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The Effect of Particle Size on the Regional Deposition

of Inhaled Aerosols in the Human Respiratory Tract

MORTON LIPPMANN, Ph.D., and ROY E. ALBERT, M.D.

New York University Medical Center, Institute of Environmental Medicine,
550 First Avenue, New York, New York 10016

@ The cffect of particle size on the regional deposition of acrosols inhaled through

the mouth was determined in 93 studies on 34 subjects. The test acrosols were
spherical monodisperse insoluble iron oxide particles (specific gravity 2.5) containing
radioactive tags, ranging in median unit density diameter from 2.1 to 12.5-microns
(¢ = 1.08). Particlcs dcposited on the bronchial trce were translocated to the stomach
by mucociliary clearance which was essentially complete within the first day. The
proportion of the initial lung burden of radioactive particles removed during the first
24 hours provided a functional nicasure of tracheo-bronchial deposition. A portion of
the inhaled aerosol was deposited in the head by impaction. As an impactor, the
tracheobronchial tree is more efficient. For each individual subject, head and wracheo-
bronchial deposition increased with increasing particle size. Alveolar depositions de-
creased with size for particles larger than 4-microns.

Introduction

NOWLEDGE OF THE regional de-

position of inhaled particles forms the
basis for estimating the quantity of inhaled
acrosol which reaches the various parts of the
respiratory tract and is therefore one of the
essential factors in the characterization of
the toxicity of airborne contaminants.

It has been long recognized that the depth
of penetration of an inhaled particle into
the respiratory tract is a function of its mass
(that is, size and density) and of the res-
piratory flow. However, relatively few studies
have attempted to relate these factors to
regional deposition. In mouth breathing
studies with monodisperse aerosols of tri-
phenyl phosphate in the size range 0.11 to

This paper is an abridgement of a doctoral thesis by the
senior author. This thesis has been accepted by the facuity
of the Graduate Division of the School of Engincering and
Science of New York University in partial {ulfillment of the
requirements for the degree of Doctor of Philosophy. This
investigation was supported in part by a project grant from
the U. S. Public Health Service, Grant UI.00484. It was
also aided by a wrant (rom the Americal Medical Association
Education and Kesearch Foundation. This work is part of
A center program supported by the National Imstitute of
E | Health Sci Grant ES 00260, -

6.3-inicrons in diameter, Landahl] et al'?
fractionated the exhaled a‘r into four sequen-
tial components. The residual airborne par-
ticle burdens in each component were pre-
sumed to have come from different lung
regions. The results obtained were compared
to predicted values for the same breathing
patterns obtained from Landahl's® previous
theoretical calculations. The agreement was
sufficiently good for the authors to conclude

"that the theoretical calculation was correct.

Brown et al.* studied regional deposition
during nose breathing, using china clay aero-
sols in narrow size ranges (g, = 1.23), with
count median diameters between 0.9 and
6.5-microns. They collected the exhaled air
in seven sequential components and used
CO; content of each fraction as a tracer tw
identify the region from which the exhaled
air originated. The validity of these data
depends on the accuracy of the association
between the various exhaled air fractions and
their presumed sources. The Brown data
have been questioned on the basis that the
CO, tracer diffuses much more rapidly
than the particles.® Hence, the measured

A-00831 -

Hunan Studies Project 1 1853723

PP

e v o e sen e

e Y y—

St e S

257
rerository _ VXYM E S~ ORNL.
COLLECTION g\'\u derc's T yes
) /r
BOX No. -
FOLDER InhClGxon



P

Alllnbratre

it A B,

PTG

PP LS

258

CO. values in the exhaled air may have
differed significantly from the corresponding
CO. concentration in the alveolar spaces,
causing an crror in the volume partitioning,
and minimizing the alveolar deposition,

Altshuler et al® cstimated regional  de-
position from mouth breathing experiments
in which mecasurements of both the concen-
tration of a monodisperse triphenyl phosphate
acrosol and the respiratory flow were made
continuously during individual breaths. Using
a continuous tubular filter bed model as a
theoretical analog for the respiratory tract,
they calculated regional deposition in the
upper and lower tract components for vari-
ous valuces of anatomic dcad spacc. The
upper tract penctration during inspiration,
pause, and expiration was derived {rom the
expired acrosol concentration corrected for
acrosol mixing. The particle size for max-
imum alveolar deposition was estimated to be
greater than 2-microns, but its value could
noi be determined, since only onc particle
greater than 2-microns was used in the ex-
periments.  The data from nose breathing
experiments of Brown et al.* had indicated
maximal alveolar deposition at about 1.6-
microns.

In this laboratory, we have been involved
in an extended series of experiments dealing
with the deposition and clearance of in-
soluble radioactive aerosols in humans and
donkeys by a method involving external
measurements of the gamma-emitting par-
ticles in the head, lung, and abdomen. Since
the initial studies on humans over a decade
ago. it has been evident that the method
could provide an assessment of regional lung
deposition because particles deposited on the
bronchial tree are cleared by mucociliary
action within a relatively few hours, while
particles that penetrate into the deeper and
nonciliated regions of the lung are removed
over a period of months.® Radioactivity
measurements of the head immediately after
inhalation can also provide estimates of the
fractional deposition in the nose or mouth,
depending on the mode of breathing.

After a method for generating monodis-
perse insoluble radioactive particles was de-
veloped,’ an initial series of experiments was

May-fune, 1569

done on 11 subjects who inhaled 5- or 2-
micron iron oxide parucles™®  These ex-
periments served to confirm the much carlier
observations on the characieristics of bron-
chial clearance, and also provided preliminary
estimates of regional deposition which differed
considerably from those reported by other
methods. Since then a much larger number
of experiments have been completed which
have also incorporated additional refinements
in the experimental technique.

The purposc of this paper is to present the
new experimental data, and also to describe
the cumulative results obtained 1o date with
monodisperse acrosols in order to define the
relationship of rcgional deposition to particle
size in the 2- to 8-micron particle size r.nge.
The experimental findings dealing with the
character of bronchial clearance will be de-
scribed in another paper.

Methods

The methods used for the gencration and
administration of the radioactive acrosols as
well as the mecasurcuient of chest activity
werc comparable in most respects to those
described earlier.'® However, as dctailed in
later sections, the methods differcd from the
previous study in the following respects:
(1) The arrangement of the scintillation de-
tectors was altered in order to obtain meca-
surements of chest activity that were less
dependent on the location of particles in the
lung; (2) the respiratory flow rates were
measured; and (3) many of the studies in-
volved the inhalation in rapid sequence of
two aerosols differing in particle size, each
aerosol having been tagged with a diiferent
isotope.

Generation and Charactcrization of

" Test Acrosols

The test aerosol in each inhalation was
composed of iron oxide spheres within a
narrow size range which were tagged with
either *™Au or **"Tc as a tracer. The aerosols
were produced with spinning-disc generators
which have previously been described.?** The
median diameters of the acrosols varied from
1.3 to 7.9-microns, and the geometric stan-
dard deviation averaged 1.08. The technique

o a4 B~ oA AP Ay e # o <t o 5\ 4n i £1ome $m = g O S e 9% 128 e S 4 ST

American 4

Ficure 1.
ject is breat.
respiratory v
zencrator b

of using 12
feed for a
insoluble
nonleachin
tags nas o
One spi
so that 1
applied 1c
using diffe
dirferent
feed suspe:
size and i
ing any o
generator.
described,
haled. Ir
inhalation
followed <
a l-minw
aerosol wi
_unaware ¢

185324



-June, 1969

‘d 5' or 3-
These ex-
wch earlier
s of bren-
preliminary
ich differed
| by other
or number
‘ted which
efinements

wwesent the
o describe
date with
define the
to particle
ize range.
with the
1l be de-

wtion and
2rosols as

activity
to those
rtailed in
from the
respects:
ition de-
iin mea-
vere less
s in the
‘es were
idies in-
ience of
e, each
lifferent

on was
ithin a
d with
1erosols
ierators
20 The
d from
C stan-
hnique

American Industrial Hyz'. « dssociation fournal

/

Figure 1. Simulated inhalation exposure. Sub-
ject is breathing through mouthpiece connected to
respiratory valve through side wall of spinning-disc
generator hnod enclosure.

of using tagged colloid suspensions as a liquid
feed for a spinning-disc generator to produce
insoluble monodisperse spheres containing
nonleaching gamma-emitting radioisotopz
tags has been described.’

One spinning-disc generator'® was set’ up
so that three different liquid feeds could be
applied to the disc in rapid succession. By
using different iron oxide concentrations and
different radioisotope tags in the different
feed suspensions, aerosols of different particle
size and tag can be produced without chang-
ing any of the operating parameters of the
generator. In thirty of the test runs to be
described, two different acrosols were in-
haled. In the most of these, a l-minute
inhalation of a smaller-sized aerosol was
followed after a 10- to 15-second pause by
a l-minute inhalation of a second, larger
aerosol with a different tag. The subject was
unaware of the timing of the beginning and
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Ficure. 2. Electron micrograph of iron oxide
particles {rom spinning-disc acrosol gencrator as
inhaled by volunteer subjects. An enlarged view of
the edge of one particle is shown at the right.

end of the aerosol gencration interval and
was concentrating on producing a uniform
breathing pattern throughout the entire
period. Thus, the two successive inhalations
at similar breathing conditions simulate a
simultaneous exposure, at least in terms of
the subsequent particle clearance.

Figure | shows a simulated inhalation ex-
posure. The subject inhales test aerosol from
the generator through a respiratory valve
connected within the hood enclosure to the
output duct.

The particle size distribution for each test
run was analyzed by sizing a representative
sample collected on a 25-mm-diameter disc
of membrane filter (Millipore, Type AA). A
minimum of 50 particles per sample were
sized, using a 90X apochromatic oil im-
mersion objective and a filar micrometer eye-
piece. Under the light microscope, the par-
ticles appeared to be solid spheres. Actually,
they were porous aggregates of smaller col-
loid spheres. The edges of the particles have
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Ficure 3. Respiratory flow tracing.

a very slight surface irregularity which can
be seen in the magnified view of the particle
edge at the right side of Figure 2. As re-
ported previously, measurements with a
Timbrell acrosol spectrometer demonstrated
that the density of the particles was 2.5
compared to the parent material density of
4.0 for iron oxide.”

Control and Measurement of
Respiratory Variables

The subject regulated his breathing pattern
to conform to audible and visible signals. "A
breathing frequency of 14 respirations per
minute was maintained constant in all runs.
A solenoid-actuated three-way l-inch bail
valve controlled by an electrical timer sep-
arated the inhaled and exhaled air, permit-
ting the subject to inhale particles from the

output duct of the acrosol gencrator and to

direct his exhaled air through a filter canister
and dry gas meter. The subject’s inspiratory
and expiratory flow rate was mcasured with
a small heated film anemometer scnsor
(Thermo-Systems, Inc., 2500 Cleveland Ave.

May-June, 1969
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Ficure 4. Positions of radiation detectors within

cylindrical collimators relative to chest phantom or’

subject.

N,, St. Paul, Minnesota 53113) located in
the common port of the respiratory valve
(that is, between the rotating ball of the
valve and the mouthpiece). The pancl meter
of the power unit controlling the sensor was
visible to the subject during the run, per-
mitting him to control his inspiratory flow
rate at approximately the desired level. The
flow transducer output signal was a voltage
lincarly proportional to the air velocity in the
breathing port. It was fed to a continuous
chart recorder to provide a permanecnt rccord.
A sample tracing is shown in Figure 3. The
total inhaled volume was measured by in-
tegrating the flow rate tracings planimetrical-
ly, and also by mcasuring the total exhaled
volume passing through a dry gas mcter. The
peak inspiratory flow rates were measured on
the fow ratc tracing.

Detection of Radioactivity Burdens

All measurements were carried out with
the subject in a low-radiation-background
chamber having 6-inch-thick steel walls. As
shown schematically in Figure 4, the particle
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retention was measured by a ring of four 5-
inch-diameter by 2-inch NaI(TI) scintil-
lation detectors whose faces were approxi-
mately 16 inches from the center of the chest
cavity. The detectors were shiclded by cylin-
drical lead-filled collimators cxtending from
the crystals to the vicinity of the chest wall
in order to restrict the ficld of measurement
to the chest.

The four 5-inch by 2-inch collimated
scintillation detectors were aligned on a
coinmon plane and were supported by mount-
ing brackets attached to the stecl frame of
a chair which also supported the subject
(see Figure 7). The subject’s height relative
to the detectors was adjusted by micans of a
seat-jacking mechanism mounted at the back
of the chair to bring the axis of the detectors
to one-third the distance down from the
supersternal notch to the xyphoid. A %-inch-
diamecter spot of light cast on the subject’s
neck by a miniature spotlight mounted be-
tween and above the front detectors permitted
reproducible positioning of the subject. By

- mcans of a mirror mounted on the chair, the

subject was able to continually check his
position against the light circle. Onc of the
ring detectors and the smaller tracheal de-
tector (to be described) were mounted on a
rotating arm, which could be swung clear,
permitting  the subject free access to the
chair. The rotating arm was always returnsd
to the same position with the aid of built-in
position markers on the rotating arm.

With the above configuration, the total

count received by the four detectors is rel--

atively independent of the distribution of
the radiation sources within the lung as deter-
mined by inecasurement of point sources in.a
Masonite phantom.” The . degree of uni-
formity in counting efficiency is illustrated in
Figure 5. The average counting efficiency
for activity in the major bronchi and trachea
is about 13% higher than the average sen-
sitivity for the lung as a whole, which was
17 cpm/nCi for both *Au and "™™Tc.

The contribution of swallowed particles to
lung activity mcasurements was determined
in experiments in which radioactive particics
suspended in distilled water were swallowed
by three of the inhalation subjects. The lung
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Ticure 5. Approximate positions of trachea,
lungs, heart, and stomach, with lung counting
sensitivities at indicated positions.

field counts due to the material in the
stomach remained at about 10% of that
which uniform lung deposit would have
caused for periods ranging from about 20
to 40 minutes. Within the next half-hour,
the lung field count dropped off to near
background.

In addition to the ring of 5-inch detectors,
a 3-inch by 3-inch NaI(Tl) scintillation de-
tector was positioned over the front of the
chest to -provide a measurement ficld largely
restricted to the trachea and adjacent tissue.
This detector was housed in a cylindrical lead
collimator which had an aperture in the form
of a vertical slit 1.5 inches wide by 3.5
inches high. Its axis was 1.5 inches above
the height of the axis of the radial detectors,
and its face was recessed 414 inches into the
collimator, approximately 10 inches from the
center of the chest. The sensitivity of the
tracheal detector for point sources at various
positions within the lung phantom is also
illustrated in Figure 5.
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Fiovxe 6. Counting scnsitivity for sources within
head at indicated positions.

The retention of particles deposited within
the head was measured with the same ring
of 5-inch scintillation detcctors uscd for mea-
suring the chest retention. The subject
moved from the chest to the head counting
position by shifting the unattached cushioned
seat from the normal upper seat support to

* a second seat support which was 8 inches

lower. As shown in Figure 6, a uniform sen-
sitivity within about == 15% was abtained for
head burdens measured with this array.

The head field ring detector sensitivities
were determined for *™Tc and '**Au by
positioning a point source within the tip of a
catheter tube at various positions within the
head of one of the inhalation subjects.

With the subject in a standing position,
anterior and posterior measurcments of the
abdomen were made with a single 8-inch by
4-inch detector at a distance of 14 inches
from the surface of the body. Chest radio-
activity was screened from view of the de-
tector by use of a l-inch-thick vertical shield
which covered thc lower half of the head
and the entire chest down to a level 3
inches below the xyphoid. The axis of: the
detector was 7 inches below. the xyphoid.

The experiments in which a known amount
of radioactive particies was swallowed by

three of the subjects, ., ‘ and "

May-June, 1969

provided the calibration factors. Serial
measurcments on cach subject indicated that
the average of the anterior and posterior ab-
dominal mecasurcments throughout the first
day remained constant within = 15% cx-
cept for a brief (~ 1 hour) interval during
which the abdominal count dropped to about
half of the average level of the first few
hours. The average counting sensitivity in
the abdomen was ~20% lower for subject

than for subject , with subject

in between.

In the most recent inhalaton experiments,
additional mcasurements were made of the
activity within the stomach, using a 3-inch
by 3-inch NaI (T1) detector within a 3%;-inch
i.d. cylindrical collimator. The face of the
detector was recessed 3% inches into the
collimator, whose face was ¥, inch behind
the webbing of the chair on the left side. The
axis of the detector was 8 inches below the
axes of the 5-inch detectors and in line with
the expected location of the stomach.

The output signals from the scintillation
detectors were processed by a 400-channcl
pulse height analyzer which could be op-
crated as four 100-channcl analyzers. Thus,
four diffcrent measuremcnts could be made
simultancously. In some of the experiments,
the four 3-inch dectectors’ signals were com-
bined into one 100-channel band, while in

" others they were separated into left-side and

right-sidc pairs. The trachea, stomach, and
abdominal detectors were each analyzed in

100-channel bands. The analyzer was cal-’

ibrated at 5 keV per channcl, giving a total
energy range of 0 to 500 kcV. The isotopes
used were **Au with a half-life of 2.7 days
and a gamma photopeak energy of 411 keV,
and *™Tc with a half-life of 6.0 hours and
a gamma photopeak energy of 140 keV.
Photopeak counts in the energy band 372.5
to 477.5 keV (channels 75 to 95) were
summed to provide a measure of gold tag in
the chest. For *™Tc, the energy band from
122.5 to 162.5 keV (channels 25 to 32) was
used.

For runs involving the inhalation of two
particle distributions, the larger particles
tagged with ®*Tc and the smaller ones with
Au, the conlribution of activity from the
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higher-energy ™ Au appearing in the photo-
peak region of the lower-cnergy "™Tc was
determined from the amount of ™Au scatter
in an cnergy band between the photopeak
regions of the two isotopes. In the cnergy
region selected (167.5 to 207.5 keV) where
there was negligible technetium count, the
Ay scatter was 70% of that in the *™Tc¢
photopeak region itscif.

Experimental Procedure

Most inhalation studies began in midimorn-
ing. The subjects were given no special in-
structions with respect to cating or smoking
before the start of the inhalation exposure.
Each test inhalation consisted of a bricf
(usuaily 1 minute) cxposure to a test aerosol
composed of monodisperse spherical iron
oxide particles containing a very small
(<1%%) wmass fraction of either '™Au in
wietallic form or ™™ T¢,S;. In wmost of the
test inhalations starting with H-27, a second
l-minute inhalation was begun about 10
seconds after the end of the first. In these
double exposures, the first exposure involved
a smaller=size particle with '™Au tag (73 =
2.7 days), while the second exposure involved
a larger iron oxide particle with "™ Tc tag
(T, = 6.0 hours). The smaller of the two
aerosols always exhibited the greater frac-
tional long-term retention; hence the use of
the longer half-life isotope ('**Au) on the
smaller particles. This maximized the length
of time that measurable radiation burdens
could be followed. )

On completion of the inhalation, the sub-
ject was directed to the chair in the whole-
body counter where the retention measure-
ments were made (Figure 7). In almost every
test, the first chest count was started within
1 minute after the end of the inhalation.

Most of the subjects were members of the
departmental staff or affiliated institutions.
All were volunteers. They were highly moti-
vated, were extremely - cooperative, and
adapted readily to the experimental protocol
requiring that they inhale on signal at an
appropriate flow rate and tidal volume.

Resuits

Forty-five inhalation tests were performed
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Ficure 7. Volunteer subject sitting in chest
counting position in ‘chair within whole-body
counter.

by 26 individual subjects in the current test
series. Of these, 32 involved two separate
inhalations in rapid succession, so that the
total number of test aerosols whose deposition
and clearance was studied was 77. In addi-
tion, results are summarized for 16 previously
reported inhalation exposures to 11 sub-
jects,® three of whom participated in the
current series.

The vital statistics and smoking histories of
the subjects are presented in Table I. All but
one of the subjects (.) were males. As
shown in the table, they varied considerably
in size, age, and smoking history. The only
known abnormalities were a pronounced
smoker’s cough in subject and chronic
cough in subject a 68-year-old non-
smoker with chronic bronchitis.

Scven subjects were exposed to acrosols of
four or more different sizes. The overall lung
retentions as a function of time past exposure
are shown for foyrtof them in Figure 8. In
each of the panesin this figure, the clear-
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Tasre [
Vital Statistics of Inhalation Subjects

May-fune, 1969

Subject

Age Height Weight
{yeann) (inches) (pounds) Current Smoking Ilistory

4 0 185 Ex-smoker for 9 veaurs, 1Y4 pkg./day 15 yeans

34 64 125 20 cig./day (filter) 16 yeans

42 73 195 Cigar and pipe 21 years

32 il 165 _ Nonmsmohker

pai) RX] 147 15 cig./day. (flter) 5 years

30 74 165 Nonsmoker

51 75 250 40 cig./day (hlier) 20 years

68 0 180 Nonsmoker

3} 68 170 Nonsmoker

48 0.3 158 30 cig./day (filter) 20 years

33 66 143 30 cin./day (no hiter) 12 yecars

29 72 175 20.30 cig./day (no filter) 15 yeurs

28 68.3 158 20 cik./day (Hier) 8 ycacs

0 65 200 2 cig./day {no filicr} 10 years
cigar and pipe only 3 years

30 69 155 25 cig./day (no Glier) I7 years

36 70 180 30 cig./day (no hiter) 10 years

43 " 192 Ex-smoker for 10 years, 40 cig./day 15 yeanrs

3 74 190 Nonsmoker

6 79 220 20 cig./day (no fiter) 15 years

34 0 175 Nonsmoker

73 66 185 Cigar and pipe 45 years

6 n 183 40 cig./day (filter) 20 years

42 74 a0 Occasional cigaretie k

38 70 144 5 cix./day, 10 pipes/day 8 years

25 69 167 3040 cig./day (fler) 5 years

n 70 190 Nonsmoker

6 74 180 Nonsmoker

9 24 62 126 Ex-smoker ¢ vears, 7 cig./day & yean
26 74 210 30 cig./day (hiter) 7 years
> 67 n 200 Ex-smoker 12 years, 20 cig./day (no Riier)

30 years

30 70 248 Nonsmoker

42 74 195 Nommoker

9 3 184 Nomamoker

24 n 183 2% ecig./day (filter) 6 yeans

*Chronic bronchitis.
*Uraniem miner.

¢Female.
Tasre I
Lung Clearance after First Day
. First Week
(l-::m Day S‘e:;ond Day Clearanco
Subject Test Cum. (%) Cum. (%) AT Days Cum. (%)
H.-21 8 80 -— -
H-2?A. 40 43 3 57°
H.28A 50 50 -— —_
H.30A 81 85 — —_—
H-33A 40 40 (3 day) 8 >
H-35A 77 77 4 a2
H-36 46 —_— 6 47
H-37 3 27 (4 day) 7 35
HA% 52 — 8 52
H-1 45 50 6 56a
H-2 28 — 4 3
H4 54 54 - -
H.7 65 70 — -—
H$8 (4] 63 4 66
H-11 83 85 - -
H.38A 2 TN ~— 6 80
H-63A 69 n I -

*Lamt reading at 56 daye=4839% clearance.
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Ficure 8. Lung retention versus time at various particle sizes for four inhalation subjects. Uncertainties
due to counting statistics are indicated by vertical bars for those points where they are greater than the

" size of the symbol.

ance curves were identified as to test number,
mass median particle diameter (dw) in
microns, and the product pd?mQa, where p is
the particle density in grams per cubic centi-
meter, and Q, is the average inspiratory flow
rate in liters per minute.

Figure 8 demonstrates that the patterns of
clearance during the first 12 hours varied
widely from subject to subject. For the pur-
pose of the characterization of regional depo-
sition, the kinetics of the bronchial clearance
process have been ignored, since it was suffi-
cient to measure the net effect of the clear-
ance processes taking place during the first
day, and to verify that clearance taking place
during the first day was bronchial clearance.

" The data in Table II indicate that, for the

group of subjects tested, the rate of clearance
after the first day was very much slower than
that within the first day postexposure.

The depositions within the major func-
tional regions of the respiratory tract in the
experimental mouth breathing inhalation
tests are summarized in Table III. The re-

gions are (1) the mouth, (2) the pharynx~

larynx (P-L), (3) the ciliated tracheobron-
chial tree (T-B), and (4) the nonciliated
alveolar spaces (Alv.).

Mouth deposit has been defined as that
part of the head deposition recoverable with-
in the first few minutes postinhalation by
gargling and mouthwashing. The residual
head deposition is designated the pharyngeal
and laryngeal (P-L) component. The data
indicate that the major fraction of the head
deposition in the current test series took place

nd the oral cavity in all but one subject
{ ). Most subjects deposited between
about 15% and 40% of the head deposit in
the mouth, while one subject (-)
averaged only about 5% in four tests.

The abdominal measurements made ap-
proximately 1 hour after the inhalation pro-
vided estimates of the quantity of head and
lung deposit which was cleared and swal-
lowed. Table IV shows a comparison of the
estimated abdominal burdens and the head
and chest activity cleared via the esophagus

e+ e e oo s S Y S Y PR T T SRS

\-‘,,....,--.-.-,-.-.-—-.
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Tasre 111 !
Test Inhalation Data Summary—Mouth Breathing i
Min, Lxe Lunk ;
- Vol Tospieatory Reyinnal Depumition haled o rance
! :f“"" ’(';f'l" Fiow (lpm) O of Tahaied Acromoi A:";" S
Size, e — ' - s
Subjeet Tt d, (a,) ers) Q. [ Pa"_Q. Mouwth 1.‘-1.' Tt Alvee (%) 10he 24 he Subs
1-65A TO2LOM) I 53 208 SN 07 4hd 9 135 w1 G4 &Y -
68T 5.33(1.07) 0.7 444 IB4 1307 147 516 27 00 89w o
.18 4.45(1.11) 7.1 34.6 14.2 703 -_— -— 2.8 19.4 — ot 53
i-22 4.65(1.12) 21.5 58.0 35.6 1930 — {38.5)F 322 26.4 3.3 45 55
.23 4.77(1L12) 16.2 88.0 61.3 3480 —  (47.4)t 309 3.3 1.4 &5 9z
H-1 3.56¢1.20) 190 - — 2z B0 50 299 448 (20 42 40
n-2 1.4300.12) 9.8 — —_ S0 2.8 e 229 9.0 12.5 206 o
i-a 5.03(1.10)  15.1 - —  2200° 216 434 IBS 124 3B 00 6O
. 1L.12A 3.68(1.08) 17.3 75.1 36.7 1240 15.6 2.2 41.7 6.2 4.3 B5 87
-7 4.9G(1.06) 16.2 66.9 3.9 2080 23.9 0.7 343 3.8 9.3 (V] 90
H-41A 246{1.07) 152 Gh4 302 435 i1 — 454 234 — 6 &
HA4T 3A6¢0LM) 170 556 328 813 2.4 —  6hT 125 S
H-40A SIR(LOS) 160 675 68 M 165 56T =202 <18 2B ~YF  — .
H-44T 2501060 173 GhG o 360 4780 287 460 2230 <10 1.3 =—hS —
H-67A L34(1.00) 111 408 257 115 15 89 199 Sl a6 22w
et 24(1.12) 100 41 221 30 L1 10 223 432 224 28 34
‘ 1.59A 3.0001.10) 19.1 59.5 344 1310 1.8 27.2 6.1 1.2 7.8 Ly 95
1597 SaM1Y) 19.1 58.8 35.5 2250 2.3 38.9 51.7 2.7 +.5 o 23
. 11-50A AMLI6) 157 53T 2Rl M0 42 36 423 11y 47 TR T8
TRANY 509(1.011) 162 607 206 17TH 109 R 488 4.2 21 w9
‘ H.26 3.77(1.1%) 14.1 64.2 32.8 1170 - (30.4)t 464 1.7 2.3 G0 a0
.33 2.59(1.03) 6.3 48.6 0.2 338 2.9 1541 0.2 3T 29.1 15 40
- H.44A 5.14(1.07) 12.7 53.9 23.6 1550 21.2 47.4 25.8 2.5 3.1 60 %1
H-44T 6.80(1.06) 13.3 53.2 2.2 2560 20.0 52.4 2163 =02 2.1 % 2%
H.5 5.0001.12) 12.0 - - 1490* 200 10.0 64.2 2.0 4.2 65 95
H-13 5.10(1.14) 16.3 — - 2120%  45.0 15.4 32.2 5.3 2.1 67 3
o H-30 3.68(1.090 21.0 740 404 1360 18 1.9 442 1B 303 &9 79 -
H-35A 3.90(1.09) 17.0 82.2 38.5 1460 17.7 40.5 18.7 9.2 1.9 62 67 -
H-35T 5.19(1.07) 20.3 92.4 39.5 2630 5.3 5.4 5.3 6.3 6.7 80 20 +
H.57A 4.05(1.13) 15.2 81.0 28.0 1150 ~— (685)t 125 12.5 6.5 50 50 o
H-51T 5.33(1.11) 16.0 89.2 32.2 2290 ~ (84.5)1 14.8 - 0.7 8¢ 100
. H-45A 3.41(1.08) 20.4 91.0 41.7 1210 11.8 20.3 +“4.3 15.0 4.6 5% 70 *
HA5T 4.65(1.07) 26.2 88.5 45.6 2460 1.1 21.1 5.5 4.7 2.6 69 92 <
. H-A46A 3.41(1.08) 2.7 2.8 428 1240 10.7 30.2 42.3 9.3 7.5 79 82 e
H-46T ~t.7 22.1 733 434 ~1700 13.3 39.5 35.9 4.9 6.4 &t 82 .
H-63A 4.05(1.06) 23.2 63.8 45.5 1870 323 39.6 16.3 4.1 2.7 77 80
H-63T 5.10(1.08) 2.7 75.8 47.7 3150 3.7 “9 16.0 3.5 3.9 82 82
. H-42A 3.62(1.06) 13.9 51.1 30.8 1010 11.0 -— 65.8 7.3 — 82 90
HAIT 4.98(1.05) 17.2 56.6 34.7 2140 4.3 - 53.0 1.1 - 90 98
: . H-43A 3.5941.07) * 21.4 80.7 42.5 13710 27 39.6 30.4 13.1 1.2 61 70
: H-43T 4.93(1.06) 2.2 75.5 “4e 2700 13.0 8.1 2.6 2.5 2.8 8l 20
! * H-33A 3.74(1.14) 15.3 733 299 1050 1.6 18.6 258 302 178 0 46 at
; H.53T 5.12(1.09) 174 80.5 345 2260 13.6 30.0 25.9 4.0 16.3 60 65
H-35A 3.60(1.12) 11.3 54.5 21.3 6950 10.4 5.4 55.9 8.3 — 83 87 Ix
H.55T 4.90(1.10) 128 59.¢4 236 1420 18.1 30.2 47.0 4.6 —_ 838 91 H
H-66A 2.10(1.10) 18.0 70.9 35.3 3% 11 2.6 34.7 49.9 1.7 3+ 3l o
H-66T 2.84(1.12) 17.4 65.7 333 670 2.7 13.0 50.7 2.3 6.3 55 65 at
. H-36 3.78(1.03) 18.2 63.4 36.6 1300 20.6 114 23.7 27.8 16.5 24 46 .
H-50A 3.89(1.07) 139 47 26.7 2310 13.0 26.5 371 7.6 15.8 47 83 w
H-50T 7.90(1.07) 13.8 45.1 29.4 4580 28.1 35.9 228.7 <03 7.0 73 299 Ol
H-56A 4.79(1.14) 17 36.6 369 2120 12.3 34.5 34.6 109 7.8 80 80
H-56T 7.16(1.11) 16.2 52.9 35.2 4510 8.5 41.2 35.2 1.1 4.0 9 *
‘ " H19 4.64(1.14) 16.0 66.4 36.0 1940 — (55.0)t 24.6 9.6 1.0 62 72 n
. H-21 4.82(1.12}) 19.4 86.2 63.8 3700 — (847}t 11.6 2.3 0.75 70 80 b
R H-27A 2.36(1.08) 3.8 79.2 48.6 678 3.8 14.2 28.6 42.8 10.6 17 + P
. H.- T 3.77(1.09) 18.9 68.1 373 1330 6.3 18.5 51.2 16.2 7.8. 39 76
; H-34 6.76(1.06) 215 784 437 5000 203 486 175 19 27 8t 90 u
1 H4 2.91(1.12) 12.¢' — —_ 550* 113 2.7 323 49.3 3.7 25 40 e
H-7 5.05(1.09) 17.8 -— — 2300° 40.8 40.8 11.2 4.8 2.4 55 70
I . H-60A 4.05(1.1) 12.1 - 86.7 29.3 1200 .4 35.6 30.2 6.2 5.6 83 83 d
! H-60T 5.15(1.10) 14.2 520 . 318 2110 28.2 95.2 22.1 .7 1.8 89 89 T
. . H-HAA 3.80(1.14) 11.0 40.5 23.8 860 3.8 499 331 9.9 3.3 71 77
H-54T 3.04(1.10) 127 47.4 26.2 1660 9.5 4.5 20.8 1.8 34 85 2 u
H-2¢ 3.76(1.11) 7.2 321 20.7 730 - (20.8)t 46.7 8.2 26.3 a5 85 n
HA0A 3.56(1.05) 126 503 344 1080 4.1 711 213 2.6 0.9 85 89 .
HAOT 4.86(1.04) 10.6 350 30.0 1770 6.7 73.7 171 0.5 2.0 % 9% t
HA8A 1.82(1.14) L2 6.7 03 25 1.1 199 320 320 15.0 50 50
H4T 2.42(1.11) 13.84 697 305 4“5 0.9 v 25 4.0 19.3 9.3 68 - &8 f]
<
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TABLE 111 (CONTINUED)
Test Inhalstion Data Summary—Mouth Dreathing

Min,

Ex-

haled U8
Vaol. Iuspiratory Regianal Depasition A“ €€ Clearunce
";{““c "';t'e Flow (lpm) % of Inhaled Acrasol :’1‘" (%)
ze, 1le o ————— "

Subject Test d. (a,) m) Qe Q) .Q, Mouth P-Le  T-B¢ Alve (%) 0br 2br
H.62A +1201.07) 150 564 326 1380 229 414 240 68 49 6 18
62T 5081060 177 69.0 362 WO S21 47 112 26 34 Mm@
6T 54801.07) 139 G668 269 2020 62 449 469 20 - % %
H.3A 376(1.08) 146 820 301 1060 1.0 467 231 7.2 82 3 79
H3IT 502001050 129 742 304 1920 145 481 282 35 57 8 9
H.52A 363 204 674 3n2 1225 100 W7 294 196 103 51 60
H.52T 405(1.10)  (25.1) 649 (48.0) (2040} 11.8 389 429 53 05 0 23
H-29A 16600.08) 156 673 340 1140 42 407 393 98 6.0 8 —
H.29T «M1.08) 196 761 426 2650 3.1 433 200 29 27 03—
.37 234(1.06) 168 883 329 450 08 05 168 561 258 2 23
TA4TA ITLORY 159 561 30.4 790 35 292 283 181 209 53 6l
H4TT 30R(1.07) 162  55.2  30.0 3750 418 334 166 0.9 73 @ %
H-51A 3520001, 2.7 734 394 1220 187 357 288 96 2.2 #5715
H-IT 4RS(1.10) 203 652 408 240 334 402 205 23 36 86 %
H-64A +04(1.07) 188 793 409 1660 102 528 256 8.1 34 72 7
H.64T 53001.07) 141 663 384 2000 140 653 155 2.3 2.9 85 &7
116 5001.10) 5.0 - — 2020 186 366 352 39 57 9 D
HA12 450(1.09) 173 - — 2010 568 227 160 08 37 92 93
H-14 5.2001.14) 135 - — 1820 29.6 153 422 14 55 85 35
H.9 5300111} 14.0 - — 1960* 273 3.2 254 28 33 & %
H-17 5.30(1.09) 138 — —  1B90* 133 422 190 1.0 45 95 95
H.10 5.1001.07)  19.8 - —  2580° 436 1384 286 6.2 3.2 82 82
H-11 4.00(1.10) 117 - — 3400* 420 78 370 65 67 0 85
H+6 480(1.11) 163 - — 1870* 326 20 512 3.0 52 8 95
H-13 5.20(1.09) 6.0 - — 2160 520 201 251 O 28 92 100

® Based on Qe equal to 2 times minute volume,
t Includes mouth deposit.

*Q, = average value of peak flow in each inspiration.
¥, = average flow during inspirstios.

¢ P.L = pharyax pilus larymx,

¢ T-B = tracheobronchial region.

¢ Alv. == alveolar reyion.

at the time of the abdominal mcasurcment.
In view of the limited accuracy of the abdom-
inal measurements, the agreement is reason-
able. Better abdominal burden estimates
would require a particlc swallow experiment
on cach inhalation subject. .
While deposition within the mouth did
not vary greatly from subject to subject, the
P-L region deposition showed marked in-
tersubject differences. Figure 9 shows the
effect of particle size on the overail head
deposition for the current test series data.
The data were plotted in terms of the prod-
uct pd*mQa, since impaction was the domi-
nant deposition mechanism in the head, and
this combination of variables determines im-
paction efficiency in a given physical system.
Thus, the variations in respiratory flow indi-
cated in Table IIT were normalized, and the

effcct of particle size on head deposition
could more readily be determined.

Figure 9 indicates that there was a large
variation in impaction cfficiency among the
test group at a given pd*mQ,, and that most
of this variation was due to intersubject dif-
ferences. Those subjects with four or more
valid tests are shown by separate symbols.
Calculated regression lines for each individual
subject have slopes which are not significanty
different at the 3% level from one another
or from the slope of the line calculated for
all of the data combined. Subjects
and were at the extremes of the group,
with 30% intercepts at pd®,Q, = 700 and
2800, respectively. In these experiments large
variations in mauth deposition were observed
when the type of mouthpiece was changed.
In the earlier test series (H-1 through H-17),
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Fiounz 9. Effect of particle size on overail head
deposition in mouth breathing expcniments.
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Fioure 10. Effect of particle size on tracheo-
bronchial (T-B) deposition. The model points were

derived from the calculation described in Ap-.
. pendix I.

the fraction of the head deposition in the
mouth averaged 64% with a range of 33%
to 94%, as compared to the range of 5%
to 40% in the subsequent tests. In the earlier
series, the teeth clamped on tabs at the center
line of the mouthpiece, restricting the cross
section of the opening. In the later tests, the
teeth and lips closed around the rim of the
mouthpiece, leaving a wider opening.

The tracheobronchial (T-B) deposition for
particles entering the trachea in the experi-
mental inhalation tests is shown as a function
of pd*wQs in Figure 10. The solid diamond
symbols on Figure 10 which lie close to the

average of the experimental data are points '

from the model calculation of Appendix I,
which is discussed in the next section.

The plot of (T-B) deposition on Figure 10
is similar in many respects to the head deposi-
tion plot on Fig. 9. In the (T-B) compart-
ment, as in the head, there was a large varia-

May-June, 1969
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Fioure 11. Effect of particle size on alveolar
deposition.

tion in deposition at a given pd*nQ,, with
most of the variation due to intersubject dif-
ferences. Also, the five subjects indicated by
separate symbols show about the same rela-
tive locations on the two plots when compared
to cach other and to the ygroup as a whole.

The alveolar deposition for particles enter-
ing the trachea in the experimental inhala-
tion tests is shown as a function of unit
density diameter in Figure 11. There was a
large variation in alveolar deposition among
the test group at a given particle size, with
most of the variation being due to intersub-
ject differences. There was also a very marked
decrease .in alveolar deposition with size for
particles larger than 4-micron unit density.

Discussion

Bronchial clearance has been shown to
take place, and to be essenually complete,
within the first postexposure day. An assump-
tion is made that bronchial clearance is
equivalent to trachcobronchial deposition,
providing the basis for distinguishing between
tracheobronchial and alveolar deposition.
Even if some of the bronchial clearance in-
cluded particles deposited in the alveolar
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TarLz IV
Estimates of Activity Cleared to Abdomen

Abdaminal Durden Fstimates

Head and Rﬁm“
CRe
Measured Lung sured
Activity in Clearence to ——
Height Weight Time Abd Abdomen, lear-
Subject (inches) (pounds) Test {hours) (nCl) {nCi) ance
132 1.1 44 124 13
- » = }mr? 1.1 9.2 7.9 0.04
1{-41A 1.6 9.9 41.8 .72
AT 1.6 172 337 5
TH-4RA 3.7 6.4 1.9 0.63
10487 3.7 759 1208 0.63
L) 70 155 H.26 1.0 146 8.1 1.8
H.33 1.5 43.5 25.2 17
H.44A 1.5 61.6 5.6 14
HA4T 1.5 201 402 072
v ] 220 T1-30A 2.9 307 5.2 1.1
H-50A 23.0 2.7 50.1 13
H-50T 2.9 213 264 0.81
H-50T 230 304 287 1.1
, 70 173 H-25 08 190 164 1.0
H-" 0.9 381 499 0.7
H.-}4 36 555 590 0.54
-l - 167 - H.40A 23 89.5 82.7 11
HAOT 2.3 1500 1742 0.85
HA49A 43 97.5 96.1 1.0
HAT 43 1449 1323 1.1
(] 20 248 H.20T 1.3 744 935 0.80
H-29T 23 894 1017 0.88
H-37 26 28.1 31.1 0.90
H-47A 2.0 63.8 58.4 11
HA4TT 20 150 113 1.3

region and carried to the bronchial tree by
phagocytes, or if some of the bronchial de-
posit was not cleared within the first day, the
assumption could still have a pracncal justifi-
cation.

An important application of these data will
most likely be for the calculation of the toxic
dose potential of airborne contaminants.
Since dose is determined by the product of
the mass or number of the toxic particles and
their residence time at the site of toxic action,
these data provide precisely the kind of in-
formation needed for dosimetric calculations.
Thus, they would provide regional deposition
data in functional terms, if not necessarily in
anatomic terms.

The overall head deposition data are in-
sufficient to indicate the exact form of the

- relation between pd?.Q. and impaction

efficiency. Sigmoid curves of the type ob-
tained with inertial particle separators may
be at least as valid as the straight-line plots

on Figure 9. In any case, both the individual
subject and the collective data show that
deposition increases with increasing 2d*wQa.
The cutoff is not a sharp one; that is, the
slope of the curve at the 50% intercept is
low.

Parailel lines with different intercepts
would be expected if the differences in depo-
sition were largely due to differences in the
air-path dimensions. Such a range of varia-
tion could have occurred as a result of dif-
ferences in the oral air-path. The differences
in mouth deposition produced by changing
the mouthpiece configuration amply demon-
strate the importance of air-path cross section.

In the case of tracheobronchial deposition,
plotting the data.in terms of the impaction
parameter 0d*m(Qa requires some justification,
since deposmon due to sedimentation would
be expected in the smaller ciliated airways.
Partial Jusuﬁcanon is provided in Appendix
1, which outlines the results of a model calcu-

— e " TS Y Ty A SR VT R ST AT S

k,....,...m-—- PR,
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lation for trachcobronchial dcposition based
on Weibel's'? lung dimensions and Landahl’s?
deposition equations. It is shown that impac-
tion would be expeceted to be the dominant
mcchanism for T-B deposition, at icast for
unit density diameter >4 microns, which
would inciude all but two of thc tests de-
scribed in this paper.

It was previously noted that the subjects
having the most efficient head collection also
had the highest (T-B) removal. The reasons
for this consistency are unknown. Perhaps the
caliber of the oral airway is maintained suf-
ficiently large so that the bronchial airway
resistance is always controlling, in effcct main-
taining, a consistent cross-section progression
back to the oral cavity.

In any case, the 50% intercepts range
from pd?.Q. = 300 for subject to
1750 for subject "If we assume that there
is an orderly progression of decreasing airway
diameters with airway generation, as in the
Weibel** lung meodel, then these data, to-
gether with the relation developed in Ap-
has air-
ways 22% larger in diameter than the Weibel
lung and that subject has airways
319% smaller in diameter than the Weibel
lung.

For a given subject, some variation in
regional deposition from test to test may have

-resulted from variations in average airway

diameters, especiaily those beyond the first
few generations. The airways are not tubes
of constant cross sections. Their diameters
vary with the degree of lung inflation, which
was ncither measured nor controlled in these
experiments.

Data on the normal variability of airway
diameter are scanty. In -vivo stereoscopic
radiographic measurements of the width of
the trachea and major bronchi were reported
by Briickner** in 1952 on a group of 23 men,
ages 19 to 25, and three women, ages 19 to
22, Briickner's data are presented in Table V.
It can be seen that the variability in the size
of the major airways in his group are similar
percentagewise (~=+25%) to the range in-
ferred from the tracheobronchial deposition
data in this study. The size range for the
trachea and major bronchi has been meas-
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ured by a number of other investizators using
a varicty of techniques. The tecaniques used
and the size ranges found arce given in Tuble
V. In these data, the measurement procedure
may have influenced the airway diamecters
measured. Also, the state of chest expansion
may have varicd. In any case, in most of
the studics there were large variations in air-
way sizc within the test groups.

Briickner?? also indicated that in his group
the airway dimensions did not correlate well
with the subject’s size. His male subjects
ranged in height from 165 to 186 cm (65 to
73 inches). Onc 184-cm male had a2 i6-mm
trachea, while a 168-cm male had a 19-mm
trachca. The smallest trachea, 15 mm on in-
halation and 13 mm on exhalation, was scen
on a 20-year-old 174-cm.male. Thorax size
did not correlate with airway dimensions
either. One subject with a 100-cm chest had
a 16-mm trachea, while another with an 86-
cm chest had a 20-mm trachea.

In these experiments also, there was no
apparent correlation between airway caliber
and subjcct size. While subject ‘, who
had the largest indicated airway dimensions,
was the Jargest subject (100 kg and 200 cm)
in the group, there was no consistent correla-
tion between body size and T-B deposition
efficiency.

Other factors beside the caliber of the air-
ways which would affect impaction in the
tracheobronchial region are the possible
curvature and irregularitics in diameter with-
in a given airway and the variation in branch-
ing angle. Briickner describes six character-
istic shapes for the trachea as seen in his sub-
jects. He describes them as: (1) cylindrical,
(2) scalpel, (3) fish, (4) string of beads, (3)
sugar loaf, and (6) S-form. Since diameter
varied along the length, he standardized his
measurement location at midway between the
vocal cord and the bifurcation. For the major
bronchi, the measurements were made 1 cm
distal to the tracheal bifurcation.

Data on branching angles for the tracheal
bifurcation are summarized in Table V. The
range in cach group is large, and the average
values differ considerably, possibly owing to
ethnic differcaces.
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TanLe V
Airway Mcasurements of Various Investigators

Raage and {Average) of

Range and Major B i Range and
Major Bronchial
(A.;:ﬂ‘“',“‘ Diameter (mm) (ll;;:?c:ia)o:‘
Author and Diameter (mm) Right Left Angle
Technique Men Women  Men Womea Men Women Men Women
Brickner (1952)"— 15-20 14.2-13.9 1420 1118 10-16 9-13 o4-50° {¢)
stereoscopic Radio= (18.2) Is  (14.7) (17.0) {13.7Y (13) (10.7) {80*)
graphy (23 men, 13-20 13.5-14.6 11-18 11-16 8-15 9-12 60-100° {¢)
3 women) (16.9) Ev (14.3) (14.2) (12.3) (1) {10.0) (87%)
wild (1903)°— 16-22.5 13-16 - —_ -— — —_ —
tracheoscopy
Oppikafer (1912}~ 13-23 1n-18 - - - - - -
paraffinawax cast
Briinings (1910)%— 15-22 13-18 12-16 10-1% 10-14 9-13 - —_
laryngo-bronchoscopy
Huizinea (1937)*— 13.5-18 14.8-16.9 13-16.5 13.2-14.7 12-138 11.5-13.% —
contrast-flled x.ray -
Weingaertner (1920)M— - —_ —_ -— —_ — 52-83 50-1140*
radiography (9 men, (72%) I (756°)
11 women) 50-84* 60-100°
(65*) E® (70°)
Wang and Tai (1965)%— 9.5-22.0 9.5-16.2 9.0-21.0 10.0-20.0 7.0-17.0 7.0-13.0 35-92° $5-90*
measurements on (16.5) T4 (13.6) (15.1) (13.1) (11.2) (9.3) (67.6°) (72.3%)
cadavers (127 maile, 8.0-22.3 10.5-16.5% 5.0-16.0 7.0-19.0 5.0-i15.0 6.0~ 9.0
14 lemale) (15.0) & (12.6) (11.4) {9.3) {9.3) (2.3)
Kher and Makheni (1960)%— —_ - -_— - -_— - 30-105" -
bronchogram (53 adults, (61°)

X not stated)

® After Briickner.®
¢ Inspiration (expanded chest). < Tranaverse.
» Expiration. ¢ Sagittal.

’

In the deposition calculations in Appendix
I, the angle 6 between each parent and
daughter tube was assumed to be 30°. Thus,
the angle between the two daughter tubes
would be 60°. At a constant impaction
parameter or collection efficiency, the prod-
uct pd*’Q would therefore vary inversely with
sine 8. Thus if 26 = 35° instead of 60°,
pd*Q would have to be 67% higher to pro-
duce the same impaction efficiency, and if
26 = 100°, it would have to be 539 lower.

Variations in branching angles at more
distal generations may not affect the de-
position pattern as much as at the tracheal
bifurcation, since the increasing number of
tubes per generation would tend to make the

average angle at that generation more uni-
form.

A comparison of the head and tracheo-
bronchial deposition data shows that the

¢ Included in data for men.

tracheobronchial region was a more efficient
particle collector than the head in these
tests. For the head, the calculated regression
line for the group as a whole indicated 50%
removal at pd?mQe = 1390, equivalent to
a unit density diameter at 30 liters/min of
6.8-microns. For the T-B region, the cor-
responding 50% intercept was at pd*mQa =
570, equivalent to a unit density size at 30
liters/min of 4.4-microns.

Thus, when mouth breathing, or at least
when breathing with a relatively open mouth
as in these tests, the tracheobronchial tree
was a significant barrier to alveolar deposi-
tion. At the same time, large particles im-
pacting on the tracheobronchial bifurcations
may be highly significant toxicologically be-
cause of their concentration on limited areas
of the bronchial epithelium.

Based on physical considerations and the

- E—— " -
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work of other investigators, there is a size
for maximum alveolar deposition.  As dis-
cussed previously, Brown et alt cstimated
this size as 1.6-microns from nosc breathing
experiments, while Altshuler ¢ af® indicated
that the size was greater than 2-microns,
bascd on analysis of mouth breathing data.
The ICRP Subcommittee II Task Group on
Lung Dynamics'™ predicts sizes for maximal
alveolar deposition in nosc breathing at ~2.2,
2.0, and 1.9-microns unit density for tidal
volumes of 750, 1450, and 2150 cm?, respec-
tively. Recalculating regional deposition from
their model on the basis of air entering the
trachea, the sizes for maximal alvcolar de-
position become ~3.5, 2.8, and 2.5-microns
at 750, 1450, and 2150 cm?, respectively.

The experimental data for particles below
4-microns arc insufficient to indicate the size
for maximal alvecolar deposition. Addi-
tional tests with particles smaller than 4-
microns arc planned.

Summary

The apparatus, experimental techniques,
results, and conclusions from a controlled
series of particle inhalations have been de-
scribed and discussed. Ninety-three aerosol
inhalations were performed on 33 men and
one woman using test acrosols consisting of
monodisperse insoluble iron oxide spheres
with 2*%Au, *'Cr, or ®"Tc tags and median
diameters of 1.3 to 7.9-microns (2.1 to 12.5-
microns unit density). The particles were
inhaled through a mouthpiece in all tests.

Measurements of the initial deposition and
subsequent retention of the inhaled radio-
active particles were made with an array of
large scintillation detectors within a low
background chamber. In 32 tests, two aero-
sols with different median diameters and
radioactive tags were inhaled in rapid suc-
cession, simulating a simultaneous exposure.
Since each tag had a different photopeak
encrgy, the burden of each within the body
could be determined from an analysis of the
gamma cnergy spectrum. ’

Regional deposition was detecrmined from
the retention data. Within the lung, ciliary
clearance removed particles from deposition
sites along the tracheobronchial tree to the

May-june, 1969

pharynx, from which they were removed to
the gut by swallowing. This clearance was
cssentially completed within the first day,
after which lung clearance procecded at a
mwch lower rate. The particles cleared {rom
the lung within the first day were presumed
to be the particles that deposited on the
ciliated tracheobronchial tree. On this basis,
the lung deposition was divided into trackeo-
bronchial and alveolar components. The
head deposition was also divided into two
components. These were (1) the moutn it-
sclf and (2) the pharyngeal-laryngeal region.
The deposition in the former region could be
removed mechanically, while the deposition
in the latter region was cventually swallowed.

For cach subject tested at four or more
different particle sizes, the fractional deposi-
tion in the trachcobronchial tree increased
with increasing particle size.  Within the
alveolar region, the [ractional deposition de-
creased with size for particles larger than
4-microns (unit density). For particles sinaller
than 4-microns, there was not cnough ex-
perimental data to determine the size de-
pendence. In both regions, there were large
differences between individual subjects in the
amount of deposition at any given particle
size.

Conclusions drawn from the experimental

" data and analysis were as follows:

1. There are very large differences in the
efficiency of the tracheobronchial tree as a
particle collector among a group of 33
normal, healthy, adult human males tested.-

2. In mouth breathing with an open
mouth, the efficiency of the head as a particle
collector approaches, but is generally lower
than, the efficiency of the trachcobronchial
tree.

3. Deposition of particles in the tracheo-
bronchial trce for mouth breathing results
largely from impaction, at least for particles
greater than 4-microns unit density.

These experiments have generated the kind
of quantitative data nceded for realistic es-
timates of the (oxic dose potential of air-
borne particles.” However, the number and
range of the variables affecting particle de-
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position are so large that these data represent
only a beginning in the systematic evaluation
of the deposition process. Further studies to
extend the particle size range downward, to
characterize nasal deposition, and to study
the cffect of the respiratory variables are in

progress.

Appendix |

Calculation of Regional Deposition
in the Lung

To gain additional insight into the physical
processes which interact to produce the net
cffects observed in the experimental phase of
this study, a series of caiculations were made
for predicting the regional deposition within
the lung for the particle size range under
study.

The expected regional deposition was cal-
‘culated by using impaction and sedimentation
equations developed by Landahl? For im-
paction, Landahl proposed that the fractional
removal (E) at a bronchial bifurcation
“should be equal to:

X
E = ——0
1+ X
where
X = deposition parameter
szv(n-nsin ]

18R
where
p = particle density,
d = particle diamcter.
" U1y = air velocity in tube of generation
(a-1).
0 = branching angle between tube &
and tube ( a-1).
1 = air viscosity, .
R = radius of tube of generation a.
But
Q
Viwg) = ———
S (ee)
where

Q = flow rate.
S-1) = total cross section of all tubes of
generation (a—l)
and

D.
Re = ——
2
where :
D, = diameter of tubc of gencration «.
For o = 189 X 10°° gm/cm-sec (for air at

37°C), Q in liters/min, 4 in microns,  in

" gm/em?, D in cm, S in cm?,

pd*Q sin 0
X =10 ——
DaS(c-l)
Assuming that sin 0 = 0.5 and is constant
from gencration to gencration, we have

pL*Q

Dzs(et-l)

For cach branching of the bronchial tree,
the fractional removal can be calculated in
terms of the product pad*Q. This has been
donc using the Weibel*? lung dimensions to
obtain the product (DuS(x-i). Calcula-
tions have been made only for deposition on
inspiration. Deposition due to impaction on
expiration should be rclatively small in most
cases for two reasons. One, within the range
of particle size and breathing velocity under
study, most of the inhaled aerosol will be
impacted in the bronchial tree on inspiration,
or deposited in the pulmonary spaces during
inspiration and expiration by sedimentation,
leaving relatively little that could be im-
pacted in the larger airways on expiration.
The second consideration is that the im-
paction efficiency for each branch point is

= 5.0 X 10¢

lower on expiration than on inspiration. On

expiration, the air velocity is increasing from
generation to generation, with the particles
tending to lag behind. Also, whereas on in-
spiration the particle goes from a larger to
a smaller tube, on expiration the particle is
entering a larger tube and must traverse a
greater distance in order to impact.

For sedimentation, Landahl proposed the
following expression for the fractional de-

position §:

§ = | —e (-0.8U s tecos¥) /R
where :
U: = terminal settling velocity.’
t = time of travel along tube..
¥ = angle of Yube to horizontal.
R = radxus of tube.
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Fioure 12. Calculated deﬁo:ition in the lung at
30 liters/min.

Assuming a value of cos ¥ equal to 2/II,
and a suitable flow rate, which determines ¢
in each generation of airway, the fractional
deposition due to sedimentation in each gen-
eration of a lung with the Weibel dimensions
can be calculated.

Calculations were made to determine the
deposition due to the ‘combined effects of
impaction and sedimentation for six different
particle sizes at a flow rate of 30 liters/min,
which is close to the average inspiratory flow
in the inhalation tests.

Figure 12 shows the calculated deposition
during inspiration per airway generation due
to both impaction and sedimentation for these
conditions. It also shows the cumulative de-

position due to impaction only and that due °

to the combined effects of impaction and
sedimentation at each generation. It can be
seen that, for particles larger than 2.5-microns
suspended in air reaching the alveolar spaces,
total deposition approaches 100% during the
inspiratory phase. Sedimentation should be
equally effective on expiration, so that for
particles less than 2.5-microns, where de-
position on inspiration is incomplete, there

May-june, 1969

should be a significant increment of deposi-
tion in the finer airways on expiration.

The overall deposition within the lung due
to sedimentation for these smaller particles
will be influenced by the tidal volume and
the duration of breath holding between in-
halation and exhalation, since not all the air
inhaled rcaches the same depth in the lung.

Discussion of Calculated Particle
Deposition in the Lung

From the curves of predicted deposition
per airway generation in Figure 12, the fol-
lowing are the expected features of the par-
ticle deposition for particles within the size
range studied.

1. Most of the deposition within the
trachcobronchial tree should be due to
impaction.

2. Essentially all the impaction should take
place within the first ten to twelve air-
way generations.

3. Most of the deposition in the tracheo-
bronchial trce beyond the twelfth gen-
eration should be due to sedimentation.

4. The fractional deposition per generation
reaches 2 minimum in the vicinity of
the twelfth generation and increases to-
ward the end of the bronchial tree.

5. The maximum impaction deposition
per generation shifts from generation
two for 10.1-micron particles (pd*Q =
15,360) to the vicinity of generation
five for d = 2.5-microns (pd*Q =
1920).

6. In the generations where impaction is
the dominant mechanism, deposition
should occur primarily on the bronchial
bifurcations.

7. For the larger particles, the calculation
indicates that most of the deposition
should occur within the first four gen-
erations. For the smaller particles, the
calculated impaction depositon Iis
spaced more uniformly along the bron-
chial tree.

Thus, in test runs where bronchial clear-
ance accounts,for 90% or more of the initial
deposit, a very large fraction of the aerosol
should impact within the first few generations.
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On the other hand, for tests where there
is a major fraction deposited in the alveolar
region, we should expect the bronchial de-
posit to be spread fairly uniformly along the
bronchial tree, with a larger proportion of
the bronchial deposit being cleared toward
the end of the bronchial clearance phase.

In the calculation of the impaction effi-
ciency, the impaction parameter, X, was
shown to be

2d*Q sin @

X= X 104

a (a-1)

(XY (z/4) (109

[DD #=kDD *

sin 0 a {a-1) a (a-1)
Thus:
. . XY (DS ) .
pdiQ = ———2lexll ¢ 1o
sin

(X0 (Dci (s:/4D ’\

.= x]oc

sin 6

If there is an orderly progression of airway
diameters, then pd*Q would vary as the third
power of the airway diameter at any given
level. As a result, at the same collection
efficiency, a 26% difference in airway di-
ameter would cause a 1009 difference in the
product pd?Q.

Acknowledgments

Grateful appreciation is due to our co-
workers on the pulmonary deposition and
clearance project, especially Mr. Jack Spiegel-
man, Mrs. Linda (Block) Rose, Mr. Daniel
Alessandro, and Dr. Carl Crawford. Their
assistance in the preparation of the colloidal
aerosol feed suspensions and in the collection
and reduction of the voluminous experimental
data was an essential aspect of the perform-
ance of this study. The assistance of Mr.

Samuel Posner in the preparation of the
electronimicrographs is appreciatively ac-
knowledged.

A special word of appreciation is due our
colleagues, too numerous to mention, who
enthusiastically voluntecered to be test in-
halation subjects.

References

i, Lawpane, H. D.. T. N. Tmscewrzwr, and W. H.
Lassen: On the Rcetention of Airborne Particulates in
the Jluman Lung: 1I. A.M.A. Arch. ind. Hyg. Occup.
Med., 3: 359 (1951).

Lanpaur, il. D., T. N. Taaceweu., and w. H.

Lassen: Retention ol' Airborne Particulates in the

liuman Lung: 1L, A.M.A. Arch, Ind. Hyp. Uccup.

Med. 6: 508 (1552).

Lanpanr, H. D.: On the Removal of Airborne Drop-

Irts by the Human Respiratory Tract: I. The Lung.

Bull, Math. Biophys. 12: 43 (1950).

Buown, J. II.,, K. M. Coox, F. G. Ney, and T.

Harcu: Inﬂucnce of Particle Size upon the Retention

of Particulate Matter in the Human Lung. Admer. J.

Public Health 40: 450 (1950).

5. Aursuurra, B., E. D. Paumes, and N, Newson: chlonal
Acrosol Dcpmmon in the Human Respiratory Tract. In
Inhaled Particies aud Vapours 11, (C. N. Davies, cd.),
Pergamon Press, Oxford (1967).

6. Aunenr, R. E., and C. L. Arsrerr: Clearance of Radio-

active Dust irom lhc Human Lung. A.M.A. Arch. Ind.
Health 12: 99 (1953).

2

3

4.

?

Ainear, R. E.. 1I. G. Prmow, A, Satam, and J. R.

Sruwriman:  Fabrication of V(nnndupersc Lucite and

Iron Oxide Particles with a Spinning Disc Generator.

Health Phys. 16: 933 (1964).

8. Aumeny, R. E., M. Liremann, J. Seiroriman, C. Smwen-
Low, W. Buiscor., I’. Wowrson, and N. NeLson: The
Clearance of Radisactive DParticles from the Human
Lung. In Inhaled Particles and Vapours iI (C. N.
Davies, ed.), Pergamon Press, Oxford (1967).

9. Awsert, R. A, M. Liremann, J. Srizcziman, A.
Lwvzzs, and N. 'NrLson: The Deposition and Clearance
of Radioactive Particles in the Human Lung. Areh.
Environ. Health 14: 10 (1967).

10. Llrrm\nn, M ., and R. E, Awszat: A Compact Electric-

t S Disc Acrosol Generator. Amer.

ind, H" Auu. J. 28: 501 (1967

Arnenr R. F.. and B. Artsuvien: The Use of a

Whole-Body Counter for Determining  Pulmonary De-

osition and Clearance of Inhaled Particles in Man. Ia

hole-Bod: Coumu.v International Atomic Energy

: Agency, Vienna (196

12. Wemmer, E. R.: Morplmmury of the Human Lung,

. Academic Press, New York (1963).

13. Buiicknes, H.: Die Anatomie der Lulttrohre beim

lzslzendegszMenchen. Z. Anas. Entwicklungsgeschichte 116;
(1952).

11

by

14, WuinoaeaTnER, y nPhysLi.olg-gie u:i\d topographuche

Studien am T Men-
schen. Arch. Laryngol. Rhinol. 32: 1 (1920).

15. Wano, K..P,, and H.-P. Tai: The Measurement of the

Trachea and the Bronchi in the Adult Chinese. Acta..

Anat, Siau'cn 8: 397 (1963).

16. Kuen, G. and J. S. Maxkuani: A Preliminary
Study of the &.engthl of the Two Main Bronchi and
?ln;l‘a st the Carina. /. Indisn Med, Assoc, 34: 262

17. Report of Tuk Group on Lunx Dynamics to ICRP
and Models for

l D csimetsy of the Huna. Respiratory Tract.
Hullb Phys. 12. 173 (1964).

1185341

g cm———— -

sy

L,_w... y



	Iaspimtory Rcainnal Dr(nsition k:2 C:rrrrnce
	Particle lime ill,,,) % of Inhaled hcrmol s,,l (%o)
	variation in impaction cfficicncy among thc
	tcst group at a givcn pd2,,Q and that niost
	this variation was due to intcrsubjcct dif-
	valid tests are shown by separate symboIs
	subject have dopes which are not significandy
	different at the 5% level from one another
	from the slope of the line calculated for
	variations in mauth deposition were observed
	when the type of mouthpiece was changed

