each point on the graph
represents a breath. HPPs were defined as those that exhaled
�500 particles per liter of air, based on a classification pro-
posed by Edwards et al.(6) During exhalation, the mouth-
piece was under positive pressure, and thus leakage

contamination could only have occurred during inhalation.
As is shown in the graphs, particles in inspired air were
rarely recorded, and thus ambient air contamination was not
present. In the rare instance that particles were recorded, the
levels were orders of magnitude lower than ambient con-
centrations. These graphs are representative of the data used
for all subjects.

Figure 5 presents a box plot of the particle concentrations
measured in each particle size bin across all subjects after
ambient particle washout. Over 82% of particles exhaled
were measured in the 0.300–0.499 mm bin and particles were
rarely detected above 3 mm. Four of the 16 subjects were
HPPs and their characteristics are presented in Table 1.
Minute ventilation, maximum airflow during exhalation and
FEV1 % predicted were significantly associated with high
particle production. Figure 6A and B presents regression
results showing constant particle concentrations at lower

FIG. 3. Particle concentrations and airflow measured over two breaths from one HRV infected subject. (A) 0.3 to<0.5mm and 0.5
to �1mm particle concentration exhaled over time. (B) Airflow measurements over time. Each dot represents one measurement.
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minute ventilation (<8 Lpm) and flow (<19 Lpm) values,
and high particle concentrations at higher values.

Figure 7A shows a graph of the regression model results
superimposed on the particle concentration data for particles
0.300–0.499 mm over exhaled volume and airflow for one

HPP. In order to model particle concentrations over the en-
tire course of exhalation, two smooth functions were fitted to
each subject, splitting the exhalation data at the maximum
airflow. Particle concentrations increased as the airflow
increased from 0 to *15 Lpm, then leveled as airflow

FIG. 4. Particles exhaled versus airflow during normal breathing from two subjects infected with human rhinovirus during
normal breathing. (A) Concentration of 0.3 to �0.5 mm particles versus airflow for a high particle producer, and (B) con-
centration of 0.3 to �0.5 mm particles versus airflow for a low particle producer. High particle producers were defined as
those that exhaled �500 particles per liter of air. Regression lines were calculated using a Lowess smoother. Note: y-scale in
figures not equal between subjects. Each point on the graph represents one breath.

FIG. 5. Average exhaled breath particle concentrations by size bin and total across all HRV infected subjects (n¼ 17).
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continued to increase, and increased again as airflow de-
clined at the end of the breath. This pattern was followed by
all four HPPs independent of the amount of air exhaled.
Figure 7B shows 0.500–0.999 mm particles behaved similarly:
as airflow increased, particles increased, particle concentra-
tions peaked at the maximum airflow, and dropped as air-
flow decreased. There was a second rise in particle
production at the end of the breath, but it was not as pro-
nounced for 0.500–0.999 mm particles as for the smaller par-
ticles. For LPPs, the Lowess smoother regression lines
centered around zero. We observed almost identical trends
in all 13 LPPs.

Human rhinovirus RNA on gelatin filters. Human rhino-
virus infection was confirmed for all subjects via nasal
lavage; all demonstrated productive viral infection. Never-
theless, all samples of exhaled breath particles collected on
gelatin filters were negative for human rhinovirus RNA, in-
dicating that the number of viruses collected was lower than
the method limit of detection (192 virus copies per gelatin
filter) or not present in the particles we collected. The HRV
samples included as positive controls were all detected.

Exhaled breath particle measurements
in healthy volunteers

We sampled two males and one female; all were non-
asthmatic nonsmokers, with ages 33 to 55. Particle genera-
tion rates during tidal breathing averaged between 43 and 70
particles/liter between subjects. Figure 8 shows particle
concentrations measured in one subject while following the
breathing maneuvers pictured in Figure 2. Exhaled breath

particle concentrations from all three subjects followed sim-
ilar trends: slight increases in particle production during
maneuvers such as panting and swallowing, increases up to
10-fold during coughs, and a 10- to 70-fold increase when the
subject exhaled to residual volume (RV) prior to inhalation to
total lung capacity (TLC).

Discussion

In this two-part study of exhaled breath particles, we
found that in healthy volunteers a 70-fold increase in particle
concentration occurred when subjects exhaled to RV after
inhaling to TLC, compared to tidal breathing (Fig. 8). These
increased particle concentrations were observed over a

Table 1. Characteristics of High and Low

Particle Producers in HRV-Infected Population

High particle
producersa

Low particle
producers

Geometric mean particle
concentration (#/L)

3500 7.4

Number of subjects 4 13
Female 75% 85%
Asthmatic 50% 38%
Age <20 years 0% 15%
20–25 years 75% 85%
>25 years 25% 0%

Respiratory characteristicsb

Minute ventilation (lpm) 8 (1.3)* 7 (0.8)
Ambient particle

washout time (sec)
37 (42) 44 (27)

Maximum airflow
during exhalation (lpm)

19 (2.7)* 16 (1.9)

Breath frequency (#/min) 20 (6.4) 16 (4.6)
FEV1c 4.1 (0.4) 3.6 (0.5)
FEV1c % predicted 109 (10.6)* 92.7 (10.7)

aHigh particle producers defined as subjects that exhale �500
part/L during tidal breathing.

bAverages for each characteristic. Values in parenthesis are 1
standard deviation.

cFEV1¼maximum amount of air that can be exhaled in 1 second.
*Statistically significant differences evaluated by calculating a

relative risk for categorical variables and a Student’s t-test for
continuous variables ( p< 0.05).

FIG. 6. Concentration of exhaled breath particles �10mm
versus (A) minute ventilation and (B) maximum exhalation
airflow for all HRV-infected subjects during tidal breathing
(n¼ 17). Univariate regression lines and 95% confidence in-
tervals were calculated using generalized additive models.

142 FABIAN ET AL.



number of consecutive TLC to RV breaths. Other breathing
maneuvers evaluated, including panting, swallowing, and
coughing, also increased particle concentrations but to a
lesser extent (maximum 10-fold). Rapid exhalation from TLC
to end tidal volume only modestly increased particle con-
centrations. Johnson and Morawska(13) reported that subjects
who exhaled deeply increased particle production four- to
sixfold. The difference in measurements is likely due to the
lung volume achieved prior to exhaling; in the Johnson study
subjects inhaled to normal end tidal lung volume prior to
exhaling to RV, while in our study subjects inhaled to TLC
prior to exhaling to RV. It has been hypothesized that the

source of particles is the opening of the small airways during
inhalation,(6,8,13) which is consistent with results from both
studies.

Exhaled breath particle measurements in HRV infected
subjects were restricted to tidal breathing. Subjects exhaled
between 0.2 and 7200 particles per liter of exhaled air
(GM¼ 32 part/L) and 24% of the subjects exhaled over 81%
of the particles detected. These subjects were classified as
HPPs and exhaled between 1100 and 7200 particles per liter
of air (GM¼ 3500 part/L). LPPs exhaled between 0.1 and 80
total particles per liter (GM¼ 7.4 part/L). For LPPs, 78% of
the particles were detected in the 0.300–0.499 mm size range,

FIG. 7. Concentration of (A) 0.3 to <0.5 mm and (B) 0.5 to <1mm exhaled breath particles versus airflow from one high
particle producer in HRV study. Regression lines and 95% confidence intervals were calculated using two generalized
additive models, pre- and postmaximum airflow peak. Note: y-scale in figures not equal.
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and for HPPs this percentage increased to 82%. These
numbers agree with data reported in other exhaled breath
studies.(4–7) Fairchild and Stampfer(4) observed particles be-
tween 0.1 and 3mm exhaled during nose and mouth
breathing, and reported a geometric mean concentration of
230 particles per liter during tidal breathing averaged over
five study subjects. Over 98% of the particles they measured
were under 1mm. No individual particle production infor-
mation was given in the Fairchild study, but the high geo-
metric mean concentration and their graph of data suggests
that at least one of the five subjects was an HPP.(4) Papineni
et al.(5) measured particles between 0.3 and 8.0 mm during
mouth breathing and nose breathing, and found that over
84% of particles exhaled were under 1mm. Differences be-
tween nose breathing and mouth breathing were small, but
nose breathing produced the lowest number of particles.(5)

Edwards et al.(6) measured particles between 0.15 and 0.5 mm
exhaled during mouth breathing. They did not report a
geometric mean, but most particles were measured between
0.15 to 0.199mm and 54% of subjects were HPPs. In our
previous study of influenza subjects, 50% were HPPs.(9)

Significant predictors of high particle production included
minute ventilation (MV), maximum airflow measured dur-
ing exhalation (Q), and FEV1 expressed as % predicted (Table
1). MV and Q are linearly correlated (correlation¼ 0.96), but
MV predicted particle concentration the best (R2

MV¼ 0.74 vs.
R2

Airflow¼ 0.43). Breath frequency did not predict high par-
ticle production ( p-value¼ 0.20) nor was it correlated with
MV (correlation¼ 0.26). Because minute ventilation equals
the product of breath frequency and tidal volume, we con-
cluded that high particle concentrations are correlated with

higher tidal volumes and thus a greater probability of
opening closed structures as well as corresponding higher
expiratory flow rates. Although the proportion of asthmatics
was higher among HPPs (50%) compared to LPPs (38%), we
did not have the statistical power to identify an association
between exhaled particles and asthma. Larger studies of
HPPs are necessary to determine whether asthma plays
a role in particle production, particularly during HRV
infection.

In infected HPPs, we detected particles at all exhalation
volumes during tidal breathing, indicating that some parti-
cles may originate in the upper airways or the mouth. Par-
ticle concentrations in the 0.300–0.499 mm size fraction (Fig.
7A) were positively correlated with airflow at the beginning
of the breath, but continued increasing at the end of exha-
lation even as airflow decreased to almost zero. Particle
concentrations for particles between 0.5 and 1 mm (Fig. 7B)
had a better correlation with airflow compared to the 0.300–
0.499 mm particles (Fig. 7A), and although the 0.500–0.999 mm
particle concentrations increased slightly at the end of the
breath, the trend was not as marked as with 0.300–0.4999mm
particles. These trends were observed in all HPPs and indi-
cate two sources of particles: one related to airflow and the
second related to the location of the measured breath (and
thus the anatomic location of where the aerosols were orig-
inally generated).

The peak in particle concentration at the end of an exha-
lation supports the hypothesis that the particles measured at
the end of the exhaled breath are generated during the pre-
vious inhalation by the reopening of collapsed small airways
or alveoli which destabilize the lung fluid lining and create

FIG. 8. Exhaled breath particle concentrations measured from one healthy subject during breathing maneuvers #1 through
#8 pictured in Figure 2. Each dot represents one breath. The table presents the average particle concentrations measured over
a number of breaths for each maneuver. An * indicates particle concentrations that were significantly higher to those
measured during tidal breathing.
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droplets.(6) Further support for this hypothesis is the signif-
icant positive relationship we found between minute venti-
lation and exhaled particle concentrations (Fig. 6A). Minute
ventilation can increase with increasing tidal volume or in-
creased breath frequency.(31) In our study, breath frequency
was not related to particle concentration or correlated to
minute ventilation (correlation¼ 0.26); thus, HPPs likely
breathed with larger tidal volumes. High particle concen-
trations were a likely a product of increased alveolar venti-
lation, either by opening more airways during inhalation or
by exhaling more alveolar air. Larger tidal and minute vol-
umes have also been associated with an increased volume of
collected exhaled breath condensate.(32) In LPPs, particle
concentrations were mostly nondetectable.

Results from this study contradict previous studies that
state that particles are not produced in the upper airways
during mouth breathing.(2,8) One probable reason is that
older studies of exhaled breath particles used techniques that
could only measure particles larger than 1 mm, such as
counting slides or filters of exhaled dyed droplets under a
microscope.(2,3) Large droplet saliva contamination is un-
likely because our apparatus transported exhaled breath
from the mouthpiece to the particle counter through a 0.75-m
long and 22-mm diameter corrugated tube, likely settling
any saliva droplets. Another explanation is that our subjects
had a respiratory infection, whereas in the older studies only
healthy individuals were studied. It is possible that the
mucus present due to infection decreased the airway cross-
sectional area, thus increasing the shear velocity enough to
create aerosols. Studies of mucus properties have shown that
changes in the mucus depth and the subjacent more aqueous
phase as well as viscosity modify the velocity at which
mucus can be destabilized, allowing particle formation at
velocities of 5 m/sec(11) and that particles can be generated
from crests of waves that are formed by mucus piling up as
air passes through the airways.(10) It is possible that particle
production in healthy HPPs and those with viral infection
occurs via different mechanisms. The importance of HPPs in
this context is that they may be superspreaders: ‘‘those in-
frequently encountered persons with high values of cough
and/or sneeze frequency, elevated pathogen concentration
in respiratory fluid, and/or increased respirable aerosol
volume per expiratory event such that their pathogen emis-
sion rate is much higher than average.’’(33) If the small air-
ways of these high particle producers were infected with a
virus—human rhinoviruses are between 24 and 30 nm in
diameter(34,35) and influenza viruses range between 80 and
120 nm in diameter(36)—they would be more likely to gen-
erate infectious aerosols. Larger studies of infected and
noninfected subjects over time are needed to determine if
infection and resulting mucus hypersecretion plays a role in
particle production.

None of the exhaled breath filters were positive for human
rhinovirus RNA, likely due to our limit of detection (192
virus particles/gelatin filter). Assuming no other particle
losses through the system prior to particle collection, and a
respiratory rate of 7 Lpm over the 20-min sampling time, this
limit corresponds to approximately two virus particles per
liter of exhaled air or 576 virus particles per hour. A previous
study reported potential infectious quanta generation rates
for human rhinovirus between 0.6 and 7.8 h�1, where an
infectious quantum is the infectious dose needed to initiate

disease and a quantum can contain a number of virus cop-
ies.(37) Adding breathing maneuvers such as cough might
also increase the probability of detecting HRV. A study by
Huynh et al.(23) detected human rhinovirus and parainflu-
enza virus via PCR from infected patients who coughed and
breathed through masks made with electret. In contrast to
our study, virus detection in the Huynh study may have
been due to an increase in particle generation during coughs
or the capture of larger particles that our sampling device
excluded.

Several studies have addressed the limitations associated
with using optical particle counters to correctly size and
count particles, as the refractive index of the OPC calibration
latex particles is different from that of ambient particles.(38,39)

Measurements made with the OPC can overestimate or un-
derestimate by up to a factor of 2, and depend on particle
size and shape, as well as particle composition and location
of solids within a liquid droplet when measuring particles in
solution.(38) For ambient aerosols this error appears to be
greatest for particles around 0.6 mm and is negligible for
particles larger than 1.35 mm.(39) The OPC we used for this
study was calibrated by the manufacturer with latex particles
and its measurements were likely affected by these errors.
The data were analyzed as collected because of the unknown
refractive index of dried out exhaled breath particles as well
as the low number of particles found larger than 0.5 mm. The
analysis of the origin of the particles from the respiratory
tract remains unaffected.

The collection system had some limitations. The tubing
connecting the mouthpiece to the sampler and particle
counter was long enough to eliminate by sedimentation
many particles larger than 5mm. Another limitation was the
difficulty in making sure subjects maintained a seal when
breathing through the mouthpiece during the 20-min col-
lection period. Leaks at the mouthpiece and failure to use the
nose clip were detected by presence of high particle counts
approaching ambient levels. Leaks occurring during exha-
lation were detected because the OPC pump pulled at a flow
that was greater than the subject’s exhalation flow, thus di-
recting the contaminated room air to the OPC. Although it
seems unlikely that leaks would only have occurred during
inhalation and gone undetected, it is theoretically possible
that such leaks, if they existed, would have mimicked par-
ticle generation by the lung and that such leaks would have
been greater during rapid inhalation. An improved exhaled
breath collection system should have a mouthpiece or col-
lection system that collects aerosols both by nose and mouth
breathing, does not restrict breath airflow, prevents leaks,
and is comfortable. It should also minimize breath conden-
sation and particle deposition.

Future studies should include subjects with a variety of
lung diseases [e.g., asthma and chronic obstructive pulmo-
nary disease (COPD)], and more varied demographic char-
acteristics such as increasing age in order to determine other
predictors of particle production. Elderly subjects and those
with COPD usually have reduced lung compliance and thus
increased likelihood of airway closure. Studies of infectious
disease transmission and exhaled breath particles should
focus on diseases of the lower respiratory tract with a higher
infectious particle generation rate or on infections that cause
cough such as influenza. For studies of exhaled breath bio-
markers, modifying breathing patterns to include low lung
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volumes will likely increase particle production and thus
detection sensitivity.

In conclusion, we found that healthy subjects generated
10- to 70-fold higher exhaled particle concentrations when
taking deep breaths and exhaling to residual volume, com-
pared to concentrations generated during tidal breathing,
supporting the hypothesis that fine particles are produced
during the opening of collapsed small airways and alveoli. In
HRV-infected subjects a small fraction (24%) of subjects ex-
haled most (>81%) of the particles measured, and were
labeled HPPs. High particle production was significantly
associated with larger minute ventilation, maximum airflow
during exhalation, and FEV1 % predicted.

In HPPs with HRV infection, the pattern of exhaled par-
ticles versus airflow and versus exhaled volume during tidal
breathing followed similar curves: increasing with airflow at
the beginning of the breath and peaking at the end of the
breath when the airflow was low. These results indicate that
particles originate both in the upper and lower airways. In
contrast, exhaled particle concentrations generated by low
particle producers were mostly undetectable. The exhaled
breath particles collected on gelatin filters were negative for
HRV RNA in HRV-infected subjects, but our limit of detec-
tion was too high to exclude the possibility that clinically
relevant virus concentrations were present.
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