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Regional Deposition of Inhaled Fog
Droplets: Preliminary Observations

by Stephen M. Bowes, lll,* Beth L. Laube,’
Jonathan M. Links," and Robert Frank®

The regional deposition of a monodisperse 10-um mass median aerodynamic diameter fog was
studied in four healthy adult male nonsmokers. The fog was radiolabeled with technetium-99m sulfur
colloid to enable detection by an Anger camera of deposited activity in the following regions of the
respiratory tract: oropharynx, larynx, trachea, and intrapulmonary airways. Intrapulmonary depo-
sition was further analyzed by computer with inner, intermediate, and outer zones, and within apical,
intermediate and basal zones of the right lung. The radiolabeled aerosol was inhaled by mouth
through a face-mask with the nasal airway occluded. Respiratory frequency, tidal volume, and jaw po-
sition were controlled and were commensurate with the oral component of oronasal breathing during
moderate exercise. Deposition in the larynx, trachea, and intrapulmonary airways was a function of
the scrubbing efficiency of the oropharynx, which differed substantially among subjects, and ranged
from 72 to 99%. The density of the aerosol deposit in the larynx probably exceeded that of any of the
subdivisions of the tracheobronchial tree and lung. Within the lung, deposition favored the inner zone
(assumed to contain the larger airways) over the outer zone (assumed to be dominated by smaller
airways and alveoli). Intrapulmonary aerosol distribution in an elderly subject with borderline
evidence of airway obstruction differed from that observed in younger subjects. The possible conse-
quences of altered lung elastic recoil, as may occur with aging, for regional dosimetry is discussed.

Introduction

Ambient fog can be strongly acidic. Most of this
acidity is attributable to sulfuric (HoSO4) and nitric
(HNO3) acids, although volatile organic acids may
play a contributory role (I). The relative contributions
of sulfate (SO4) and nitrate (NOg) to fog acidity varies
geographically (Table 1). The NOj3:SO4 ratio is
generally less than 1 in the northeastern and mid-
western United States. The reverse is true in the Los
Angeles Basin, where NOg is the dominant species.

Fog is highly unstable. The water content of fog
droplets, hence their size and pH, is subject to continual
spatial and temporal variation. When water vapor
condenses on preexisting nuclei and fog begins to
form, the droplets are relatively small and their pH is
low (Table 2). As water vapor condensation continues,
the droplets increase in size and pH. Later, when evap-
oration begins, the process is reversed and the fog dis-
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sipates. In a mature fog, droplet growth and shrinkage
may occur continuously as the air temperature
fluctuates.

The degree to which acidic fog penetrates beyond the
oropharynx should influence its potential hazard to
health. Our objective was to characterize regional dep-
osition within the human respiratory tract of mono-
disperse fog droplets inhaled by mouth at a ventilatory
rate commensurate with moderate exercise. We selected
a 10-um mass median aerodynamic diameter
(MMAD) aerosol as one more likely to typify the early
and late stages of fog, when pH is relatively low. We
used a monodisperse aerosol to better compare the re-
sults with both predictive deposition models and em-
pirical studies, which generally used monodisperse
aerosols. Preliminary observations on four healthy
male adults are presented and the results should there-
fore be regarded as tentative.

Methods

The four volunteers in this study were healthy adult
male nonsmokers. The timed, forced vital capacity
(body temperature, pressure, saturated) was measured
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Table 1. Chemical and physical properties of acid fog.

Liquid water [H*] as equivalent
Location pH NO3/S04 content, g/m* [H2S04], pg/m’ [HNOs), pg/m’
Bar Harbor, ME (30) 2.90 0.3 - - -
Los Angeles, CA (31) 2.66 2.2 0.14 15 19
2.16 6.1 0.11 37 48

Table 2. Fog droplet average diameter (32).

Stage Size, um
Fog formation 8-12
Mature fog 10-20
Fog dissipation 8-16

with an 8-L survey spirometer (Warren E. Collins,
Inc.) with the subjects seated. The test was performed
and recorded as recommended by the American
Thoracic Society (2). The experimental protocol was as
follows. After the pulmonary function tests, a xenon
ventilation image was obtained on the subject to iden-
tify lung borders. Next, the subject inhaled a 10-um
aerosol labeled with technetium-99m (®°mTc) sulfur
colloid during controlled breathing. After rinsing the
activity from the oral airway, the subject stood before
an Anger camera for imaging of the lateral skull and
lungs. The images were analyzed by computer to
evaluate the regional distribution of the radioaerosol.
Each step is described in detail below.

Ventilation Image

A ventilation image was obtained to identify lung
borders and enable subsequent matching of regional
ventilation and aerosol distribution. The subject in-
haled xenon-133 gas through a face mask while stand-
ing in front of a large-field Anger camera (Technicare
model 110) equipped with an all-purpose parallel hole
collimator. Subjects breathed the radiogas for 90 sec to
promote penetration throughout the lung. A 600,000
count image of the anterior lung was acquired by
computer (Technicare model 450) in a 256 x 256 picture
element (pixel) matrix and stored on magnetic tape.
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Aerosol Generation and Administration

The inhalation method is shown schematically in
Figure 1. A 10-um MMAD monodisperse aerosol was
generated from a sterile suspension of technetium-99m
sulfur colloid in saline with a modified spinning top
aerosol generator (3,4). The aerosol was diluted with
humidified air (200 Lpm, 25°C, 98-99% relative hu-
midity) and flowed through flexible tubing to a face-
mask held by the subject against his face. The mask was
designed to separate oral and nasal airflow and to
minimize distortion of the oral and nasal airways.
The particle size distribution was measured at the face-
mask using a factory-calibrated aerodynamic particle
sizer (TSI, Inc.). A typical particle size distribution is
presented in Figure 2.

Breathing Pattern and Oral Airway
Configuration

With the face mask in position, and prior to the ad-
ministration of the radioactive aerosol, the subject
breathed clean air by nose. Inhalation of radioaerosol
began by occluding the nose port, and the subject
breathed the radioaerosol entirely by mouth. Respira-
tory frequency and tidal volume were fixed at 24
breaths/min and 1 L, respectively. These levels are
commensurate with the oral component of oronasal
breathing during moderate exercise (5). Respiratory
frequency was controlled with the aid of a metronome.
Tidal volume was measured with an inductive pleth-
ysmograph (Respitrace, Ambulatory Monitoring,
Inc.). The signal from the plethysmograph was re-
corded (Model 7D Polygraph, Grass Instruments, Inc.)
and displayed on an oscilloscope (2215A, Tektronix,

Plastic Bit
Between Molars

Inductive
/ Plethysmograph

To recorder,
oscilloscope

A Metronome

FIGURE 1. Monodisperse aerosol generator and inhalation apparatus showing valve to nasal compartment of face mask closed off. See text for

details.
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FIGURE 2. Distribution of particle mass (mg/m3) as a function of aero-
dynamic particle diameter (um) from the spinning top generator
measured at the face mask. Droplets consist of 9mTc sulfur colloid
in isotonic saline. MMAD = 10.3 um, geometric SD = 1.1. Range of
particle size in the four experiments was 9.6 to 10.3 um, MMAD;
geometric SD in all studies was 1.1.

Inc.). The subject used the oscilloscopic display to con-
trol tidal volume. The position of the jaw was fixed by
means of a plastic bit (1 cm long, 3-5 mm diameter)
placed between the molars. This placement was in-
tended to reproduce the vertical distance (1-2 mm)
between anterior incisors observed during earlier
treadmill exercise of the subject when his ventilation
level was about 45 to 50 L/min.

Radioaerosol Inhalation

Inhalation of the radioaerosol lasted 4 to 10 min
depending on the concentration of radioactivity in the
aerosol. The concentration of radioactivity in the aero-
sol was measured prior to inhalation by drawing a
known volume of aerosol through a filter and count-
ing the filter activity. Immediately following radio-
aerosol inhalation, the subject gargled and rinsed his
mouth several times with water, then swallowed water
to clear esophageal activity to the stomach. The rinse
was collected in a container for subsequent counting.
Total inhaled activity ranged from 82 to 534 micro-
curies (uCi).

Aerosol Deposition Imaging

Following the mouth rinse, the subject stood in front
of an Anger camera for imaging of the left lateral skull
and anterior and posterior chest. The left lateral skull
image was used to assess oropharyngeal and laryngeal
deposition. The chest image was used to assess tracheal
and intrapulmonary deposition and stomach activity.
The Anger camera images were acquired in a 256 x 256
pixel matrix and stored on magnetic tape for analysis.
Each imaging procedure lasted from 2.5 to 20 min
depending upon the total amount of radioactivity
deposited in the subject.

Images of the left lateral skull and anterior and
posterior chest were processed in a 64 x 64 pixel matrix
using a computer (Informatek SIMIS). Activity de-
tected in the lungs, stomach, and trachea was adjusted

to compensate for camera sensitivity and tissue atten-
uation based on the conversion equation of Macey and
Marshall (6). Activity detected in the oropharynx and
larynx was adjusted by dividing detected activity by
left lateral skull sensitivity. Left lateral skull sensitivity
was determined by counting a known amount of
99mT¢ (5-10 uCi), which was placed in the back of the
subject’s mouth as a point source.

Total aerosol deposition was determined from the
sum of activity in each region of interest (oropharynx,
larynx, trachea, intrapulmonary region, and stom-
ach). For all analyses of anatomical aerosol distri-
bution, deposition in the oropharynx was taken as the
sum of the activity in the mouth rinse, stomach, and
oropharynx after rinsing. Deposition within a region
was expressed as a percentage of total deposition.

The adult larynx has been described as an irregular
tube, about 4 to 5 cm long, bent anteroposteriorly,
which extends from the epiglottal tip to the inferior
border of the cricoid cartilage (7). In this analysis,
laryngeal deposition was defined as the activity de-
tected between the prominence of the thyroid cartilage
(the approximate level of the true vocal cords) and the
inferior border of the cricoid cartilage. The prom-
inence of the thyroid cartilage was marked using a
point source of radioactivity and the marker activity
was recorded on the left lateral skull image. The dis-
tance between the thyroid cartilage prominence and
the inferior border of the cricoid cartilage was mea-
sured for each subject and transferred to the deposition
images to define the laryngeal region of interest.

Determination of Intrapulmonary
Aerosol Distribution

The anterior image of deposition in the right lung
was divided into inner, intermediate, and outer zones
by computer. The zones were circular crescents divid-
ing the radius of the right lung into three equal seg-
ments. The zones were generated on the xenon venti-
lation image and aligned with the aerosol image by
reference to radioactive point sources taped to the skin
during both imaging procedures. The left lung was
not used for this analysis because its inner and inter-
mediate zone activities were attenuated by the heart in
the anterior view. Counts within each of the three
lung zones were divided by the number of pixels in
each zone, yielding mean counts/pixel. We assumed
that the inner zone contained most of the large air-
ways through the fifth bronchial generation accord-
ing to Weibel’s model (8) and that the outer zone con-
sisted almost entirely of peripheral airways under 2
mm internal diameter and alveoli.

Apex-to-Base Deposition

Deposited activity within apical, intermediate, and
basal zones of the right lung was analyzed by com-
puter in a similar fashion. The zones were obtained by
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dividing the distance between the highest and lowest
points of the right lung into three equal segments.
Counts within each zone were divided by the number
of pixels in the zone, yielding mean counts/pixel.

Frequency Distribution Analysis

Frequency distribution histograms were con-
structed for each aerosol deposition image, with the
number of pixels with a given count value expressed as
a percent of total lung pixels on the y-axis and the
count values on the x-axis. This method of image
a{lalysis has been described in detail elsewhere (9). The
histograms were analyzed for mean counts per pixel,
standard deviation, and skew (a dimensionless mea-
sure of histogram asymmetry). For this analysis,
deposition in the trachea was included with deposition
in the lungs.

Results

The subjects’ age, height, and spirometric data are
presented in Table 3. Subject 2, the oldest in the group,
had an FEV{/FVC ratio that was borderline normal.
He had a history of asthmatic bronchitis approxi-
mately 30 years earlier. The bronchitis had remitted
entirely and, at the time of this study, he was
asymptomatic.

The distribution of aerosol deposition by anatomical
division as a percentage of total deposition is presented
in Table 4. In subjects 1 and 3, oropharyngeal uptake of
the inhaled aerosol equaled or exceeded 95%. In subjects
2 and 4, the oropharynx was a less efficient scrubber:
Fractional penetration was greater than 25%.

The intrapulmonary aerosol distribution is shown
in Table 5. The ratio of counts per pixel in the inner to
outer zone of the right lung (I:0) exceeded 1.0 in the

Table 5. Intrapulmonary 10-um aerosol distribution.

Inner: outer Apical: basal
Subject zone ratio zone ratio Skew?*
1 2.27 0.72 1.00
2 4.85 0.38 1.21
3 ND® ND ND
4 1.63 1.12 0.79
Mean 2.92 0.74 1.00

?Analysis of skew includes trachea.
®ND, nondetectable activity.

three subjects in whom the analysis was possible (Sub-
ject 3 had no detectable lung deposition of radioaerosol).
It was more than twice as high in the elderly subject
(subject 2) with borderline evidence of airway obstruc-
tion as in the two young adults. The Anger camera
images of deposition in the intrapulmonary region
and trachea of subjects 1 and 2 are shown in Figures
3A and 3B, respectively.

Discussion
Oropharyngeal Deposition

The oropharyngeal deposition efficiency (DEg) in
this study ranged from 72 to 99% (Table 4) with the jaw
position fixed and no mouthpiece. Predicted DEq for
these conditions, based on a previous study (10) in
which DEg was measured during oronasal breathing
without recourse to a mouthpiece, ranged from 0.9 to
1.0, although breathing frequency in earlier experi-
ments was lower. Others have studied DEgy during
oral breathing through mouthpieces which were 1 to 2
cm in diameter and were held between incisor teeth
(11-14). Their findings, under different experimental
conditions, predict DEg ranging from 0.1 to 0.75 for
the breathing conditions in this study.

Table 3. Age, height, and spirometric data for male, nonsmoking subjects.

Subject Age, Height, FVC FEV,
number years cm Observed, L % Predicted Observed, L % Predicted FEV,/FVC, %

1 30 180 7.24 134 5.50 126 76

2 66 178 3.712 89 2.59 79 70

3 35 183 5.79 107 4.51 104 78

4 22 183 5.81 109 4.68 102 81

Table 4. Distribution of 10-um aerosol deposition by anatomical division.
Regional deposition efficiency, as percent of:
Aerosol entering oropharynx Aerosol entering trachea
Subject number Subject number

Site 1 2 3 4 1 2 3 4
Oropharynx 95.2 4.3 99.4 72.8
Larynx 04 0.9 0.6 3.2
Trachea 0.4 1.5 ND?* 3.3 9.1 6.0 ND 13.8
Lung 4.0 23.3 ND 20.7 90.9 94.0 ND 86.3

2ND, not detected.
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FIGURE 3. Anger camera images (anterior view) of intrathoracic distribution of inhaled 10 um MMAD %mTc sulfur colloid droplets in (4) subject 1
and (B) subject 2. Droplets deposited primarily in the trachea and larger bronchi (inner zone) of subject 1, but penetrated to more peripheral
airways (outer zone) in subject 2. Due to differences in oropharyngeal filtration efficiency, subject 1 had less aerosol deposition in his lower
airways than subject 2. Stomach activity from the swallowed oropharyngeal deposit is visible in the lower right quadrant of each image below the
left lung. Laryngeal activity is visible in subject 2 at the top of the image.
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DEg in this study was greater than predicted for
mouthpiece breathing and was similar to that pre-
dicted for oronasal breathing, probably because the oral
airway had a more natural configuration (no
mouthpiece). The configuration of the oral airway
influences airflow pattern and particle deposition, and
can vary considerably, depending on the position of
the lips, teeth, tongue, and soft palate. Our rationale for
placing a plastic bit between molar teeth was to control
the position of the jaw and teeth to positions observed
during unfettered breathing in exercise. Insofar as
this constraint may have affected the position of the
tongue, particularly its relationship to the soft palate,
the configuration of the oropharynx may have
deviated from that occurring during natural oro-
nasal breathing. Direct visualization of the orophar-
ynx, including the soft palate, could resolve this
question.

Laryngeal Deposition

Laryngeal deposition efficiency ranged from 0.4 to
3.2% of the total (Table 4). Although the Anger camera
used in this study lacked the resolution to delineate
specific laryngeal subsegments, the tissue dose in the
larynx was probably highest of any area of the res-
piratory tract due to its small surface area and rela-
tively high mass loading. We are unaware of any
comparable measures of laryngeal deposition efficiency
(DE}) in vivo, although there have been several studies
of deposition in laryngeal casts. Our observations of
DE| were lower than values predicted by cast studies
(15). Since some of the laryngeal deposit might have
been rapidly cleared and swallowed during the lung
imaging procedure (and would have been included as
oropharyngeal deposit), DE; might have been under-
estimated in our study.

The larynx is heavily endowed with both irritant
and mechanoreceptors, especially in the subglottal
region (16). The relatively high dose to the larynx of
subject 4 may therefore provide a basis for the respira-
tory symptoms or bronchoconstriction that may ac-
company exposure to acid fog (17), particularly since
the neutralization of an inhaled acid aerosol by en-
dogenous gas-phase ammonia would be less complete
in the larynx than more distally in the respiratory
tract (18,19).

Tracheal Deposition

From 6 to 13% of the aerosol entering the trachea
deposited in the trachea in the three subjects with
detectable deposition. These values were within the
range expected based on previous studies in vivo (20),
but were lower than predicted by earlier studies in casts
of the larynx and tracheobronchial tree (15),
assuming a tracheal lumen diameter of 1.7 cm for our
subjects.

Deposition in Intrapulmonary Airways

For the three subjects with detectable deposition
beyond the larynx, 86 to 94% of this activity was found
in the intrapulmonary airways and the remainder
was in the trachea. These values are within the range
expected based upon previous studies which sub-
divided the lung into tracheobronchial and alveolar
regions (14). It is not possible to compare our observa-
tions with models which predict deposition within
individual bronchial generations (21).

Intrapulmonary Distribution

Since respiratory frequency and tidal volume were
kept constant, it may be inferred that differences
among the subjects in aerosol distribution beyond the
larynx were related to dimensional differences in their
lower airways. The high values for I:0 ratio and skew
seen in subject 2 suggest that minimal constriction of
the large airways as detected by conventional spi-
rometry can be associated with significant changes in
regional dosimetry. We and other investigators (20,
22-25) have shown that airway obstruction can be a
major determinant of aerosol deposition within the
human lung. A possible basis for the airway narrow-
ing in subject 2 is the loss of lung elastic recoil that ac-
companies aging (26,27). It is reasonable to hypothe-
size that aging, by affecting respiratory mechanical
behavior, may alter regional dosimetry and, hence, the
response to inhaled pollutants. Additional experiments
are necessary to test this hypothesis.

Coarse Versus Fine Aerosol

We have reported earlier on the intrapulmonary
distribution of a polydisperse fine radioaerosol that
was inhaled at a flow of 0.5 L/sec starting at 50% vital
capacity and continuing to total lung capacity in
healthy male subjects (9). While the results are not
directly comparable with those obtained during the
cyclic respiration in the present study, the differences
in intrapulmonary distribution observed between the
two aerosols are consistent with modeling theory. Table
6 shows a complete lack of overlap in values of I:O ratio
and skew for the fine and coarse droplet aerosols in the
right lung. The lower range of values seen with the
fine aerosol are consistent with more peripheral (lower
I:O ratio) and more homogeneous (lower skew) pat-
terns of deposition. The average apical:basal zone ratio
of 0.69 for the fine aerosol is remarkably close to the
upper/lower zone ventilation ratio of 0.70 reported by
Hughes and Amis (28). The latter represents an aver-
age value based on a variety of methods and radio-
isotopes used to assess regional ventilation in erect
subjects. The apical:basal zone ratio for the coarse aerosol
was widely divergent among our three subjects. Of the
three vertical subdivisions of the right lung, deposi-
tion in the middle portion was greatest for both aero-
sols (not shown in Table 6).
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Table 6. Intrapulmonary distribution of coarse versus fine aerosol
in normal volunteers.

Inner: outer Apical: basal

Aerosol n zone ratio zone ratio Skew?
Coarse®

Mean 3 2.92 0.74 1.00

Range 1.63-4.85 0.38-1.12 0.79-1.21
Fine®

Mean 9 1.12 0.69 0.39

Range 0.82-1.30 0.59-0.82 0.25-0.63

#Analysis of skew includes trachea.
®Coarse, 10 um MMAD.
°Fine, 1 um MMAD.

Droplet Stability

We doubt that changes in droplet size occurred
following inhalation that would influence deposition
site. An inhaled isotonic saline droplet at a relative
humidity (RH) of 98% would be expected to increase in
mass 10% to reach equilibrium at respiratory tract
conditions of 37°C and 99.5% RH (29). For a 10 um
droplet, this change in mass would increase particle
diameter less than 5%, a change too small to affect the
site of deposition. Although the inhaled aerosol was not
saturated with water vapor when inhaled (RH = 98%),
it is possible that super-saturation could have occurred
during inspiration as water diffused into the inhaled

bolus of air more quickly than when the bolus was

warmed (29). The effect of such transient super-satu-
ration on the site of deposition is unknown.

This work was supported in part by grant ES03871 and Center grant
ES03819 from the National Institute of Environmental Health Sciences.
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