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Continuous Measurements of Ambient Particle Deposition
in Human Subjects

Lupita D. Montoya,1 Joy Lawrence,2 G. G. Krishna Murthy,2 Jeremy A. Sarnat,2

John J. Godleski,2 and Petros Koutrakis2

1Civil and Environmental Engineering Department, Rensselaer Polytechnic Institute, Troy, New York
2Environmental Health Department, Harvard School of Public Health, Boston, Massachusetts

The total deposition fraction (TDF) of fine and ultrafine aerosols
was measured in a group of six healthy adults exposed to poly-
disperse ambient aerosols in Boston. Fifteen repeated inhalation–
exhalation cycles were conducted during a given exposure session.
Deposition efficiency for particles with aerodynamic diameter
ranging from 63.5 to 2045 nm was determined using the aver-
age concentration of inhaled and exhaled particles measured dur-
ing these cycles. Deposition efficiencies ranged from 7.3 ± 18.7%
(240–275 nm) to 98.6 ± 28.1% (1545–2045 nm). Subjects exhibited
similar deposition patterns with minimum efficiencies between
200–400 nm. Results from ANOVA and mixed-model regression
analyses showed significant differences (p < 0.05) in particle de-
position efficiency by particle size as well as among the subjects.
Deposition efficiencies varied most among the subjects for parti-
cles between 100 and 1000 nm in size. A comparison with the ICRP
model showed good agreement, with best agreement for male sub-
jects and particle sizes <400 nm.

INTRODUCTION
Epidemiological studies have shown that exposure to ambi-

ent particulate matter is associated to increases in mortality and
morbidity (Dockery et al. 1993; Schwartz et al. 1996; Norris
et al. 1999; Samet et al. 2000; Peters et al. 2000; Dab et al.
2001). Measurement of particle respiratory deposition is criti-
cal to our efforts to investigate observed health effects. To date,
most experimental studies of particle deposition in the human
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respiratory tract have used synthetic aerosols. These are often
monodisperse, usually chemically uniform, and nontoxic. Early
studies using such aerosols under normal breathing conditions
and mouthpiece inhalation produced deposition values of about
18% for 0.4 µm particles (reviewed by Lippmann 1977). With
controlled breathing, deposition was reported to be 10–12% for
particle sizes from 0.2 to 1 µm (Heyder et al. 1973). A subse-
quent study (Heyder et al. 1986), also using controlled breathing
and a tidal volume of 1000 cm3, reported deposition efficiency
of 27–99% for particle sizes from 0.005 to 8 µm. The only
few studies of real-world particles are those of tobacco smoke
particles. A summary of previous studies (Hinds et al. 1983) on
cigarette smoke deposition using unnatural breathing conditions
showed considerably higher deposition efficiencies (70–100%)
for mainstream cigarette smoke than those reported for envi-
ronmental tobacco smoke (ETS). For nose breathing, ETS was
found to have a deposition efficiency of 59 ± 10% (Strong et al.
1994), and 56.0±15.9% for particles of a count median diameter
of 0.2 µm and geometric standard deviation of 1.7 (Morawska
et al. 1999). To date, no experimental data have been reported
for polydisperse ambient air particles.

Many ambient particle deposition estimates are based on
theoretical studies, which may not be accurate (ICRP 1994;
Asgharian et al. 2001). For instance, for ETS, model predic-
tions (15.7–17.9%) are considerably lower than those reported
by experimental studies (Hofmann et al. 2001). In an effort to
examine the deposition of real ambient particles in humans and
to compare it to deposition models, we conducted an experi-
mental deposition study using Boston air. Deposition of polydis-
perse ambient particles of aerodynamic diameter ranging from
63.5 to 2045 nm were measured under normal (not scripted)
nose-breathing conditions in six healthy individuals (two fe-
males and four males). Normal breathing in this context refers
to rest instead of under normal light or heavy exercise where
mouth breathing can become prominent. In order to evaluate
losses in the system, testing was conducted prior to the expo-
sure sessions using similar ambient particles.
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Table 1
Subject physical characteristics

Subject Age (years) Gender Height (m) Weight (kg)

A 23 m 1.85 86.2
B 58 m 1.88 106.6
C 21 f 1.63 68.0
D 25 m 1.78 77.1
E 28 m 1.68 65.8
F 31 f 1.70 72.6

EXPERIMENTAL METHODS

Subjects
We conducted a human experimental exposure study in six

healthy nonsmoker volunteers. The physical characteristics of
these volunteers are presented in Table 1. The study was ex-
plained to each subject and all questions were answered prior
to signing the consent form approved by the Harvard School of
Public Health Human Subjects Committee.

Subjects with an upper or lower respiratory tract infection
were not studied until the acute event was resolved and at least
three weeks had elapsed. For six hours prior to the exposure ses-
sion, subjects did not have caffeinated medications or beverages
and were instructed not to engage in moderate to heavy physical
exertion at least four hours prior to the exposure session. Ex-
posure sessions were scheduled for morning or afternoon, each
lasting approximately 3 h. Two subjects participated in two (one
morning and one afternoon with at least two days between ses-
sions) exposure sessions, and four subjects participated in only
one session.

During the exposure session, subjects wore a nose-mask and
breathed only through the nose for the duration of the session
(Figure 1). The subjects were seated comfortably and allowed
to move freely but were asked to minimize conversation and
encouraged to verbally communicate only as needed. Subjects
read, used a portable music system with headphones, or slept
during the sessions. A modified BUXCO system (BUXCO Elec-
tronics Inc, Troy, NY, USA) was used to derive the respira-
tory parameters (Godleski et al. 2000) from each subject during
the exposure session. The pressure transducer of the BUXCO
system was attached directly to the nose mask, between the
mask and the pair of one-way valves isolating inhalation from
exhalation.

The intake for the exposure line was located in the premises
of the Harvard School of Public Health and brought in ambient
air with polydisperse Boston particles. This ambient air was in-
haled/sampled 1 m from the building, directly above the main air
intake of the building’s Heating, Ventilation, and Air Condition-
ing (HVAC) system. There are no known particle sources active
immediately near the air intake; Huntington Avenue is approx-
imately 75 m distant. Figure 2 shows the average particle log-
normal size distribution measured during the morning exposure

Figure 1. Diagram of respiration setup.

session of subject C. The average distribution was calculated for
the 14 ambient measurements and it is presented here including
the upper and lower values (± one standard deviation). Table 2
shows the average values for each exposure session, including
the total number concentration, the geometric mean diameter
(GMD), and the geometric standard deviation (GSD).

Figure 2. Lognormal size distribution of average ambient
aerosols for morning session of subject C.
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Table 2
Physical characteristics of ambient aerosols

Subject Session
Number conc.

(#/cm3)

Geometric
mean

diam. (nm)

Geometric
standard
deviation

A Afternoon 317.6 106.0 1.73
B Morning 267.1 133.1 1.81
C Morning 205.2 120.2 1.78

Afternoon 376.8 125.8 1.79
D Morning 435.0 124.9 1.79

Afternoon 133.1 184.7 1.94
E Afternoon 206.0 152.1 1.86
F Afternoon 245.0 119.9 1.78

Experimental Setup
The experimental apparatus utilized in this study made it

possible to conduct continuous particle concentration measure-
ment during inhalation/exhalation cycles of human subjects. The
ambient particle counts for the different sizes were measured
concurrently by an Aerosizer (model LD, TSI/Amherst Process
Instruments Inc., St. Paul, MN, USA) and a scanning mobility

Figure 3. Experimental apparatus.

particle sizer (SMPS, Model 3934). The SMPS was comprised
of an electrostatic classifier (model 3071A, TSI Inc., St. Paul,
MN, USA) and a condensation particle counter (CPC, model
3010, TSI Inc., St. Paul, MN, USA). The SMPS measured par-
ticle electrical mobility diameters in the range of 40–400 nm,
while the Aerosizer measured particle aerodynamic diameters
in the range 600–2045 nm.

Figure 3 shows the main components of the experimental ap-
paratus. During the “inhalation” periods (right side of diagram),
particle concentrations in the ambient air were measured using
the SMPS (at a flow rate of 0.3 lpm) and the Aerosizer (at a flow
rate of 2.5 lpm), and they were used as a metric to determine
average concentrations inhaled. Outdoor ambient air was passed
through a diffusion drier to remove particle-bound water before
reaching the SMPS and aerosol particle sizer (APS). In order
to evaluate whether there was a concentration bias due to the
splitting of the flow, the data from the overlapping size range
between the two instruments were analyzed. It was found that
the measurements from the two instruments did not show a clear
bias since the discrepancies were not systematic. To minimize
any discrepancies further, the overlapping region was eliminated
from the data presented here. The ambient particle concentra-
tions measured were later used to calculate the number of inhaled
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particles (Pinh) by accounting for the tidal volume measured in
each inhalation cycle.

During the “exhalation” periods (left side of the diagram),
the process was more complex. Incoming ambient outdoor air
was directed to the subject via a one-way valve and through a
mask. Once this air was breathed in, the corresponding exhaled
air was then passed through another one-way valve and mixed
with new, indoor filtered air to compensate for the variation in
breathing volumes and to make up the required 2.8 lpm sampling
flow rate for this system. The makeup flow was measured by a
mass flow meter (Model FMA 5609, Omega Engineering Inc.,
Stamford, CT, USA) and recorded by a BT Data Logger. Exhaled
air was then passed through a diffusion drier so that any particle-
bound water acquired during inhalation was eliminated. This
step allowed for a direct comparison of the exhaled and ambient
counts. Since the exhalation flow rates could not be controlled, a
one-way valve was installed before a dump designed to eliminate
any flow in excess of the 2.8 lpm required by the SMPS and
Aerosizer. These exhaled particle concentrations were later used
to calculate the number of exhaled particles (Pexh) by accounting
for the respiratory parameters measured in each exhalation cycle.
To prevent flow from stopping, a bypass system was included
right after the dump. The bypass was designed to allow the
exhalation flow path to continue while ambient measurements
were made. Similarly, the ambient (inhalation) flow path was
kept active while exhalation measurements were being made.
This bypass included a filter and a rotameter connected to a small
pump; flow was measured to balance the sampling flow rate.

Respiratory Parameters
Breathing parameter measurements were analyzed using the

BUXCO software package and used to derive the respiratory

Figure 4. Schematic of a breath and definition of respiratory parameters (adapted from Hamelmann et al. 1997 and Godleski
et al. 2000).

parameters (BUXCO Electronics Inc., Troy, NY, USA). Respi-
ratory parameters were measured continuously for each human
subject during the experiment by measuring airflow while the
subject was breathing through a nasal mask (Figure 1). Flow
measurements were made by incorporating a slight restriction
at the inlet of the nasal mask (Gazula and Godleski 2001). As
previously described (Godleski et al. 2000), this was done to
assure that measurements would not interfere with the subject’s
breathing and that no modifications to the nasal mask were re-
quired (Respironics nasal mask). The device is compact and
comfortable for the subjects, provides measurements indepen-
dent of the subject’s position (i.e., the subject may be seated),
and is inert so that no reactions between particles and gases and
the system surfaces occur. A slight restriction in the lumen of
the tube creates a pressure differential that varies with respi-
ratory volume flow rates, i.e., the subject’s respiration creates
pressure fluctuations. The human subject respiratory parame-
ters can then be determined from the inhalation and exhalation
volume flow rates through the nasal mask, which is fitted to a
Y-connector with in and out valves for the inhaled and exhaled
air, respectively. A pair of breathing tubes was connected to the
Y-connector.

The definitions of the breathing parameters are schematically
shown in Figure 4 (reprinted with permission from Godleski
et al. 2000). The beginning of inspiration and expiration were
defined as the times when the differential pressure curve crossed
zero. The parameters reported here are tidal volume (VT ) and
minute ventilation (V̇E ). Other parameters were derived from
these basic parameters, including: inspiratory duty cycle, IDC
(TI /TI + TE ), and inspiratory ventilatory drive, IVD (VT /VI ).
These parameters are useful measures of changes in the spon-
taneous breathing patterns in humans. Average values for tidal
volume, minute volume, and volume of filtered air are given in
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Table 3
Subject average respiratory parameters

Subject Session
Number of

cycles

Tidal
volume

(ml)

Minute
volume

(ml/min)

Vol.
filtered
air (ml)

A Afternoon 14 1304.0 11940.8 2542.8
B Morning 14 1578.0 11016.3 2727.6
C Morning 14 901.2 9818.4 2231.3

Afternoon 14 859.4 11085.9 2253.6
D Morning 12 715.4 10145.9 2555.3

Afternoon 14 1177.0 14698.9 2244.9
E Afternoon 14 825.8 13579.9 3573.6
F Afternoon 14 1141.5 10097.7 2334.0

Table 3. These values are slightly higher than those normally
reported. This may be due to the fact that the reported values are
averaged over a larger number of individuals (ICRP 1994). In
addition, reported values from other studies correspond to pre-
scribed breathing patterns (e.g., Strong et al. 1994; Heyder et al.
1973, 1986). Other possible explanations include the Hawthorne
Effect (a distortion of research results caused by the response of
subjects to the special attention they receive from researchers)
as well as intersubject variability. In comparison to reference
values for a general Caucasian population, the values presented
here correspond to activity levels between sitting awake and light
exercise (ICRP 1994).

Inhalation Procedure
Each exposure session consisted of five consecutive segments:
1. Baseline: A 20–25 min period of baseline respiratory

measurements, during which the subject inhaled filtered
air. This was outdoor air which was passed through a High
Efficiency Particulate Air (HEPA) filter (Millipore Opti-
cap Filter, Millipore, Bedford, MA, USA). No particle
measurements were made during this period.

2. Background period: Five measurements of exhaled par-
ticle size distribution while subject inhaled filtered air.
This allowed correction for deposition of particles pro-
duced by the subject during normal respiration.

3. Inhaled/exhaled measurements: Fifteen pairs of ambi-
ent/exhaled particle size distributions. Subject’s inhaled-
air line was detached from the HEPA filter and connected
to a port through the lab window. Particle count size dis-
tribution measurements were made alternately on ambient
air and exhaled air, 150 s on each channel, totalling 5 min
per cycle.

4. A clearance period: Five measurements of exhaled par-
ticle size distribution while subject again breathed filtered
air. By the end of this period, the subject’s exhaled particle
size distribution returned to the background level.

5. A postexposure baseline period: Approximately 20 min
of respiratory measurements, during which the subject in-

haled filtered air, to verify no changes to subject’s respi-
ration occurred as a result of exposure.

The total length of each exposure session was about 150 min;
however, only the third segment (about 85 minutes) involved
breathing of ambient particles. The rest of the segments involved
breathing filtered air.

Only two exposure sessions were conducted per day, with
about 2 h breaks between sessions, during which all the tub-
ing between the mask and the drier as well as the desiccant in
the drier were changed. The drier was placed after the one-way
valves connected to the mouthpiece at a distance that allowed
access of the subjects to the system and minimized loss of parti-
cles in the system. The total length (about 6 ft) from the window
to the diffusion drier on the ambient line was the same as the
total distance from the window through the mask and to the drier
on the exhalation line. The distance from the mouthpiece to the
drier was about 2 ft. This protocol was expected to prevent any
excessive condensation buildup in the system that would affect
the growth and potential system deposition rates of hygroscopic
aerosols prior to the drier. A separate experiment looking at the
relative humidity (RH) levels before and after the diffusion drier
showed that the RH after the drier was consistently under 15%.
It was decided in advance to discard individual exhalation mea-
surements within a session if the subject talked for more than
15 s, yawned (open mouth inhalation) excessively, reported leak-
ages at the nose mask, stood during the measurement, or re-
moved/readjusted the nose mask during the measurement.

The third segment of the exposure session (inhaled/exhaled
measurements) began with measurement of ambient air. During
the first ambient measurement, the subject’s inhalation line was
disconnected from the HEPA filter and connected to a mani-
fold running through the lab window. The subject was not in-
formed when the switch from filtered to ambient air occurred,
but it is likely that the difference was sensed. Following the
initial measurement of ambient air, the sampling line to the ex-
haled air channel was opened, the sampling line to ambient air
closed, and the exhaled air was measured. As previously de-
scribed, bypass flow through the inactive sampling channel was
maintained to prevent air from stagnating in the inactive chan-
nel. This also reduced the possibility that the subject might be
able to distinguish exhaled air sampling intervals from ambi-
ent air sampling intervals. At the conclusion of the 15 pairs
of ambient and exhaled air measurements, the subject’s inhala-
tion line was disconnected from the ambient air manifold and
reconnected to the HEPA filter. Again, the subject was not in-
formed when the switch occurred, but it is likely that the change
was sensed. Immediately upon connection of the inhalation line
to the filter, exhaled air sampling was commenced. Five suc-
cessive measurements of exhaled air were made to establish
this clearance period. An additional 20 min of (BUXCO) res-
piratory measurements completed the exposure session. Since
breathing patterns have a substantial effect on deposition, espe-
cially for particles with significant diffusivity or inertia, breath-
ing parameters (rate and volume) were analyzed to determine the
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intra- and intersubject variability. These values were also con-
sidered when selecting the parameters used for a comparison
with the International Commission on Radiological Protection
(ICRP).

Data Analysis
Since the experimental setup included only one SMPS and

one Aerosizer, it was not possible to make concurrent ambient
(inhalation) and exhalation measurements. The particle mea-
surements taken from the incoming ambient air represented the
ambient particles for a 2.5 min period. In order to estimate
the ambient particle concentration during an exhalation period,
the 2.5 min ambient measurements before and after that exha-
lation period were used to calculate an average concentration.
These averages represented the estimated ambient particle con-
centrations in the incoming air while exhalation measurements
were taken. This approach was considered appropriate since the
average difference between consecutive ambient measurements
was on the order of 20%. This averaging approach, however,
eliminated the last (15th) ambient measurement from our data
set; as a result, all subsequent calculations were based on 14 in-
halation/exhalation cycles. Once the particle data were collected
by the SMPS and Aerosizer, only the size bins that contained
10 or more particle counts were used. As expected, as the parti-
cle size increased, the counts decreased. Consequently, the data
were truncated at 400 nm (mobility equivalent diameter) for the
SMPS and at 2045 nm (aerodynamic diameter) for the Aero-
sizer. This step allowed us to minimize errors associated with
small particle counts.

Since the SMPS and the Aerosizer measure two different
particle diameter types, an adjustment was necessary. The elec-
trical mobility diameters measured by the SMPS were converted
to aerodynamic diameters using the following relationship:

√
Cae Dae =

√
CVEρp

χρ0
DVE [1]

where Dae is aerodynamic diameter, DVE is volume equivalent
diameter, Cae is slip correction factor for aerodynamic diame-
ter, CVE is slip correction factor for volume equivalent diameter,
ρp is particle density (in g/cm3), and χ is dynamic shape factor
(Peters et al. 1993). For the ambient particles used in this study,
ρp was assumed to be 1.7 g/cm3 (Babich et al. 2000), χ was as-
sumed to be 1.0, and the mobility equivalent diameter measured
by the SMPS was assumed to equal DVE. Aerodynamic diam-
eters from both instruments were then used for all subsequent
calculations.

The ambient particle counts, N inh
i, j , were used to calculate the

number of particles inhaled in a breath, Pinh
i, j , in size bin i , by

accounting for the breathing parameters measured for a given
individual during the specific exposure cycle j :

ParticlesInhaled = Pinh
i, j = V t

j

V sam
j

× N inh
i, j [2]

where V t
j is the average tidal volume measured during cycle

j (ml), V sam
j is the volume of air sampled during cycle j (ml),

and N inh
i, j is the ambient particle counts of size range i (based on

the average of two consecutive measurements) for cycle j .
Similarly, the measurements made during the exhalation pe-

riod (also 2.5 min long) were then used to calculate the number
of particles exhaled in an average breath in each size range i ,
Pexh

i, j , using the following formulae:

ParticleExhaled = Pexh
i, j = V t

j

V sam
j

(
N exh

i, j − N sham
i

)
X j [3]

and

X j = MVj + MV FA
j

MVj
, [4]

where N exh
i, j is the particle counts in size range i measured during

the exhalation cycle j ; N sham
i is the filtered air baseline for size

range i ; MV j is the minute volume for cycle j (ml/min); and
MVFA

j is the minute volume of filtered air for cycle j (ml/min).
The factor X j was included to account for the filtered air that
was introduced in the system during the exhalation step.

Since the total number of useful size bins from the SMPS and
the aerosizer was large (65 and 27, respectively), new particle
size ranges were created by uniformly combining 5 discrete bins
at a time. The purpose of this step was to smooth our data and
further reduce the error associated with small counts. Once these
new size ranges were generated, average number of particles
in a breath for each new size range was calculated for both
inhaled and exhaled data (P̄ inh

i and P̄exh
i ) by including all the

corresponding inhalation or exhalation cycles:

P̄ inh
i =

∑n
j=1 Pinh

i, j

n
. [5]

and

P̄exh
i =

∑n
j=1 Pexh

i, j

n
. [6]

These average values were then used to calculate the deposi-
tion efficiency for a given size range and a given subject:

DepositionEfficiency = ηi = P̄ inh
i − P̄exh

i

P̄ inh
i

. [7]

Mixed model regression analysis was then used to deter-
mine the differences in deposition efficiency by subject and by
size. Mixed models were necessary in order to pool informa-
tion across individuals while accounting for repeated measures
on the same individual. Correlations between observations over
time were modeled using an autoregressive covariance (AR1)
structure, which yielded the lowest Akaike Information Crite-
ria (AIC) value (Diggle et al. 2002). Deposition efficiency was
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modeled as a dependent variable; subject and size were modeled
as fixed variables. Significance is reported at the 0.05 level. All
analyses were conducted using the SAS system (SAS Institute,
Cary, NC).

RESULTS AND DISCUSSION
An evaluation of the particle losses in the system was con-

ducted prior to the start of the exposure study. The most serious
losses were expected to take place in the drying apparatus; there-
fore, evaluation was done by alternating measurements upstream
and downstream of one drying system and two drying systems
in series. This allowed comparison of dry aerosols. Measure-
ments were taken after the first drier and after the second drier
and used to calculate particle penetration and losses. For parti-
cle sizes reported in this study and using a similar protocol of
combining size bins to collapse the data, it was found that the
average particle penetration was 97% for the sizes measured by
the SMPS and 99% for those measured by the Aerosizer. The
results of this evaluation, therefore, showed very little losses
in the size ranges finally used in this study. The largest losses
were found in the size ranges above 2 µm, which were not used
here.

To illustrate the progression of the data analysis, results pre-
sented here are for the morning exposure session of (female)
subject C. Similar analyses were performed for each subject.
Figures 5a and b show the average inhaled particle counts per
session, Pinh

i, j , and the standard deviations for subject C measured
during the morning session by the SMPS and Aerosizer, respec-
tively. The error bars represent the standard deviations calculated
with the averaging of the 14 inhalation cycles. As expected,
particle counts inhaled increased with decreasing particle size,
reaching a maximum count of about 30,000 at around 95 nm
(aerodynamic diameter). Figures 6a and b show the average ex-
haled particle values, Pexh

i, j , for subject C measured during the
morning session by the SMPS and the Aerosizer, respectively.
The maximum number concentration of exhaled particles was
about 23,000, also corresponding to the 95 nm particles. Similar
graphs were generated for each exposure session; however, only
subject C (morning session) data are included as representative
of all sessions.

Using Equations (3) and (4), the Pexh
i, j values were corrected

to account for the filtered air baseline measured for each subject
during his or her exposure session. Ambient/inhalation and ex-
halation apparatus were identical to minimize potential particle
loss differences between the two systems. Note that the appara-
tus schematic is not to scale (Figure 3). The losses on the tubing,
therefore, were assumed to be similar on both sides. Losses to
the system were evaluated by measuring the particle count dif-
ference in the entrance and exit of the diffusion drier. These
differences were found to be much smaller than the variability
in particle concentrations of the ambient air. A more thorough
evaluation of these losses could be performed using more sta-
ble particle concentrations to avoid the variability of ambient
concentrations.

Figure 5. (a) Average inhaled particle values, Pinh, measured
for subject C (63.5–542.7 nm, morning session). (b) Average
inhaled particle values, Pinh, measured for subject C (600–
2045 nm, morning session).

Figure 7 shows the ambient particle deposition efficiencies
for aerodynamic diameters 63.5–2045 nm for subject C during
the morning exposure session. The error bars were determined
using the standard deviation of the inhalation and exhalation
measurements in Equation (7). The minimum deposition effi-
ciency measured by the SMPS was 13.4% corresponding to the
size range 173–197 nm, while the maximum was 35.0% for the
range 63.5–72.6 nm. For the Aerosizer data, the minimum ef-
ficiency (48.2%) was measured in the size range 617–741 nm
and the maximum (98.4%) was measured in the range 1545–
2045 nm. A recent stochastic lung deposition model (Salma et al.
2002) used to compute total deposition in the respiratory system
for a Caucasian male during sitting (VT = 750 ml) and light ex-
ercise (VT = 1250 ml) activities found the minimums to be about
17% occurring at about 450 and 350 nm, respectively. A similar
pattern of the minimum efficiency occurring at decreasing Dp

with increasing activity level (as determined by higher respi-
ratory parameters) was reported for female subjects. At 40 nm
(aerodynamic diameter), the deposition efficiency was estimated
at 50% for these two activity levels. This value agrees well with
the average deposition efficiency of 46% found by our study for
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Figure 6. (a) Average exhaled particle values, Pexh, measured
for subject C (63.5–542.7 nm, morning session). (b) Average
exhaled particle values, Pexh, measured for subject C (600–
2045 nm, morning session).

particles 63.5–72.6 nm. An experimental study of environmen-
tal tobacco smoke deposition (100–600 nm) was conducted for
15 nonsmokers with spontaneous nasal breathing, and it showed
a uniform particle deposition with an average value of 56.0 ±
15.9% (Morawska et al. 1999). This efficiency is higher than
that found by our study, 24.2 ± 11.7% for 98.2–400 nm (SMPS

Figure 7. Ambient particle deposition efficiency calculated
for subject C (63.5–2045 nm, morning session).

data only). Another study (Strong et al. 1994) using prescribed
breathing patterns by 9 nonsmoker male subjects found a depo-
sition efficiency of 59 ± 10% for nasal breathing of aerosol with
an activity median aerodynamic diameter (AMAD) of 0.21 µm.
In contrast, our study found an average deposition efficiency
of 19.1 ± 11% for particles of 203.8–232.8 nm aerodynamic
diameter. The deposition efficiencies determined by the above
experimental studies, including this one, are higher than those
previously reported. For example, an experimental study was
conducted using monodisperse airborne d-2-ethylhexyl sebacate
(DES) droplets in the size range from 0.2 to 1 µm (Heyder et al.
1973). That study found deposition efficiencies of about 10%
with no particle size of minimum deposition and no differences
in the average deposition of the four subjects studied. A sub-
sequent study by the same research group (Heyder et al. 1986)
used monodisperse aerosols of a wider size range (5–1500 nm).
That study found minimum depositions of 15% at 200 nm using
unit density spheres and 1000 cm3 tidal volume during nasal
breathing. Considering that particles in this study are expected
to be hygroscopic, it is possible that they might have grown in
the lung as much as two-fold, affecting their deposition effi-
ciency. Once exhaled and passed through the drier, however, the
enlarged particles might have reduced to their original size. Ad-
ditional experiments eliminating the driers could help determine
the extent of this effect.

Figure 8 shows the experimentally determined ambient par-
ticle deposition efficiencies for all subjects. In general, subjects
displayed similar deposition patterns, with minimum deposition
efficiency at about 200 nm. As expected from particle deposition
theory, results from ANOVA and mixed-model regression anal-
yses showed significant differences (p < 0.05) in particle depo-
sition efficiency by particle size (Table 4). Likewise, there were
significant differences in mean deposition efficiencies among the
subjects. Generally, deposition efficiencies varied most among
the subjects for particles between 100 and 1000 nm in size. Dif-
ferences in deposition efficiency were especially pronounced
for one subject (Subject D) who had significantly higher rates
of deposition than the other subjects for all particles less than
700 nm in size (p < 0.0001). Due to the small sample size of

Figure 8. Ambient particle deposition efficiency (63.5–
2045 nm) for all subjects.
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Table 4
Results of mixed-model regression analyses of mean deposition efficiency by particle size and subject

da (nm)
Subject Session 42.9 51.4 61.5 73.7 88.2 106 126 151 181 217 259 311 372 676.5 851.5 1075 1350 1780

A PM 0.45 0.40 0.37 0.31 0.26 0.22 0.19 0.22 0.19 0.17 0.26 0.27 0.32 0.47 0.56 0.70 0.88 0.99
B AM 0.55 0.49 0.40 0.33 0.27 0.24 0.26 0.26 0.27 0.28 0.37 0.34 0.35 0.46 0.61 0.75 0.92 0.99
C AM 0.35 0.29 0.23 0.17 0.15 0.14 0.13 0.17 0.29 0.26 0.18 0.20 0.16 0.46 0.57 0.73 0.91 0.98
C PM 0.45 0.38 0.30 0.20 0.11 0.07 0.12 0.12 0.13 0.18 0.23 0.21 0.26 0.28 0.40 0.56 0.76 0.94
D AM 0.52 0.49 0.43 0.42 0.41 0.41 0.44 0.46 0.49 0.45 0.45 0.48 0.42 0.47 0.55 0.65 0.81 0.98
D PM 0.50 0.45 0.37 0.33 0.30 0.35 0.27 0.22 0.19 0.23 0.23 0.27 0.26 0.14 0.26 0.55 0.79 0.94
E PM 0.28 0.17 0.20 0.24 0.21 0.16 0.15 0.09 0.07 0.15 0.10 0.11 0.19 0.32 0.48 0.67 0.90 0.99
F PM 0.47 0.40 0.33 0.26 0.21 0.16 0.10 0.10 0.11 0.19 0.15 0.18 0.29 0.43 0.54 0.70 0.81 0.94
MEAN 0.45 0.38 0.33 0.28 0.24 0.22 0.21 0.21 0.22 0.24 0.25 0.26 0.28 0.38 0.50 0.66 0.85 0.97
CV (%) 20.1 28.2 24.4 28.5 38.5 51.3 54.4 58.6 61.0 41.0 46.6 43.7 29.6 32.3 23.4 11.1 7.2 2.4

aShaded areas indicate deposition efficiencies significantly different from mean deposition efficiency of other subjects using mixed models
(α = 0.05).

bItems in bold indicate significant fixed subject effect using mixed models (α = 0.05).

this study, it was not possible to determine accurately whether
there were differences in deposition efficiency due to gender;
however, based on average values calculated for each gender,
there were no significant differences between males and fe-
males observed in our study as previously reported (Kim and
Hu 1998; Jaques and Kim 2000). The effect of breathing pattern
was also investigated in more depth in the study by Jaques and
Kim (2000), where they found that for a given breathing pat-
tern the TDF increased as particle size decreased for a narrow
size distribution in the ultrafine fraction (0.040–0.10 µm). This
was true regardless of breathing pattern used. These results also
showed that for a given particle size TDF increased with an in-
crease in tidal volume and a decrease in respiratory flow rate.
The effect of smoking has been discussed in previous work by
McCawley and Lippmann (1988), where they found that small-
airways disease in smokers was related to inhomogeneities of
airflow and affected the pattern of particle deposition in the lung.
They found that the relative peak height (ψp) and the time be-
tween inhaled and exhaled peaks (ψs) were the only two indexes
that showed significant differences. In the study presented here,
only healthy nonsmokers participated; however, no information
regarding their lung health was obtained to incorporate in these
evaluations. A closer look at this issue could also shed some
light on the differences observed.

A comparison between the experimentally determined depo-
sition efficiencies and those of the ICRP model was conducted.
Reference parameters for female and male subjects were used
assuming a “sitting” activity level (tidal volume of 464 ml and
750 ml for female and males, respectively). These values were
selected based on the activity level even though the values listed
under the ICRP model closest to our subjects corresponded to
a “light exercise” activity level (tidal volume of 992 ml and
1250 ml for females and males, respectively). Since spontaneous
breathing was used in this study, an assessment of the variability
in intra- and intersubjects breathing patterns was conducted. The

coefficients of variability (%CV) for the tidal volume (ml) were
19.2% and 31.4% for females and males, respectively. Similarly,
these coefficients were 8.6% and 15.2% for the Minute Volume
(ml/min) for females and males, respectively. The intravariabil-
ity of the tidal volume for a female subject was evaluated at
15.8%, while for a male subject it was 27.2%.

The results of the ICRP model and the experimental results
for female and male subjects are shown by Figures 9a and b,
respectively. The minimum deposition efficiency estimated by
the model was at 400–500 nm, while our results show min-
ima between 200 and 400 nm, with average minima of about
200–300 nm for females and about 300–400 for males. This
difference may be due to the fact that our ambient particles are
hygroscopic (Tu and Knutson 1984; Schroeter et al. 2001). Al-
though limited, the available chemical analysis data for these
ambient particles (see Table 5) suggests that particles include
hygroscopic components such as sulfate. Conducting controlled

Table 5
Ambient parameters during morning session of subject C

Particle TEOMa Black
count corr. CO carbon Sulfate

Session (103 #/cm3) (µg/m3) (ppm) (µg/m3) (µg/m3)

Afternoon 36250 9.5 0.3 1.06 3.28
Morning 21250 11.8 0.4 1.22 5.67
Morning 34800 8.0 0.3 1.49 3.45
Afternoon 39833 14.8 0.4 1.65 3.02
Morning 53300 17.6 0.5 2.70 3.02
Afternoon 18767 15.1 0.3 0.95 2.60
Afternoon 16100 11.6 0.3 1.07 5.67
Afternoon 38100 8.1 0.3 1.21 3.45

aCorrected fine mass measured with a tapered element oscillating
microscale (TEOM).
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Figure 9. (a) Comparison of particle deposition efficiency for female subjects and ICRP model (63.5–2045 nm). (b) Comparison
of particle deposition efficiency for male subjects and ICRP model (63.5–2045 nm).

exposure studies using monodisperse particles of known hygro-
scopic compositions (e.g., NH4NO3, (NH4)2SO4, NaCl) would
probably address some of these discrepancies by providing a
baseline for well-characterized particles. However, the particles
in this study are not expected to be homogenous in composi-
tion, even within a same size range. A previous study (Peters
et al. 1995) where data from a SMPS and APS were merged
found that the best data merging happened when a density of
1.3 g/cm3 was assumed for the conversion of the SMPS data.
This value corresponds to the density of wet ammonium sul-
fate aerosol, which agreed with the results of their more ex-
tensive chemical analysis. The use of the 1.7 g/cm3 density
value in this case, although not necessarily accurate, was meant
to illustrate the type of adjustment that is required for han-
dling data from two instruments using different mechanisms
for measuring a particle diameter. Similarly the unprescribed
nature of the breathing patterns could have introduced some

error, particularly since some averaging was necessary for data
reduction and the evaluation of both inhaled and exhaled parti-
cle concentrations. The hygroscopicity of these particles would
directly impact their water uptake and subsequent deposition
once they were in the respiratory tract. In the case of parti-
cles larger than the minimum diameters (200–500 nm) shown
in Figures 7 through 9, the deposition will increase, while the
opposite will happen for particles of diameters smaller than the
minimum.

Overall, the ICRP model seems to predict deposition efficien-
cies well for ambient particles<400 nm for both male and female
subjects. A slightly better fit seems apparent for male subjects,
but that may be due to the larger sample number. For ambient
particles >676 nm, the ICRP model seems to underpredict depo-
sition efficiencies for both genders. This underprediction may
be due to the hygroscopicity of the ambient particles, which
would enhance their deposition efficiency but is not accounted
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for in this ICRP model prediction (Broday and Georgopoulos
2001). Differences in test particles (i.e., composition) as well as
intersubject variability in airway morphology and differences in
breathing patterns used in the ICRP model and our study may
also account for these differences (Hofmann et al. 2002; Heyder
et al. 1986; Schulz et al. 2000; Lippmann 1977).

CONCLUSIONS
In this article the development and implementation of a method

to determine deposition efficiency of ambient particles in the hu-
man respiratory tract experimentally were presented. Subjects
performed natural nose breathing. Deposition efficiency results
showed intrapersonal as well as interpersonal variability. Com-
parison with the ICRP model showed good agreement, partic-
ularly in the range of particle sizes <400 nm. Results reported
by this study were based on exposures to polydisperse and hy-
groscopic ambient aerosols as well as on unscripted breathing
patterns. To the best of the author’s knowledge, this is the first
time that all of these realistic conditions have been combined
for the determination of particle deposition efficiencies in the
human respiratory tract.
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