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The Effect of Particle Size on the Regional Deposition 
of Inhaled Aerosols in the Human Respiratory Tri~ct 

hlOATON LIl'l'MANN, Ph.D., and ROY E. ALBERT, M.D. 

N e w  l'ork University Medical  C e n t e r ,  Institute 01 Enuironmcntal Mcr l ic inc ,  
550 First Aucntte.  Netu Y u r k ,  New York 10016 

@ Thc circct of particle size on the rcKional dcposition of aerosols inhalcd through 
the iiiouth was dctcrlllincd in 93 studies on 34 subjccs. The test aerosols wcrc 

spherical iiionodispcrse insoluble iron oxide particlcs (specific cravity 2.5) containing 
radioactive tags, ranKing in median unit density diameter from 2.1 to 12.5-microns 
(a 1.08). Particles dcpositcd on the bronchial tree wcrc translocated to thc stomach 
by nuacociliary clearance which was essentially complete within the first day. The 
proportion of the initial lung burdcn of radioactive particlcs rcmovcd during the first 
24 hours providcd a functional nleasure of trachco-bronchi31 deporition. A portion of 
the inhaled aerosol was deposited in the hcad by impaction. As an impactor, the 
tracheobronchial tree is more efficient. For each individual subject, head and trachco- 
bronchial deposition increased with increasing particle size. Alveolar depositions de- 
creased with s u e  for particles larger than 4-microns 

introduction 

NOM'LEDGE OF THE regionai de- K position of inhaled particles forms thc 
basis for estimating the quantity of inhaled 
acrosol which reaches the various parts of the 
rcspiratory tract and is therefore one of the 
essential factors in the characterilation of 
the toxicity of airborne contaminants. 

I t  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, relativeiy 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 rhridgemcnt of a docton1 thcrir by tlic 
srnior author. This tlinir h u  been accepted br the faculty 
of the Graduate Division of the School of Enrrinccrins and 
Science ol S e w  Ynrk L'nivcoity in partial fii16llmrnt ol the 
rcquircmcnts lor the d c a m  of Doctor ol Philosophy. This 
investigation was ru p o n d  in part by a project m n :  from 
the Li. S. Public 8 4 t h  Scrricc. Crm: U 1 M .  I: was 
alu, aided by a man: from :he A m e h l  Medial Asmehion 
Education and WncPrch Founddon. Thim work u part of 
rn center pmmn supported br the Naciond InrCituta d 
Environmcnul Hulch scicnca Cnnc ES 00260. ' 

6.3-microns in diameter, Landahl, et 01.'~~ 
fractionated the exhaled a:r into four sequcrr- 
tial components. The residual airborne par- 
tick 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'? previous 
theoretical calculations. The agreement was 
sufficiently good for the authors to conclude 
that the theoretical calculation was correct. 

Brown et d.' studied regional deposition 
during nose breathing, using china clay aero- 
sols in narrow size ranges (up = 1.25), with 
count median diameters between 0.9 and 
6.5-microns. They collected the exhaled air 
in seven sequential components and used 
COz content of each fraction as a tracer to 
identify the region from which the eshaled 
air originated. The  validity of these data 
depends on the accuracy of the association 
between the various exhaled air fractions asd 
their prcsumed sources. T h e  Brown data 
have been questionee on the basis that the 
CO, tracer diffuses much more rapidly 
than the particles.6 Hence, the measured 
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CO, \.aliirs in  t i w  cslialcd air may have 
t l i f f c w c l  signiiicaiitIy T ~ O I T I  tlir corrcsponding 
CO, concrntratim in thr alveolar S ~ ~ C C S ,  

caiisiiig mi wIor in t Iic VoIiiiiic partitioning, 
and riiiiiiiiiizing tIic aivcolar dcposition. 

Ali~liiilcr ('1 d." cctiinatcd rcgional dc- 
ps i  I ion froin tiioii t l i  brca t 11 ing cx prrii iicn ts 
in wliich iiicasureiiirnts of both the conccn- 
tratinn of a nionodispcrsc triphcnyl phosphate 
aerosol and thc rcspiratory flow wcrc made 
continiioiisly diiring individual brcatlis. Using 
a continiious tubular filtcr bcd model as a 
theoretical analog ior the rcspiratory tract, 
they ralciilated rcgional dcposition in the 
upper and lower tract coiiiponcnts for vari- 
ous \ d i i r s  of anatoniic dcad spacc. The 
iipprr tract prnctration diiring inspiration, 
paiiw. and cspiration \vas clrrivcd from the 
cspircd acrosol ronccntration corrrctcd for 
acrnwl inking. TIic particlc sizc for inas- 
i i i i i i i i )  al\.coIar dcposition was estiinatrd to be 
grratw than 2-microns, but its valuc could 
lioi bc dcternlincd, sincc only onc partick 
gwaicr than 2-microns was used in thc ex- 
pcrimcnts. Thc data froiii nosc breathing 
espcrinicnts of Brown ct af.' had indicated 
maximal alveolar deposition a t  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.6 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 panicles was de- 
veloped,' an initial series of experiments was 

done on 1 1  siiiljccts who inii;tlcd 5 -  or 3- 
iiiicron iron osidc iiarticlcs."J' 'i'iime cx- 
pcriiiwnts sc-rvcd to confirm tl AC ITl i lCh cariicr 
obscrvations on thc characteristic5 oi ]iron- 
chial clcarancc, and also provided preliminary 
cstiinntcs ol rcgional deposition which diKc:rc:d 
consiclcrably irom those reported tjy other 
methods. Since thcn a much larger nuriihcr 
of cxpcrimcnts have hccn completed which 
have also incorporated additional refinements 
in the experimental tcchniqiic. 

The purpose of this paper is to Iirescn: the 
new cxpcriincntal data, and also to dcscribc 
the cuniulativc results obtained to da:c with 
monodisperse aerosols in order to def ine the 
rclationship of rcgional dcposition to particlc 
sizc in the 2- to 8-micron particle sizc r ~ g c .  
Tlie cxl)criiiicntaI findings dealing with the 
character of bronchial clearance will bc dc- 
scribed in another papcr. 

Methods 

'llic incthods used for the grncratiori and 
administration of the radioactivc aerosols as 
well as the mcasurciiicnt of chest activity 
werc comparable in most rcspccts to those 
dcscribcd earlier."-1o However, as dctai!cd in 
later sections, the methods differed from the 
previous study in the following respects: 
(1 ) The arrangement of the scinti1la:ion de- 
tectors was altered in order to obtain mea- 
surements of chest activity that were less 
dependent on the location of particles in thc 
lung; (2 )  the respiratory flow rates werc 
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 different 
isotope. 

Generation and Charactcrization 01 
Test Aerosols 

The test aerosol in each inhalation was 
composed of iron oxide spheres within a 
narrow size range which were tagged with 
either '"*Au or URtllT~ as a tracer. The aerosols 
were produced with spinning-disc generators 
which have previously been describcd.7.1D The 
median diameqers of the aerosols varied from 
1.3 to 7.9-mictons, and the geometric stan- 
dard deviation averaged 1.08. The technique 
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FIGURE 1 .  Simulatcd inhalation exposure. Sub- 
ject is breathing through mouthpiece connected to 
respiratory valve through aide wall ol spinning-disc 
senerator hqod enclosure. 

of using tagged colloid suspensions as a liquid 
feed for a spinning-disc generator to produce 
insoluble monodisperse spheres containing 
nonleaching gam ma-e m i t t i ng  radioisotop2 
tags has been described.' 

One spinning-disc generator" was set up 
50 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 1-minute 
inhalation of a smaller-sized aerosol was 
followed after a 10- to 15-second pause by 
a 1-minute inhalation of a second, larger 
aerosol with a different tag. The subject was 
unaware of the timing of the beginning and 

I 

. 
FICIIRE 2. Elcctron micrograph of iron oxidc 

particlca [rum spinning-disc acrosol gcncrator 1s 
inhaled by volunteer suhjccts. .4n cnlargcd view 01 
thc edge of one particle i s  shown at the righr. 

cnd of the aerosol gencration interval and 
was concentrating on producing a uniiorm 
breathing pattcrn 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 1 shows a simulated inhalation ex- 
posurc. The subjcct inhales test aerosol from 

! 

i 

the generator through a respiratory valve 
connected within the hood enclosure to thc 
output duct. 

The particle s i x  distribution for each test 
run was analyzed by sizing a representative 
sample collected on a 25-mm-diameter disc 

minimum of 50 particles per sample were 
sized, using a 9Ox apochromatic oil im- 

ticles appeared to be solid spheres. Actually, 
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F 
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of membrane filter (Millipore, Type .\A) . .i\ I 

I mersion objective and a filar micrometer eyc- 
piece. Under the light microscope, the par- 

they were porous awegates of smaller c01- 
loid spherer The edges of the particles have 
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FIGURE 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, measuremenu with a 
Timbrel1 aerosol spectrometer demonstrated 
that the density of the particles was 2.5 
compared to the parent material density of 
4.0 for iron oxide." 

1 .s-w(nl- .LI- 

.... ..... 

...... .... .... .... 

Control and Measurement of 
Rrspirotory Vlariables . 

The subjcct 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 solcnoid-actuated three-way 1-inch ball 
valve controlled by an electrical timer scp- 
arated the inhaled and exhaled air, permit- 
ting the subjcct to inhale particles from thc 
output duct of the aerosol gcncrator and to 
direct his cxhalcd air through a liltcr canistcr 
and diy gas meter. The subject's inspiratory 
and expiratory flow rate was mcasured with 
a small heated film anemometer scnsor 
(Themo-Systems, Inc., 2500 Cleveland Ave. 

FIGURE 4. Positions of radiation dcrcctors within 
cylindrical collimaton relative to chcrt phantom or 
aubjcct. 

N., St. Paul, Minnesota 55113) locatcd 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 dcsired lcvcl. 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 permanent rccord. 
A sample tracing is shown in Figure 3. Thc 
total inhaled volume was measurcd by in- 
tcgrating the flow rate tracings planimetrical- 
ly, and also by measuring the total eshaled 
volume passing through a dry gas meter. The 
peak inspiratory flow rates wcre measured on 
the flow rate tracing. 

Detection of Radioactiviry Burdclts 
All measure1nentS wcre carried out with 

the subject in a low-radiation-background 
chamber having 6-fnch-thick steel walls. As 
shown schematically in Figure 4, the particle 

I 
1 
I 
! 

i 
! 

1 

i 

I 
I 

1 
i 

j 

i 
1 
I 

I 

i 

i 
I 
1 

1 
I 
i 
i 
I I 
i I 

I 

I 
I 
f 

I 

I ! 

1 

Amrrican 

rctcc t ion 
inch-diar: 
lation de 
m a d y  i i  
cavity. '1. 
drical IC.; 
the C r y S i ;  

in order 
to the ci: 

'Shc i 
scinti!la t i 
Comnion 
ins hrac 
a chair 
(see Fiy, 

scat-jack 
of the rl 
to one-: 
supcrs:c: 
diamc.rc.. 
ncck by 
twccn a: 
reprod\: 
means c 
sub j ec: 
posi tior. 
ring de 

rotaiin y 
pcrmitt 
chair. ' 

to the 
posirior 

I\'iti: 
count 
ativc!) 
rhc r3c: 
niined 
Mason 
forrtii t' 

ior Llci 

is abo. 
sitivir) 

T!ic 
lung . 
in esy: 
sLSpcr 
by rhr 

to the ti, 

tcctor 6 

F', LWLlT(' 

17 Cpi' 

t 

t t 8 5 3 2 b  



'~nr j  1969 7 .. *.' 

/ 
I 

/ 

:on within 
hantom or 

bcatcd in 
'ry valve 
I of the 
icl meter 
nsor was 
Tin, per- 

vel. The 
i voltage 
ty in the 
ntinuous 
t record. 
3. Thc 

1 by in- 
nctrical- 
exhaled 
ter. The 
iured on 

ory flow 

u t  with 
kground 
rails. As 
particle 

rctcntion was measured by a ring of four 5- 
incli-diamrtcr by 2-inch NaI (TI) scintil- 
lation dctrctors wliosc faccs wcrc npproxi- 
matcly 16 i n c h  Iroiii thc ccntcr of thc chcst 
cavity. 'rhc dctcctors wrrc sliicldcd by cylin- 
drical Irnd-filled collimators cxtcnding from 
tlic crystals to tlic vicinity of thc chest wall 
in ordrr I O  rcstrict tlic ficld of mcasurcmcnt 
to thc chcst. 

The four 5-inch by 2-inch collimated 
scintillation detectors wcrc aligned on a 
coinnion planc and wcrc supportcd by mount- 
ing brackcts attaclicd to thr stccl framc of 
;L chair which also supportcd the subject 
(SIT Figirrc 7 ) .  Thc subjcct's hcight rclative 
to tlir drtcctors was adjustcd by nicans of a 
scat-jacking incchanism mounted at the back 
of the chair to bring the axis of tlic dctcctors 
to one-third the distance down from the 
supcrstcrnal notch to the syphoid. A %-inch- 
dinnirtrr spot ol light cast on tlic subjcct's 
neck by a miniature spotlight mounted be- 
twcrn and a h v c  thc front dctcctors pcrmittcd 
rcproduciblc positioning of the subjcct. By 
incans of a niirror inoiintcd on thc chair, thc 
subjcct was able to continually chcck his 
position against thc light circlc. Onc of the 
ring detectors and the smaller tracheal dc- 
tcctor (to be described) were mounted on a 
rotating arm, which could be swung clear, 
pcrmitting the subject free access to the 
chair. The rotating arm was always returned 
to the saiiic position with the aid of built-in 
position niarkcrs on thc rotating arm. 

With thc abovc configuration, the total 
count received by the four dctectors is rei-- 
atively indrpcndcnt of thc distribution of 
thc radiation sourccs within thc lung as detcr- 
mined by incasurcmcnt of point sourccs in. a 
Masonite phantom." T h e ,  degree of uni- 
formity in counting efficiency is illustrated in 
Figure 5.  Thc average counting efficiency 
for activity in the major bronchi and trachea 
k abolit 13% higher than the average sen- 
sitivity for thc lung as a whole, which was 
17 cpm/nCi for both 10*Au and ""Tc. 

The contribution of swallowed particlcs to 
lung activity iiicasurcmcnts was dctermincd 
in expcrimcnts in which radioactive particlcs 
suspended in distilled watcr wcre swallowed 
by three of the inhalation subjects. The lung 
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FIGURE 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 ncar 
background. 

In addition to the ring of 5-inch detectors, 
a 3-inch by 3-inch NaI(T1) scintillation dc- 
tcctor was positioned over the front of :he 
chest to .provide a measurement ficld largcly 
restricted to the trachea and adjaccnt tissur. 
This detector was housed in a cylindrical lcad 
collimator which had an aperturc in the form 
of a vertical slit 1.5 inches wide by 3.5 
inches high. Its axis was 1.5 inches abovc 
the height of the axis of the radial dctcctors, 
and its face was rccesscd 4% inchcs into thc 
collimator, approxiniatcly 10 inchcs from K ~ C  

center ol thc chcst. Thc  scnsitivity of thc 
tracheal detcctor for point sourccs at various 
positions within t& lung phantom is also 
illustrated in Figure 5. 

i 
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FIOIWI 6. Counting scnsitivity for sources within 
head at indicated positions. 

- 
The retention O C  particles deposited within 

the hcad 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 * i5% was obtained for 
head burdens measured with this array. 

The head field ring detector sensitivities 
were determined for '"*Tc and loSAu by 
positioning a point source within the tip of a 
catheter tube a t  various positions within the 
head of one of the inhalation subjects. 

With the subject in a standing position, 
anterior and posterior measurcmcnts d the 
abdomen were made with a single 8-inch by 
4-inch detector a t  a distance of 14 inches 
from the surface of the body. Chest radio- 
activity was screened from view of the de- 
tector by usc of a l-inch-thick vertical shieid 
which covered thc lower haif 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 uperimCnu in which a known amount 

of xadioactive par t ida was nwpllowcd by 
three of the subjects, 0)t and 

hday-junz, 1369 I 

providcd thc calibration factors. Serial 
mcasurcmcnt.. on cach subject indicated that 
tlic avcragc of thc antcrior and postcrior ab- 
dominal I I ~ C ~ S I I I ~ ~ I I I C ~ L S  throughout thc first 
day rcninincd constant within 2 15%, cx- 
ccpt for a hid ( H  1 hour) interval during 
which tlic abdonijnal count drolqvxl to about 
half of thc avcngc lcvcl of thc Iirst Ccw 
hours. Thc avcragc counting sensitivity in 
thc abdomen was -20% lowcr for suhjcct 

than for subject 0, witli stilljcct f in bctwcn. 
In the most ixxcnt in1r;rlxion c:sj~eri;iicnts, 

additional rlicasurcmcnts wcrc madc of thc 
activity within the stoularh, risinq a 3-inch 
by 3-inch NaI (TI) dctcctor within P 3S-inch 
i.d. cyiindricai collimator. 'I'hc facc of the 
dctcctor was rcccsscd 3% i n c h  into tlac 
collimator, whox facc w a s  % inch behind 
tlic webbing of thc chair on thc left sidc. Thc 
asis of the dctcctor was 8 inchcs bclow thc 
axes ol thc 5-inch dctcctors and in linc with 
the cspcctcd Iocation of thc stomach. 

Tlic output sipais from the scintillation 
detectors wcrc proccsscd by a 400-channcl 
pulse height analyLer which. could be op- 
erated as four 100-channcl analyzers. Thus, 
four diffcrcnt measuremcnu could be made 
simultancously. In  some of the experiments, 
the four 5-inch dctectors' signals were com- 
bined into one 100-channel band, whilc in 
others thcy were separated into left-side and 
right-sidc pairs. The trachea, stomach, and 
abdominal detectors were each analyzed in 
100-channci bands. The analyzcr was cal-' 
ibratcd a t  5 keV pcr channcl, giving a total 
energy range of 0 to 500 kcV. The isotopcs 
used were lorAu with o half-life of 2.7 days 
and a gamma photopeak energy of 41 1 keV, 
and * T c  with a half-life of 6.0 hours and 
a gamma photopeak energy of 140 keV. 
Photopeak counts in the energy band 3725 
to 477.5 keV (channels 75 to 95) were 
summed to provide a measure of gold tag in 
the chest. For ODmTc, the energy band from 
1225 to A625 keV (channels 25 to 32) was 
wed. 

For runs involving the inhalation of two 
particle distributions, the larger particles 
tagged with O-Tc and the smaller ones with 
'**Au, the conkbution of activity from the 
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higiicr-rncrgy "'.*Au apl~x~ix ig  in tlic photo- 
peak region of tlic Iowcr-cncrm ""'IITc was 
dctrrrihrd from tlie amount of '""Au scnttcr 
in a n  cnt*rAy Land bctwccn tlrc photopcak 
regions of tlic two isotopes. In the cncrgy 
region sclcctrd (167.5 to 207.5 keV) where 
tlicrc was ncgligiblr tcchnctium count, the 
'"'d4\i scatter was 70% of that in the o"mT~ 
plratopeak rrgion itsr if. 

Experimental Procedure 

Most inhalation studies bcgan in iiiidniorn- 
ing. nil. sribjccts wrre givcn no spccial in- 
structions with rcspcct to catins or smoking 
b d k c  thr start of thc inhalation cxposurc. 
Each test inhalation consisted of a bricf 
(risiiaily I iiiinutc) csposure to a test aerosol 
coinposcd of monodispcrse spherical iron 
osidc particles containing a very small 
(<  1 ' 3  ) mass iraction of eithcr '""Au in 
iiictallic form or :""I'TE~S,. In most of thc 
test inhalations starting with H-27, a second 
1-minute inhalation was begun about 10 
spconds aftcr the end of thc first. In thew 
double esposures, the first exposure involved 
a smaller-size particle with 1°*Au tag (T, = 
2.7 days), while the second exposure involved 
a larger iron oxide particle with nnmT~ tag 
(Ti = 6.0 hours). The smaller of the two 
aerosols always exhibited the greater frac- 
tional long-term retention; hence the use of 
thc longer half-life isotope (lrsAu) 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 whoie- 
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 volunteen. They were highly moti- 
vated, were extrrmely . cooperative, and 
adapted readily to the experimental p ~ t ~ i  
rcquiring that they inhale on signal at an 
appropriate Aow rate and tidal volume. 

Rorultr 

. . 

Forty-five inhalation ta ts  were performed 

i 

: 
i 

I .  

_ -  Ld .-...I . 
LI- 

Fiouaa 7. .Volunteer subject sitting in cnert 
counting position in .chair within whole-body 
counter. 

by 2 6  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,8*" 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 m) 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 sub'ect and chronic 
cough in subject a 68-yearsld non- 
smoker with chronic bronchitis. 

Scvcn subjects wcrc cxposcd to acrosols oi 
four or more diffcrcnt sixs. The overall lung 
rctentions as a function of time past esposure 
arc shown for fo rtof them in Figure 8. In 
each of the p a n t b i n  thir figure, the clear- 

I 



TABU I 
Vital Statistics of InhJali1,n SiiLjcctr 

Aue )Icishc Weight 
Subjet (yesn) (inch-) (pounds) Current Slnukiw Iliriow 

70 i a 
61 I25 20 ciz./dry (Gltrr) IC lean 
73 I95 Ciaar and pipe 21 wars 

Nmsmekcr 7 1  I65 
73 147 1.5 ris./day. (Cltrr) 5 ycara 
74 I65 Nonsnitiker 
75 250 4 0  c i d d s r  (filter) 20 years 
70 IMI Snnrnirtkcr 
68 IJO Sorumka 
70.5 IS5 30 cir./&y (Citrr) 20 yean 
66 1 45 ,XI c i d d a y  (no Cltrr) I2 y r a n  
72 175 20.50 cia./day (no filer) I5 ycan 
68.3 I.% ?fl ciy./clay (Glur l  R yram 
65 m 21) riq./day (nn Cllrr) IO rcan 

69 I55 25 cig./day (no Cltcr) 17 ycrn 
70 IM 30 cis./day (no Biter) 10 yean 
74 I92 Ex-nmoker Lor IO yran.  40 cig./&y 15 ycan  
74  1W Nonsniokcr 
79 220 20 cig./&y (no filter) 15 yean 

Fnnsmokcr 70 175 
N, I85 C i p r  and pipe 45 I r a n  
7 1  18) 40 cig./dsy (filter) 20 y u n  
74 XlO Occasional ciuarcttc smoker 

69 I h7 3n4n ciq./dai (filter) 5 y r a ~  
70 190 Simsmokcr 
74 180 Nonamoka 
62 126 Ex-amokcr + yean. 7 cig./&y 6 yean 
74 210 30 cir./&y (filter) 7 v a n  
72 m Ex-smoker 12 yean. 10 &d&y (no 6hrrl 

30 y u n  
248 Noaumokcr 

74 No-ka 
Nonnmoka 

70 195 
184 

73 71 18) Y ag./dnr (biter) 6 y u n  

Ilx-mokrr lor 9 years. 1% pk#./da). 15 ycrra 

c i p r  a d  pipe only 3 yran 

IM S ciK./day. 10 pipa/d.y 8 ycan  

TABLE I1 
Lung C l e a ~ c e  after Fint Day 

H.21 
H-27A. 
H - 2 U  
H-IDA 
H - S A  
H-SA 
H-36 
H-17 
nc(9A 
n-i 

H-7 

H-2 
H 4  

H.8 
H - l l  . 
H38A 
HSSA 

47 
35 
52 
56- 
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I 
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FIOURE 8. Lung retention versus time at various particle r izu  for four inhalation subjects. uncertainties 
due to countins statistics are indicated by vertical ban for those poinu where they are greater than the 
rize of the symbol. 

ance curves were identified as to test number, 
mass median particie diameter (d,,,) in 
microns, and the product pdamQ,,, 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 ciear- 
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 I1 indicate that, for the 
group of subjects tested, the rate of clearance 
after the first day war very much slower than 
that within the first day postexposure. 

The depositions within the major func- 
tional q i o n s  of the respiratory tract in the 
experimental mouth breathing inhalation 
tests are summarized in Table 111. The re- 

' 

gions are (1  ) the mouth, (2)  the pharynx- 4 
larynx (P-L) , (3) the ciliated tracheobron- 
chial tree (T-B), and (4) the nonciliated 
alveolar spaces ( Alv.) . 
part of the head deposition recoverable with- 
in the first few minutes postinhalation by 

1 
t Mouth deposit has been defined as that 

gargling and mouthwashing. The residual 
head deposition is designated the pharyngeal 

i 

i 
";si) ( ). Most subjects deposited between i 

i 

1 

I 

i 
1 

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 t 
about 15% and 40% of the head deposit in 
the mouth, while one subject m) 
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 s?ows a comparison of the 
estimated abdominal burdens and the head 
and chest activity cleared via the esophagus 

1 
t 
! 

I 
i 
i 
1 
1 
i 

1 1 8 5 3 3 1  
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TAULP 111 
Tcrt Inlidation Data Summary-Mouth Breathing 

- . _  _-_- --....---. ---.- 
~11.1l 5:I.R 221.11 5211 11.7 <(;.I1 2!).!) 13.5 !t,t (Ji A'J 
11.7 44.4 111.4 i : ~  14.7 51.6 '11.7 '1.0 u.9 1x8 ip: 
7.1 34.6 14.2 ill3 - - 21.8 19.4 - YI 53 

21.5 58.1) 35.6 1930 - (38.5)t 32.2 26.4 5.3 45 55 
IG.2 88.0 61.3 34W -. (47.4)t 37.9 3.1 11.4 h i  Yf 
m.0 - - i m r  0.0 5.0 29.9 H.R i2.o 44 40 

15.1 - - z 2 w  21.6 43.4 I R . ~  12.4 3.8 XJ rAj 
17.5 75.1 36.7 1240 15.6 32.2 41.7 6.2 4.3 I15 R7 

m 
3.R - - 571). 2.8 2.2 22.9 59.0 12.5 ZG '27' 

16.2 G6.9 33.9 2iNUl '23.9 211.7 34.3 3.R 9.3 8.5 !IO 

3.112( 1.lUl) 
5.33( 1.117) 
4.45( I .  1 I 
4.65( I. I?) 
4.77( 1.12)  
3.%( 1.21 I 
3.4V I .  I ?  ) 
5.1131 1.10) 
3 . W  1.08) 
4 . w  1.W) 
2 . w  I .n7) 
D.lS( 1.111) 
5.718( I.O5] 

7.?5( I . l X $ )  
l . : N l l . ( m l  
2 . W ( i . l Z ]  
3.4l(  1.11)) 
5 . M l l . l l )  
3.!M( I .  11.) 
5.1911.1 I )  
3.77( I .  I 7  I 
2 . 5 ~ ~  1.05) 
5.I4(1.071 
6.BO(l.M>) 
5.00( I .  12) 
5. IO( 1.14) 
3.680.09) 
3.30( 1.0)) 
5 . W  I .O7) 

5.33( 1.11 
3.4l(l.oal 
4.6% I .07 ) 
3.41(1.08) 

4.05(1.06) 
5.10(1.08) 
3.62(1.06) 
4.98( 1.05) 
3.59f1.07) 
4.93(1.06) 
3.74( 1.14) 
5.12(l.[n) 
3.6w1.12) 
4.90(1.10) 
2.10(1.101 
Z.M(l.12) 
3.78(1.05\ 
5.89( 1.07 1 

4.79( 1.14) 
7.16(1.11) 
4.64( 1.14) 
4.82(1.121 
2 . m  1.W) 
3.77( 1.09) 
6.76( 1.06) 
2.91( 1.12) 
5.05(1.09) 
4,05(1.11) 
5.15(1.10) 
3.80t1.14) 
5.04( I. IO) 
3.76(1.11) 
3.W1.05) 
4.es(I.04) 
IBz(l.l4) 
L42( 1.11) 

4 . w  1.131 

4 . 7  

7.9~1.117) 

11.18 
IL.22 
11-23 
11.1 
11-2 
11-0 
11-32h 

1 1 4 1 A  
lI.4lT 
ll-4ItA 

l l - 1~7A 
11.h77' 
1 I.59A 
1I.SQ-r 
1 I-.'4A 
I I.:Nr 
11-L'h 
II.:IR 
lI-44A 
IL44T 
H.5 
H-13 
H-30 
ll-35A 
H-35T 
H.57.4 

H J 5 A  
H45T 
H 4 A  
H.46T 
H43A 
H-63T 
H42A 
H42T 
H13A 
H43T 
H-53.4 

1 I -xr 

I r-wi- 

H-57T 

H-53T 
H-5% 
H45T 
H-66A 
H46T 
H-36 
H-!MA 
H-50-I. 
H-SA 
H-56T 
H-19 
H-21 
H-27A 
H-27T 
H.34 
H 4  
H-7 
H40A 
H b m  
H-UA 
H-WT 
H-24 
H a  
H 4 V  
H49A 
H 4 T  

15.2 a1.4 3n.2 
17.11 55.6 31,s 
16.1 li7.5 x1.5 

17.3 &).ti 36.3 
11.1 J9.H 25.7 

19.1 59.5 34.4 
1n.o *.I 22.1 

13.1 5n.8 35.5 
19.7 55.7 2n.i 

I t i . ?  (i1.7 2li.6 
14.1 64.2 32.8 
6.3 48.6 20.2 

12.7 53.9 23.6 
13.3 53.2 22.2 
12.0 - - 
16.3 - - 

4 i 5  

3o:Wl 
47110 
I I:, 
2:m 

1310 
22%) 
iirxi 
171W1 
I170 

3RR 
15%) 
2560 
1 4 W  
2120. 

14M 
2G50 
115n 
2 3 0  
1210 
2460 
1240 

-1700 
I870 
3150 
1010 
214a 

27w 
10.50 
2260 
690 

1420 
393 
670 

1 3 0  
2310 
4580 
2120 
'4510 
1 W  
3700 
678 

1330 
Hxx) 
5w 
PMT 
1200 
21 10 
860 

1660 
730 

1080 
1770 
225 
4+5 

n13 

I 3 r i  

13711 

1.1 - 49.4 
2.11 - fAl.7 
lG.5 51.7 22*.2 
2n.7 46.0 z25.0 
1.5 11.9 19.9 
1 . 1  11 .0  22.3 
1.8 27.2 G I L L  
2.3 3fl.D 51.7 
4.2 .K.!) 42.3 

1Il:J :l+.ll 411.8 - (39.4)t 46.6 
2.9 15.1 21.2 

21.2 47.4 25.8 
29.0 52.4 216.3 
20.0 10.0 64.2 
45.0 15.4 32.2 

23.4 - CF, 

51.11  2.lb-95 - 
51.0 1.3 -'Z)J - 
51 .I1 Ili.li PL' 20 
43.2 2'2.4 28 34 

:I.? 7.8 1;; 95 
2.7 4 3  &$ 95 

IIJJ 4.7 7n in  
4.2 ?.I !!2 'IL 

11.7 2.3 &0 Iu) 
31.7 23.1 15 40 

12.5 - nn u 

2.5 3.1 60 91 
10.2 2.1 76 2 ! t J  

2.0 4.2 65 45 
5.3 2.1 67 a6 

21.0 
17.0 
20.3 
15.2 
16.0 
20.4 
26.2 ' 
19.7 
22.1 
23.2 
23.7 
13.9 
17.2 
21.4 
23.2 
15.5 
17.4 
11.3 
12.8 
18.0 
17.4 
18.2 
13.9 
13.8 
17.1 
16.2 
16.0 
19.4 
23.8 
18.9 
21.5 
12.4' 
17.8 
12.1 
14.2 
11.0 
12.7 
7.2 

12.6 
10.6 
11.2 
134 

74.0 
82.2 
92.4 
81.0 
89.2 
91.0 
88.5 
72.8 
53.3 
63.8 
75.8 
51.1 
56.6 
80.7 
15.5 
73.3 
an.5 
54.5 
59.4 
70.9 
65.7 
63.4 
40.7 
45.1 . 56.6 
52.9 
66.4 
86.1 
79.2 
68. I 
78.4 - - 
86.7 
92.0 . 
40.5 
47.4 
32.1 
503 
55.0 
62.7 
69.1 

40.4 
38.5 
39.5 
28.0 
32.2 
41.7 
45.6 

43.4 
45.5 
47.7 
30.8 
34.1 
42.5 
44.4 
29.9 
34.5 
21.3 
23.6 
35.3 
33.3 
36.6 
26.7 
29.4 
36.9 
35.2 
36.0 
63.8 
48.6 
37 .5 
43.7 

42.a 

- - 
29.3 
31.8 
23.8 
26.2 
20.7 
34.4 
30.0 
27.3 
30.5 

1.8 11.9 44.2 
17.7 6.5 18.7 
56.3 5.4 25.3 

11.8 30.3 
9.2 7.9 
6.3 6.7 

69 
62 
&"I 

50 
84 
s 
69 
i9  
eJ 
i 7  
82 

90 
61 
81 
40 
60 
83 
88 
3; 
55 
24 
47 
73 
80 
IH 
62 
70 
17 
39 
84 
25 
55 
a3 
89 
71 
85 
85 
85 
96 
50 
68 

. a2 

79 
67 
eo 

- 
.I 

? 

b 

4 . 

ar: 
11 
in 
ai 
w 
01 

n 
P 

e: 
d 
7 

n 

F 
1 

f (  

u 

t. 

C 

+ (68.5)t 12.5 
+ (W.5It 14.8 

11.8 20.3 44.3 
12.1 21.1 54.5 
10.7 30.2 42.3 
13.3 39.5 35.9 
37.3 39.6 16.3 
31.7 449 16.0 
11.0 - 65.8 
21.3 - 53.0 
9 7 39.6 30.4 

13.0 59.1 22.6 

12.5 6.5 - 0.7 
19.0 4.6 
4.7 2.6 
9.3 7.5 
4.9 6.4 
4.1 2.7 
3.5 3.9 
7.3 - 
1.1 - 

13.1 7.2 

50 
100 
70 
92 
82 
e8 
80 
82 
90 
98 
i 3  
90 
46 
65 
87 
91 
51 
65 
$6 
83 

2% 
80 

2.5 2.8 
7.6 18.6 25.8 30.2 17.8 

13.6 30.0 25.9 14.0 16.5 
10.4 25.4 55.9 8.3 - 
18.1 30.2 47.0 

1.1 2.6 34.7 
2.7 13.0 50.7 

20.6 11.4 23.7 
13.0 26.5 37.1 
28.1 35.9 228.7 
12.3 34.5 34.6 
18.5 41.2 35.2 - (55.0)t 24.6 

(82.7)t 11.6 

6.3 18.5 51.2 
'29.3 48.6 17.5 
11.3 2.7 32.8 

22.4 35.6 30.2 
28.2 95.2 22.1 
3.8 49.9 33.1 
9.5 64.5 20.8 
--* (20.8)t 46.7 
4.1 71.1 213  
6.7 73.7 17.1 

19.9 32.0 k i :  ~ 29.5 41.0 

3.8 14.2 28.6 

40.8 40.8 11.2 

4.6 - 
49.9 11.7 
27.3 6.3 
27.8 16.5 
7.6 15.8 
s0.3 7.0 
10.9 7.8 
1.1 4.0 
9.6 1.0 
2.9 0.75 

42.8 10.6 
16.2 7.8 
1.9 2.7 
49.3 3.7 
4.8 2.4 
6.2 5.6 
2.7 1.8 
9.9 3.3 

8.2 26.3 
2.6 0.9 
0.5 2.0 

32.0 15.0 
19.3 9.3 

1.8 3.4 

94 
72 
80 
40 
76 
90 
40 
70 
a3 
89 
77 
92 
85 
69 
97 
50 

- 6 8  

t 1 8 5 3 3 2  
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TADLE 1x1 (CONTISUED) 
Teat Inhalation Dam SumnuFMourh Breathing 

htin. Luns 
Val- Iaspimtory Rcainnal Dr(nsition k:2 C:rrrrnce 

Particle lime (ill,,,) % of Inhaled hcrmol s,,l (%o) 
Site.  ( l i b  - 

Subices Trw d ,  (a , )  em) Q,' Q.b @-a Mouth P.L* T-n' Alv9 (%) :Ohr 2 4 h r  

i i - 6 ~ ~  + 1zfI.m) 15.9 56.4 32.6 iinn 22.9 41 .4  24.0 6.8 4.3 C'J 78 
11-62T 5 . i w i . c ~ )  17.7 69.0 36.2 ?RiO 52.1 24.7 17.2 2.t 3.4 M M 
I I - ~ I T  5 . w i . n i i  13.9 rh.8 26.9 2020 6.2 94.9 46.9 2.0 - 35 I 
II-JIA 3.76Cl.M) 14.6 8?.0 37.1 I f f i  11.0 46.7 23.1 7.2 8.2 77 79 
H-3lT 5.0?(l.05) 12.9 74.2 30.4 1920 14.5 48.1 2R.2 3.5 5.7 69 €9 
11-52.4 3.63(1.11) 20.4 67.4 37.2 1225 10.0 X.7 29.4 19.6 10.3 51 60 

11-23A 3 M1I.M) 15.6 67.3 34.b 1140 4.2 40.7 31.3 9.R 6.0 - 
11-37 2 ,34 ( l . l%)  16.8 883 32.9 450 0.R 0.5 16.8 56.1 25.8 21 '23 
I U 7 A  3.2?11.OR) 15.9 56.1. 30.4 7!hl 3.5 23.2 28.3 18.1 20.9 53 61 

IT-SlA 3 .52(1 .11 ,  21.7 73.4 39.4 1220 18.7 35.7 28.8 9.6 7.2 65 75 

X 5 2 T  4 9%i . in)  ( 2 s . i )  M.9 (48.11) (mml 11.8 38.9 42.9 5.9 0.5 GI ?.3 

mm- +.n)(t.w) 19.6 76.1 4z.c 2 ~ 5 0  31.1 43.3 20.0 2.3 2.7 c3 - 
IC.sn' 7 rwi.n7) 16.2 15.2 30.0 3750 41.8 33.4 16.6 0.9 7.3 m 95 

W%A 1 i ~ ~ 1 . 0 7 )  18.8 79.3 $0.9 1 ~ x 1  in.2 52.8 25.6 6.1 3.4 72 76 
H-HT s . ~ o ( I . o ~ )  14.1 6 . 5  28.4 ~000 14.0 65.3 1.3.5 2.3 2.9 85 a7 
11-16 5 . m i . 1 ~ 1 )  15.0 - - zmo* 18.6 36.6 35.2 3.1) 5.7 rfi W 

H-9 s.3n(1.11) 14.0 - - i w  27.3 36.2 25.4 2.8 8.3 &3 CJO 

K51T 6 R 5 ( l . l n )  20.3 65.2 40.8 2403 33.4 44.2 20.5 2.3 3.G 86 

IX.12 4 8 0 1 1 . 0 9 )  17.5 - - 2010* 56.8 22.7 16.0 0.8 3.7 32 9.5 
H-I4 5.20(1.14) 133 - - 1820, 23.6 15.3 42.2 7.4 5.5 85 25 

i t i 7  5.)0(1.09) 13.5 - - 1 8 W  33.3 42.2 19.0 1.0 4.5 95 95 

s u i  4.W(l.10) 11.7 - - 14GOoo, 42.0 7.8 37.0 6.5 6.7 20 81, 
Hb 4 .NNl . l l )  16.3 - - 1870. 32.6 2.0 57.2 3.0 5.2 85 95 
n-15 5.2W1.09) 16.0 - - 2 1 W  52.0 20.1 2S.l 0 2.8 92 100 

H-10 5.1011.07) 19.8 - - 25RO* 43.6 18.4 28.6 6.2 3.2 a? 82 

at thc tiinc of thc abdominal mcasurcmmt. 
In vicw af tlic iirnitcd acciiracy of thc aixlom- 
inn1 mi*asiiiwicmis, tlic ngrccmcnt is rczson- 
ablc. ncttcr n1)tloininal burdcn cstimatcs 
would rqui rc  a particlc swallow expcrimcnt 
on each inhaiation subjcct. 

While dcposition within the mouih did 
not vary greatly from subject to subject, the 
P-L region deposition showed marked in- 
tenubject differences. Figure 9 shows the 
effect of particle size on the overall head 
deposition for the current test series data. 
T h e  data were plotted in terms of the prod- 
uct pdlmQ,,, since impaction was the domi- 
nant deposition mechanism in the head, and 
thk combination of variables determines im- 
paction efficiency in a given physical system. 
Thus, the .wariations in respiratory flow indi- 
cated in Table I11 were normdiztd, and the 

cflcct of particlc sizc on hcad dcposition 
could Inorc rcndily IN clctcrmincd. 

Figiirc 9 indiatcs that thcrc was n large 
variation in impaction cfficicncy among thc 
tcst group at a givcn pd2,,Q,,, and that niost 
of this variation was due to intcrsubjcct dif- 
ferences. Those subjects with four or more 
valid tests are shown by separate symboIs. 
Calculated regression iines for each individual 
subject have dopes which are not significandy 
different at the 5% level from one another 
or from the slope of the line calculated for 
all of the data combined. Subjects - 
and p w e r e  at the extremes of the group, 
with 0% intercepts at pdl,f& = 700 and 
2800, respectiveiy. In these experiments large 
variations in mauth deposition were observed 
when the type of mouthpiece was changed. 
I n  the eariier test series (H-1 through H-17), 
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Ftourx 9. Effect of particle sire on overall head 
deposition in mouth breathing cxperimenu. 

1 , -yII-*,-,-.-r " . . . 

.....- 
).. Y 

& 

Fiouns 10. Effect of particle rite on tracheo- 
bronchial (T-8) deposition. The model poinu were 
derived from the caiculation dacribed in A p .  
pendix 1. 

the fraction of the head deposition in the 
mouth averaged 64% with a range of 33% 
to 9476, as compared to the range of 5% 
to 40% in the subsequent tests. In the earlier 
series, the teeth clamped on tabs a t  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 trachcobronchial (T-E) deposition for 
particles entering the trachea in the experi- 
mental inhalation tests is shown as a function 
of pdz,Q. 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-E) 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-lune, 1963 

UGCHDI 

* 

UNIT DENSITY DIAMElClL- p 

FIOURE 1 1 .  EAect of particle size on alveolar 
deposition. 

tion in deposition at  a given pd2,,,Qn, with 
most of the variation due to intersubjcct dif- 
ferences. Also, the five subjects indicated by 
separate symbols show about the same rela- 
tive locations on the two plots when compared 
to each other and to the group as a whole. 

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

Discussion 

Bronchial clearance has been shown to 
take place, and to be essentially complete, 
within the fint postexposure day. An assump- 
tion is made that bronchial clearance is 
equivalent to trachcobronchial dcposition, 
providing thc basis for distinguishing between 
tracheobronchial apd alveolar deposition. 
Even if some of the bronchial clearance in- 
cluded partides depoJted in the alveolar 
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TABLIE IV 
Edmater d Activity Cleared to Abdomen 

~ 

R i t i a :  
Mca- 
wrcd 

Subkct ( i h )  (pan&) T n t  ( h o d  (nCi) (nCi) anccl 

HraJ and 
Measured Lunu 

Activity in Clcarcnce IO - 
H e i d i  Wd*t Time AMnmcr. Ahdnnicn, CkU. 

75 2)o I N ? A  1.1 41.4 32.+ 1.3 
l l - w r  1.1 69.2 73.9 0.3) 
ll-41A 1 .I; 29.9 41.8 0.72 
I I 4 I T  1 .I; 172 337 n.:i 
l l-4IIA 3.7 67.4 71.9 0.m 
lL4a-r 3.7 759 1208 Q.G3 

I55 11-21; I .o 146 83.1 I .u 
11-33 1.5 43.5 25.2 I .7 
1 1 4 A  1.5 61.6 45.6 I .+ 
11.44-r 1.5 291 40-2 0.72 

220 JI-.WA 2.9 39.7 ' 3'1.2 1.1 
ll-WA 23.0 62.7 50.1 1.3 
1i.m 2.9 213 2fr) 0.81 
Ii-m 23.0 301 287 1.1 

70 

- m  

175 H-25 o n  190 184 1 .o 
H-W 0.9 3Rl 493 0.76 
H-34 3.6 555 5w 0.54 

167 H-MA 2 3 m.5 82.7 1.1 
H-40T 2.3 IMn 1742 n.eb 
H49A 4.3 97.s 96.1 . 1.0 
H-49T 4.3 1449 1323 I.! 

248 H.2IIT I .3 744 93s 0.80 
H-29T 23 8% I017 nas 
H-37 2.6 28.1 31.1 0.90 
K47A 2.0 63.8 5a.4 . 1.1 
H47T 2.0 1% 113 1.3 

- 7 0  

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 practical 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 functionai terms, if not necessarily in 
anatomic terms. 

The overall head depoition data are in- 
sufficient to indicate the exact form of the 
relation between and impaction 
efficiency. Sigmoid curves of the type ob- 
tained with inertial partide separaton may 
be at least as d i d  Y the solight-line plots 
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on Figure 9. In  any case, both the individual 
subject and the collective data show that 
deposition increases with increasing #,&. 
The cutoff is not a sharp one; that is, the 
siope of the curve a t  the 50% intercept is 
low. 

Parallel lines with different intercepts 
would be expected if the differences in depo- 
sition were iargely due to differences in the 
air-path dimensions. Such a range of varia- 
tion couid have occurred as a result oi 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 pcP,,,Q., requires some justification, 
since deposition due to sedimentation would 
be expected in P e  smaller ciliated airways. 
Partial justification is provided in Appendix 
I, which outlines she results of a model calcu- 
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I 

lation for trachcobronchial dcposition bascd 
on Wribcl's12 lung dimensions and Landahl'? 
drpositioii cquations. I t  is shown that iiiipac- 
tion worild bc espcctcd to bc thc dominant 
nicclianism for T-B deposition, at least for 
unit density diameter 2 4  microns, which 
wouid include all but two of thc tests de- 
scribed in this papcr. 

I t  was previously noted that the subjccts 
having the most efficient head collection also 
had thc highest (T-B) removal. The reasons 
for this consistency are unknown. Perhaps the 
calibcr of the oral airway is maintained suf- 
ficirntly largc 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 

1750 for s u b j e c t m  If we assume ?; t at thcre to 
from pd',& = 300 for subject 

is an orderly progression of decreasing airway 
dianictcrs with airway generation, as in the 
Wcibcl" lung modcl, thcn thcse data, to- 
gcther with the relation develo ed in Ap- 
pcndix I, indicate that subject & has air- 
ways 22% larger in diameter than the Weibel 
lung and that subject m has airways 
3 1 k 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, especially 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 neither 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 Briicknerla 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 secn that the variability in the size 
of the major airwap in his group are similar 
percentagewise ( ~ = t 2 5 % )  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- 

M a y - j u n c ,  1464 

urcd by a numbcr of otiicr invcstiya:ors usin:! 
a variety oi tcchniqucs. Thc tcchnic!ucs uscd 
ant1 tlic s i x  ranges found arc given in Tabic 
V. In tlicsc data, thc mcasuremcnt Imcediirc 
may havc influcnccd the airway diamctcrs 
mcasurcd. Also, thc statc of chcst expansion 
may havc varied. In any case, in most of 
thc studics thcrc wcrc large variations in air- 
way si= within the test groups. 

Rriickncrla also indicated that in his group 
thc airway dimcnsions did not corrciatc well 
with thc subjcct's s i x .  His malc subjects 
rangcd in hcight from 165 to 186 cm (65 :o 
73 inches). Onc 184-cm male had a i6-rrm 
trachca, whilc a 168-cm male had a 19-mm 
trachca. The smallcst trachea, 15 m x  on in- 
halation and 13 mm on exhalation, was secn 
on a 20-year-old 174-cm male. Thorax size 
did not corrclatc with airway dimcnsions 
either. One subjcct with a 100-crn chcst had 
a 16-mm trachca, whilc another with an 86- 
cm chcst had a 20-mm trachea. 

In  thcsc cxpcrimcnts also, thcrc was no 
apparent correlation bctwccn airwa 
and subjcct size. While subjcct rirf"%i 
had thc largcst indicated airway dimcnsions, 
was thc largcst 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 oi 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. Briickncr describes six character- 
istic shapes for the trachea as seen in his sub- 
jects. H c  describes them as: ( 1 )  cylindrical, 
(2) scalpel, (3) fish, (4) string of bcads, (5) 
sugar loaf, and (6) S-form. Since diameter 
varied along the length, he standardized his 
measurement location at midway between the 
vocal cord and thc bilurcation. 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 cadi group is large, and the average 
values dStx mnsidcrably, possibly owing to 
ethnic differ-- L A & &  

A rneric 
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Range bnd 
(Averaqc) of 
Ilifururion 

Ranwr and (Avenue) ol 
Major  Droncbirl 
Dimicter (mm b 

Ranre and 
(Avmrrc  b of 

T r a d d  
Diameter (mm) Richt Lei1 Anule Au~hor and 

Trrhniqw Men Wnmcn Men Womco Mcn Women Yen Women 

15-zn 14.2-15.9 
(18.2) I. (14.7) 
13-10 13.5-14.6 
( 16.9) Eb (14.3) 
16-223 13-16 

13-25 11-18 

IS22 13-16 

15.5-18 14.0-16.9 

Wanq and Tai (I%.%)% 
mrasurrmrnrs on 
r d a v r n  (I27 mak, 
14 IrmrLe) 

Khcr and hlrkhmi (I=)- 
bmnchoxnm (53 d u b ,  
u s  n(u s t a ~ d )  

9 .SZZ.O 9.5-16.2 
(16.5) T' (13.6) 
8.bZZ.5 10.5-165 
(15.0) S. (12.6) - - 

- ~~ ~ 

14-20 
(17.0) 
11-18 
(14.2) - 
- 

11-16 

13-16.5 

- 

9.0-21.0 
(15.11 
5.0-16.0 
(11.4) - 

~~~ ~ 

11-18 
(13.71 
11-16 
(12.31 - 
- 

10-15 

13.2-14.7 

- 

10.0-20.0 
(13.1) 
7.0-19.0 
(9.3) - 

10-16 
(13) 
8-15 

(11) - 
- 

10-14 

12-13.8 

7.0-17.0 
(11.2) 
5.0-15.0 

( 9.3 1 - 

!-)-I3 
(10.7) 
%I2 
(10.0) - 
- 

9-13 

11.5-13.5 

- 

7.0-13.0 
(9.3) 
6.0- 9.0 
(7.3) 

- - 
5 2 4 8  60-IfXi' 
(72') X(a' (ii5.; 
50-84' 6o-ltro' 
(65') E(b) (70') 
35-92' 55-90. 
(67.6') (72.3.) 

In the deposition calculations in Appendix 
I, the angle 8 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 efficimcy, the prod- 
uct pd2Q would therefore vary inversely with 
sine 8. Thus if 28 = 3 5 O  instead of 60°, 
pdZQ would have to be 67% higher to pro- 
duce the same impaction efficiency, and if 
28 = 100°, it would have to be 53% 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 rhowr that the 

tracheobronchial region was a more efficient 
particle collector than the head in these 
tests. For thc head, the calculated regression 
line for the group as a whole indicated 50% 
removal at pdzmP, = 1390, equivalent IO 
a unit density diameter at 30 liters/min of 
6.8-microns. For the T-B region, the cor- 
responding 50% intercept was at  pdZm& = 
570, equivalent to a unit density size a t  30 
liters/min of 4.9-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, iarge particles im- 
pacting on the tracheobronchial bifurcations 
may be highly significant toxicolagically be- 
cause of their concentration on limited are= 
of the bronchial epithelium. 

B a d  on physical considerations and the 
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ivork of othrr invcstigators, thrrc is a sizc 
for tiiasi:iiii:ii alvrolar tlcposition. As tlis- 
russrcl previously, Ilrown ct d:' cstiiiiatcd 
this sizr as 1.6-niicrons from nosc brcathing 
rspcriiiirnts, wliilc hltshrilcr ct nl" indicatcd 
that tlir sizc \vas grmtcr than 2-iiiicrons, 
bawd on analysis of mouth brcatliing data. 
Tlic ICRP Siibcommittcc I1 Task Groiip on 
Lung 13ynamics1i prcdicts sizcs for maximal 
alvcolar drlmsition in now breathing at -2.2, 
2.0, and 1.9-microns unit density for tidal 
volumes of 750, 1450, and 2150 cm3, respec- 
tively. I<ccalctilating rcgional dcposition from 
thcir modcl on the basis of air cntcring the 
traclica, thc sizcs for masimal alvcolar de- 
position bccome -3.5, 2.8, and 2.5-microns 
at 750, 1450, and 2150 cma, rcspectivcly. 

Tlic rspcrimrntnl data Cor particles bclow 
h i i c rons  arc insufficicnt to indicatc the sizc 
for niasiiiial alvcolar dcposition. Addi- 
tional trsts with particles smaller than 4- 
microns arc planned. 

' 

. 

-- ... 

Summary 

Thc apparatus, cspcrimcntal techniqucs, 
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 aerosols consisting of 
monodisperse insoluble iron oxide spheres 
with IURAu, 61Cr, 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 diflerent median diameters and 
radioactive tags were inhaled in rapid suc- 
cession, simulating a simultaneous exposure. 
Since each tag had a different photopeak 
energy, thc burdcn of cach within the body 
could bc dctcrmincd from an analysis of the 
gamma cnergy spectrum. 

Regional deposition was detcrmined from 
the retention data. Within the lung, ciliary 
clearance removcd particles from deposition 
situ along the tracheobronchial tree to the 

pharynx, from wlricti thcy wcrc rcinovcd to 
tlic p i t  by swallowing. Tliis cl(:;lr;incc was 
csscntially complctrd within the  first day, 
altcr wliich lung clcarancc procccdcu a: a 
~iiiicli lowcr raw. The: particlcs c:ic-arcd from 
tlic lung witliin the first day wcrc prc.su~nc:d 
to bc thc particlcs that dcpositcd on the 
ciliatcd trachcobronchial tree. On this basis, 
the lung dcposition was dividcd into rrachco- 
bronchial and alvcolar componcnts. The 
hcad dcposition was also divided into two 
componcnts. Thcsc wcrc ( 1 )  thc mouth it- 
self and (2) thc 1,Iiaryn~cal-laryngcal rcgion. 
Thc drposition in thc formcr rqion could bc 
rcmovcd mcchnnically, whilc thc deposition 
in thc lattcr rcgion was cvcntiially swallowed. 

For cach siibjcct tcstrd at four or more 
tlilTcrcnt ~i;irticlc sizes, tlic iractionai dcposi- 
tion in thc trnclirol)ronchinI trcr incrcascd 
with incrcnsing particlc six. Within thc 
alvcolar rcgion, thc lractional dcimition dc- 
crcascd with sizc for particlcs larger than 
4-microns (unit dcnsity) . For particles sinallcr 
than 4-niicrons, thcrc was not cnoiigh cx- 
pcrimcntal data to dctcrminc the sizc dc- 
pcndcnce. In both rcgions, there were large 
diflcrenccs betwccn individual subjccts in the 
amount of deposition at any given particle 
size. 

Conclusions drawn irom the experimental 
data and analysis wcrc as follows: 

1. There are very large differences in :he 
efficiency of the tracheobronchial tree as a 
particle collector among a group oi 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 gcncrally lower 
than, the efficiency of the trachcobronchial 
tree. 

3. Dcposition of particles in thc tracheo- 
bronchial trcc for mouth brcathing results 
largcly from impaction, at least for particlcs 
grcatcr than 4-rnicrons unit dcnsity. 

Thcse espcrimcnts linvc gcncratcd thc kind 
of quantitative data nccdcd for rcalisric cs- 
timates of the cosic dose potential of air- 
borne particles. Howcvcr, the number and 
range of the variables affecting particle de- 

AFpendix i 

Calculation 
in thc L u n g  

T o  gain 2 
proccsscs w: 
cficc:s ohscr 
this s:uciy, i 
for prdc t i :  
iiic lung ic, 
srlidy. 

1 l:c cspc 
cukltcd by t .  

C .  

cr!uazions c 
pac:ion, Lx 
removal ( L  
shou!d be e. 

where 
X =  

where 
t =  
d =  

U(a-1) - - 

7 = .  
R = :  

Bu; 

and 
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position arc 50 lnrgc that these data rcprcsent 
only a beginning in the systcinatic evaluation 
of thc drposition IIIOCCSS. Furtlicr studics to 
cxtcnd the particle size rangc downward, to 
charactcrizc nasal dcposition, and to study 
the cfTcct of the rcspiratory variables are in 
progrcss. 

Appendix I 

Calcidation o/ Rcgiotral Deposition 
in  the Lung 

To gain additional insight into the physical 
proccsscs which intcract to produce the net 
effccts observed in the espcrimental phase of 
this study, a series of calculations were made 
for predicting the regional deposition within 
the lung for the particle size range under 
study. 

The espcctcd regional deposition was cal- 
culatcd by using impaction and sedimentation 
equations developed by Landahl..' For im- 
paction, Landahl proposcd that the fractional 
removal (E) at a bronchial bifurcation 

'should be equal to: 

-_ 

X 
E = -  

l + x  
where 

X = deposition parameter 
p@u,a-I)sin 8 

18qR 
- 

where 
p = particle density. 
d = particle diamcter. 

= air velocity in tu& of generation 

8 = branching angle between tube'a 

q = air viscosity. . 
R = radius of tube of generation a. 

(a-1). 

and tube (a-l)* 

But 
Q 

U(aS-1) = - 
SW-1) 

where 
Q = flow rate. 

S,r-l) = total cross Kction of all tuber of 
generation (a-1) 

and 

t 

i DE 
R, = - i 2 i 

D, = diameter of tubc of gcncration a. 
For q = 189 X I0-O gxn/cm-scc (for air at 
37OC), Q in litcrs/min, rf in microns, in 1 

wlicre 
I 
! 

p / c m a ,  D in cm, S in cm', 
ptpQ sin 0 1 x = 1 0 4  

Ddi(a-1, 
Assuming that sin 0 = 0.5 and is constant 
from gcncration to generation, we have 

i 
! 

pd'Q 
I .  X = 5.0 X 

DSfu-1,  
For cach branching of the bronchial trec, 

tlic fractional rcmoval can be calculatcd in 
trniis of the product p#Q. This has becn 
donc using the Weibel** lung dimensions to 
obtain the product ( D S , u - l I ) .  Calcula- 
tions have been made only for deposition on 
inspiration. Deposition due to impaction on 
cspiration should be rclativcly small in most 
cascs for two reasons. One, within the rangc 
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, 

pacted in the larger airways on expiration. 
The second consideration is that the im- 
paction efficiency for each branch point is 

. lower on expiration than on inspiration. On 
expiration, the air velocity is increasing from 

tending to lag behind. Also, whereas on in- 
spiration- the particle goes from a larger to 

entering a larger tube and must traverse a 

leaving relatively little that could be im- i 
i 
i 
i 

i 
a smaller tube, on expiration the particle is 

greater distance in order to impact. 
For sedimentation, Landahl proposed the t 

following expression for the fractional de- i- 
position S: i 

where ' I 
f 

' .* = angie of )tube to horizontal. . .  I 

I 

I 

generation to gencration, with the particles i 

/ 

i 

i 
I 

S .= 1 - e  (-0.8U t*t*cos*)/R 

Ut = terminal settling velocity.' ! 
t = time of travel along tube. 

R =' radius of tube. 

b 
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AIRWAY OlNlRATION 

Fiouns 12. Calculated deposition in the lung at 
30 liten/min. 

Assuming a value of cos 9 equal to 2/II, 
and a suitable flow rate, which determines t 
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. 

F i p r e  12 shows the calculated deposition 
during inspiration per, airway generation due 
to both impaction and sedimentation for these 
conditions. I t  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 25-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, t h m  

May-lune, 1363 

should IC a sipilicant incrcrricnt of dcposi- 
tion in thc finci. airways on cqirntion. 

I hc ovr.ral1 tlqmsition witliin thc 111ng due 
to x!tliinc-rit;ition Tor tlrc.sc: sindlcr prliclcs 
will I,c inllucnccd by thc tidal VO!UIIIC and 
the duration of brcath holding lxtwccn in- 
halation and cxhalation, sincc not all the air 
inhalcd rcachcs thc same dcpth in the lung. 

Discussion of Calculated Particle 
Deposition in the Lung 

From the CUNCS of predicted deposition 
pcr airway gcncration 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 dcposition within the 
tracheobronchial tree should be due to 
impaction. 

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

3. Most of thc dcposition in thc tracheo- 
bronchial trce bcyond the twclfth gen- 
eration should be due to sedimentation. 

4. The fractional deposition per generation 
reaches a 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 Seneration 
two for 10.1-micron particles ($Q = 
15,360) to the vicinity of generation 
five for d 4 2.5-microns ( p 6 2 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 deposition is 
spaced more uniformly along the bron- 
chial tree. 

Thus, in test runs where bronchial clear- 
ance accoun-ior 90% or more of the initial 
dcposit, a very large fraction of the aerosol 
should impact within the first few generations. 

.. 
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On thc othcr hand, for tests wherc thcre 
is P major fraction dcpositcd in thc a l v d a r  
rcgion, we should cxpcct thc bronchial dc- 
posit to be sprcad fairly uniformly along the 
bronchial trcc, with a largcr proportion of 
thc bronchial dcposit bcing clcarcd toward 
thc end of thc bronchial clcarancc phase. 

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

x 1 0 4  
p 8 Q  sin 0 
D S  

a (a-I) 

X =  

[D D = kD D - IX)’ (a/4\ (10‘1 - 
sin 0 a (0-1) a (a-I) 

_ _  
pdtQ = a 

e;” A 
L... v 

If there is an orderly progresjion 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 100% difference in the 
product pd’Q. 
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