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On 1m9 deposits, through breathing, of mal prtlc

suspended in the

by We Findeisen, Y~uLnh
ith B Illustrations

'.(eterei 2? June 1933)

The followin4 work, by means of lengthy calculations based on zchcr.tised
.bypotheseu, ive the aerosol (smoko, foa) A €ricle percentai i £2Itcj.-
ed out during pAssago through Vw hw a lung at vriouc sta.3 o.f the
broo hial tree* The filtering stems from the fact that the ilrtaiclC3
&M subjected to four forceso tkbbe disoc:zod later, tuntil doeo3itod m
the walls of .the broachi and bronchioli and alveoli attachcd there.
The aim Of the calculations discussed hore is to solve the ;roblca of
lu 4nhalatIoM, if On superfinially, at least on a quaIntitativaly
batis. On the basis of the e;lhjAtion results, one should be able
to discover vat size aerosol particies must be so as to be intontionally
deosited in larse numbers at cerlain places in the lungs and there
to be set to work. Thi question could be of great modic~l importance.

1. Plan of the bronchial tree and of breathing

S~So as to be able to handle quantitativaly, the flowLng ;rece,
which take OlAce in the Imman lung because of res~iration, it-is
necessary to adopt a i mpL:ed plan of the bronchial tree. -'he ylan
is presented in table I The scalar numbors are ;artly V'ken Srom
Siegibaumr)

TU seperate parts of the bronchial tree w ilJ here be labelcd
with letters AB,O, ete. It is assumed that the bronchi and bronchioli
are cylindriol tubes$ whereas the alvoolar sacculi are s;hQIs3; further,
that the bronchi and bronohiaoll in the same manner are at equal dintance
and of oqual length. Suplomenttxryp 'sim i fing sup'ositions will be
mAde lator, on the bifurcations and forkinS pl.ose of bronchi izd bron-
chioli. As the rapidity of the in the lung traot -.ust be givcn
for the c lculations, the respiratory curve shown in Figure l, whch
reflects quiet dee breathing, will be adoped. The schematic data
results in the str veloclties andnTrough 3tream Timing" in sectional
parts of the lungs as presented in Table I.

1 Nota: I bcoamn interested in this work durhig ror activity a3 physicist
at the Institute for Air Tr.vel Medicine and Climactic research in.
Hamburg ( Eppendoror Hospital) during the y ,.rs 1931-32. For the
aug-o3tiona and tl.: aical advice I first thnk the Director, F'ro:.
Dr. L,, Brvawr and. Dre Zeplino
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It is assumed that the strean velocitieo 4r al-&'U CrIU1. i the en-
tire tube crOss scction, on the basis of ".thexatical oimrllficatjin.
This fact is indeed never actually fulfilled, but it can really ralsif
the conclusions arrived at below the final values will only be a
little too high*

The particles Uended in the air are brought into cortact with
the walls of the lung through tour procosss inderondont of one
another. As is knoim frM similar proceszes, every contact of a
particle with the moist malls (immous membrans) results in the zrUclas
becoming stuck. The four processes discussed bolow establish the
reasons for deposits of par iles In the lung syste.

2. The proesses iwhieh ause deposits of particles in the luzia syst

a) SroMnM MoeMst

A parLtCIe susjended in air is subject. to uncntrolled position
changes caused by molecularmover.ents Based on the kinetic gas theory,
the length of the distance 4, in which a particle of radius r"in the
Middle " s displaced in time to will bet

(The form"l is based on a deduction by A, Zinstein1 , to which wav
added YillkannS formula on air Current particle contents.) The
definition "in the middle" mans as in mathemitical statistics, that the
movement is lss thaqAin 2/3 of the cases, and treater in 1/3. INet
to A. which &ives the dis;ao.ement of the particles' center, the im-
Portant question is, what tube radius is neceosva for a particle to
travel freely through a tube and what in its oxj-nsion. 'he rea in
which a particle of radius r reaiins in its entirety during ti e t
with the 2/3 possibility, is G,.

called the "middle field limit",
Figure 2 gives a simples but still re;resent.itive picture of the

various good adaptations of particles of various dimonsions penotrating
from narrow tubes. The values G are, presanted here as functions of
the particle-radius r at varying timon to It apprars thot tho par-
ticle of an approximat. size Zro 1-4 cn ( "'uIM ) have the lowost G
values, rM therefore seem to be able to pass t}hrou~h narrow tubes
most easily* liowver the imprt.ant processes which will be discussed
later under b, and c) are not yet being considered here.

Instejin, A AV. MMU 17,549 (1905)1 19, 371 (1906



(Sao Figure 2).-
On the. basis of the Gaussian "error intearal/. roaults in:

in which the Value )4A) a 2/3 is given, by tho Lrobabi-11ty that a
partiule varies to a distance x which is salalcr or lars:'r th n
For oxmjle Sraj hically on obtinos, that with a probobii.,L4 0£ 0.37
a particle is subjected to a sidplaccmoat lsa thLn "- thcroioro,
that 37% of all particlea displace thC:c;Cvo3 1os thlzanf oft/'-frm
their ori inal.location; the probability of U.09C ruzaltz In the sa
way from 1/8 A. 9 If the ;articlo3 under consideration always re-
mainod in the center of the tube (Bronchi) at tho botinin;, the 1.rob-
ability of a particle deposit on the tubo wull could already bo givcn
as a result of molecular displacement. It must still be as3,uz.cd that
the particles are bocated at any point in the tube croso-ocction, and
that the distance fr~a each articlo to the tube wall is therefore
different according to different directions.

A well known Theorem in analytical goomotri states that the
distance 5' from a particle (considering the particle center) to a tub
wall is mwasured Perprd1icularly to tho tube axis.

where e re;resents the ;Article distance from the tube axis (cccntricJ4),
a the tube radius and '(which =v take on values from 0 - 360 ) the
considered direction; if vk = 0, Y . - d"- . The anticiated prob-
ability of a particle encountering the tube wall for the distance of
.IengthY tn a cortain direction, may, be established with the holp of
the value aL and equation (3). A definite area aldth r tut bc supposcd.
The probability (P) that the particle come into contact with z;;y one
section of the tube wall is reached through deduction. Gcnerally an
arbitrary original particl location in the tube cross-soction is
ASS131Lds AS given in -

e: fc'. ()JCCAC((5)

where z; 0. 6.- or better, as the particio own
should be conalderv.4 should replace it.

(6)

a the q(z) (S equation (3) e rroz'-inte eal is not analytically
:v~bJ~oqt~c (5) ust ba solve~d byr tho dotailcd &ra-hic m~khod.



The true values of the various steticos of the Brcnchial Trec, as
given in Table 1# are to replace the tube radius a and ths tlouah
Stre=z-tim t * The partle'es radius r will vwry accotin.. to
the dimauions to be discussod.

An am easily be seon, the same values will hold true for the
spherical areols as for tho cylindrical bronchi and bronchioli.

The caulations and graphic evaluations resulted in the prob-
Ability values (giveA in per cent) listed in Tablo 2, fop 3u,;ona:Oi
Particle deposits in single lung sections, as cauazd by tho +I
aovemont. As'soon as the large particlo count of an acroool it ccn-
idekreds the Oprobabilites" no longer have the significance or co-

tmnidencesp but present reliable percentage rates. Tho table 51vos
the pafticle quantity deposited in every IA lung section, by ti
Percentage of the total quantLty which enter the particular lnz soction.

Table 2,. Deposit of suspended particles in particulax lun soctIonr
according to Brodan iovoent (in porcontte)

iBectioca 4O0$t4. 0442004P4 20 1.u re 3 to r= 10Q4 T 39,,.t

A 0.12 0005 0002 0001 0.0. 0.0. 0.01
B 0.16 0.06 0.03 0.02 0.01 0.01 0.01
C o.2 0.08 0.04-' 0.07 0.0. 0.. 0.01
D o.4i o.16 .0a o.o4 0.0 0.01 0.01

0 0.77 0.31 0.15 0.0 0.04 0.02 0.Q3.
F 4.54 1.78 0.84 0.13 0.24 0.13 0.07
G 4 .O 1.89 0.89 0.45 0.25 o.14 0.0i
H 26.3 10.4 4.91 2.48 1.40 0.76. o.4
1 21.2 0.4 3.95 2.00 1.10 0.59 0.34

The deposits by molecular aovement of small radius Frticles and in
small areas of the lung tract, therefore a relatively greater surface,

-were naturally =mch mor umrm!. The molecular movozint, pl:ys an un-
important role in samN of parcles with a large radius.

b) Sodiwintatica

DurIng rInotrati±a of the lungarea, the suspendod particles are
subjected to sedimentations cauacd b: vartiza.l movex~nt owing to earth
acceleration, which also causes particle deioait3 an the w tUs of the
bronchi and bronchioli. Tba depositinZ tlxrouh sadi-ontAlon also do-
yenda on the jfrticle fall velocit,., the size of ttw bronchi or bron-
chi~o., the time during which the fall continues ("throun stru.ni
tiL&' )a the directim in which the bronchi or bronc~ioli rL, , rJ
to t horI~o.t.C.L The greator the tendciyto the horizontais tho
le: no'"Oe.b±ia iz the influence of sed e mrtatim. The cedimentation



~~ji ~ Ln all bronchi. and bwenohl dfr, since they (ZA pi~ ni
the Ta'ble) hae varying tendencies towards tho hurlioptaLloa

Zy at-lykg& the toerueey curve I9, the pa--ticiol r-Au r#
thxrogh aftras, ns tine the tube racltd )6afronuhuz,, broncIAohaS) a

that the 1srbabiL~ty of partiale daycsita ir, the tJlw is,

p t

ItIh s ;t ben1u~

* aver&go v&Lis mWr e Slflataz?4% %hih =y23 be amtaLI-,htA by:

tUCrs;'an" to t04 do&a lsagth a the hnan bWdy
fls prabahtflty ot sed~eintatima In tho aacd aphoriccl alveclzc5

~t. reeataa fid

Vdth the vaue of con W/2 Is A &iVWa insuto a,%w~l- o
ar l&Is now the alveole wuatus. %mpoi~t o aQl

throut so nintler& eaulated by equati'ms (7)an rgi=lm
inbe xl thesea mm wa tvsa In table 2 abavoQ

,-*~st Detingp Boi-M im

~Atls 00 ; 01 . 0.19 Ole0__ _

I0,0a 0.61 01,01 '009 0.7 7, 6.
B .S1 0.01- 0,0% 0.09 G-7 4.5 607
D 0.01 0.0L elm-, 0.10 0.9 9.0 73.0£ 0.01' 0101 0-.03 0.1 2.2 Z. 0
7 0. 01 0.016 0.39 116 30zo8 100. 100

0.W 0,4 0,36 3.4A 28. 10 100
: .13 0. 69 & .3 4.. 100 10 100

64-- 100



a) iEff-t of inertia

In all places where the stream is subjected to directi"on chnges,
the suspended particles, depending on their inertia, execute motion
relative to the surrounding medium. This effect is event at all
forking points of the bronchi and bronchioli during breathing rejult-
ing, in a certain amount of particle deposits on tho walls .u th6 Li-
Mediate vicinity of the forking points. The deposit depends on thc
pa ricle size (radius r), the stream velocity (u), the dircction change
Uq"le (P) and the tube radius (a). With the aid of the 3tokes formula
one may evaluate the path 3, covered by a particle (spherical, of
ipoifia weight 1) relative to the medium, 7-

.-- J .. ,e7, +.+"-"

Aher t ab00nstant of intsr/3 air frIction Ist(

1.2,.1iT " deposit' proba ty is,-' ".
.... ,--.-" ' IL-"..44-

2- T
wihen(3)

o..- -  (12)

The value 300 wil be given for the Turning anle at the bronchi and
brnchioli forking points/.--, /,- " - . " -- i- .-
.90 for ,the passage from the brofchieli respiratorii to the ductuli
alveolarii G-.H and 00 for the last passage into the spherical
acculi. This was fully indicated by the natural circumstance. The
probabilities Ps which are thus obtained from equation (110 are siven
in Table 4.

Table 4,. Deposits through the effect of inertia

Lung O - r ~
Section r =.: r _J ~

-B .010 . 0.l 1.02 11.4
B-C 0.023 . 0.258 2.31 25.6
C-D 0.034 0.32 3.35 36.7
D-.0.022 0.248 2 44 21+I8

6-F QI6 +" ,371- 1-56 .?3
F-G 0.002 . 0.022 0.20 2.1
G-H 0.)006 0.066 0.61 6.6

-ackwards.
I-H - -

H-G" - 0.01 0.1
G-F 0.001 0.011 0.10. 1.2)F- 0.003 0 .006 0.06 0.6

0.-D 0,,004 0.039 0.36 3.9
0.008 0.091 0.84 8.9

C-B 0.009 0.0 0.89 9.3
9.007 0.08l\ 0.72 7.9



d) f-arlpheral efct

A fourth onou.ranco of do;cir.t: doiaticles sus,'Orl"Id inr t"-' Za.r,
which is related to tho forki~n- ;ooiLts3 of tho brc. nci L.nd rnhil
just acO th-t CUSCaOBed &bove, quantitato.voly is onlUy of C.-2JUll
port&ae, however it ...ust be givon hae for the eake of coailetcrlez3.
-it is always of Iportance honf the ,artlc2.e tiza3 coz;-.,ro with t4he
tube distances.

iLn arca exists noar the tube~ uails, ir. which thea c;dstonce of a
suspcndoei particle 1z impossible (btccousc of the vo1uj,.u s jyre-d or
thle particles); the -*Idth of this joi.hrlzzjne i-i oqzzal to the jar-
ticic radiu3. .1.0rtain nu.-ber cf the fscno ;Qertics. acast bei d-
posited when an aerosol enter* a tu~be,, n:,.=4 as mzany aa proprtrion.-
4toly fall into th p'oripharal zone. TI-o prlphoral effact. do..anls, on
the proportion existing botuoen. the £~artliclo radius and th.e tuba ra±diiue
O~n tho supposition that the pariphoral zono of a tuba does not incdiate-,
17y ehanzlc into the following, as Is justiricd i-.. the case of :orkix
roints in the lun.&, tho probability for paticle disap;earz.nce at tho
forking points is as followsta

Ta~ble 5.Deposit ca~used by peripher-na effect

A- (.05 0.16 0.53
1300.0 0.30 1.00

C-D 0.20 0.60 2.00
D0.O27 0.-4 2.65

0.67 2.00 6.55
F-G O.td0 2.39

The rAiis~ of the ?.R into whfR-"th-e aoro30P9 2natratas is always to
be substituted for a The P valuco accordi~ng to (13) are given in
Table 5; they are onl.y small.

3.Compilation of the indiLvidual data

The four aeporate proceedings de~cribcd In section 2.P all take
place oiraultanoously when an Ieroro. eraters tho luri -,, and the- re~xlt-
in& offcta, which loaid to j-.articlia dej~o.Aits on tha %jLi1s of tho luTilr
tubou, -xa ad.cd togebter. Tub dv~zi (Trmchca. m-dm brorncl-., etc)
are obtaim-,d by adUlln - the effect oi mv~ccular mov,(ziant an,-- acd~eitLtion.
Deozlo~t3 at the forking po.Lita (berinning, with thec first bifA'-rc,:4iC;n)
ar,: calcula.ted 'by addinZ the offect of ineortia ;;nd tho :peri:hrza. er1.ct
liowavc.,r on -,u .zt bu car-;ful 'whon ;-zirig tho j. rccntag;.s ilv ;. tin Ta-bla
2 and 5 t,..t Viay alwaya be 103 % prticle =oaezs at the area in qucs-ti-on.
The dojposit or partlciua rzat be studied in ratrog;ro3L;&vke st~In ti.c
diralnution of the particle quaintity Ircm; the Trachca cn~ oa to o-) tain the Lruie die tributicn of the da-uied particle q.,uartiticce of aa
Inhaled aeroQsol &n separate lua sections; tho path of tha ucrocol froim



i~am~re~t* the saaecl idvtonrt #nt btkck to tite tr-e' azt be

ft 0dowa wwwz~t Pisure - a~ rccd In th±a wmrnor.

Va~t~eAst Uo Tuch d~ gien arclae qwnttes.

a ~ ~ i 02iS4l- 3 0.11 047 6.2
0.i O . A1 0*03 0.27 2J5 20.0

c 026 Q4 0.9? 0V07 0.4 2.5
0* 0."3 OQ3 3-4 .~

0- OO 0.26 0.&3 G.M4 O-a 2L

D S Aa he 61J i0h02t ID.to 2.7 M

{- 00f coa 0.0k 0.TVo 2.6$ ofth
ea0 Q atoo0rl -69 RIO 3.7 pa161.0 orte io

OW aW%% &M MIM IMU5 Uot IUa Oza~ b *4Z Z~n =0%
PU bkva *ep±wiit I4i tUs Waca iho j the

......... aa cd £a6 4xttA& nt the ee~lrbter-su conmW-.sts3y ubp tob

%4h eS$ tL% asp le. Inscn. he fec Lot Of ag fel3 w
Wantsorxo m gavts the ret~ea rasb&1rs a1eoulrb oon ats re he

-- tha w-OI~rq in utLh th 1athat these th f&Li~e re
deim bted 2&th to 2oi o qtea.26 %A~ths of rh p4.artucoe

-At% - ,

tvw3ml I@s avAd Mabt04Uszo



apz-emrd 90o6 th roan et cin ;rohbL~y actrar to U 2

The cocutins values ksey been doterjnd b!the ;,, sticie
quantity ofC thQe aerosol at the r-lace of eatntrao into tht tM hz
DmAns research &41- Obasevotiona of l1-vino tan, In thA cmcatLon tha
tmjr~otet q. settee will be to cc0p-x I o eQ ited psrtile tyztiie

aeroaol ou1tside tIh = iwen odgX However thin :'A)eil d At
dfle'r gratly Zro.±a that treated hare; fur9 aD a .n ozbo arcne

t by the- above daa §n.1s a flimtd Jj,,at tCe JAI-=c wi-th cani v.r
tkaolce in the throat and the ia*-n L4 J other 4idti'o dra s

__wtiuh cesit thaeraies in the throat andIJryx~fxin Visible-nI~ o__
or-ln -1 a

A In connection wit.h the renln, value one zho!ld anU--rle that
*ntura!2y, the Original sirlfied hyotno: dwd at the~b'
of the o alculaticns, coaorrtj the lw of the bronchi al tree andl the
brest Jsj Imroeua# In no way diminish the hir- accurac~y daind of t!30

nuszbe-r vIluCS (thle mautiples figure rm~ti.s of the nuzaver vumea il
only offer- opicrtunitics for vvzyarisofi) but on the contr try the ern-
tabliahed ordIer of awAitude of the diused prooease-s uZOi nct be

cult calculated ;Cor the $4 particles, that &aslely no ros;-tr-i~tion
a4d deaait occeurs In tht saocsai avaorajIk Is aztually. not correct;
the averacgle sde WACT the ductull 01lvelat4i accepitmd in thG
calaul;Ations for soainaantatii Us wart~a. easeedesd In ;,irt, soa that
ta Ceeata 3 artice Of enet"RIAtIZdes th Saceufl Sia smatli and t
tat easo ce.aioa r,=fr;ia do act reu.t ila thel dti n-
araciesav=, nay sl lat at other plaem la vor Istriatod nbn
In noet oboereatitc this twllpla no quontitativo, j-. a

4, Zzriinntal Test .

________ Lmst" alesarch was to show mhther the data raead by the____ -_

&bdV~l~uitrd wkodjh oictWiththe -treacte fur-
ther =a It vzp, to be st~alhdo whethor acta'kfly one of the nuarv
val1w; re-.4hed hore on the baia of PMAOIvoo.y givona particle Sized.-
has A cerxeaindUnc portion int the respiratory scdttcaa of the lune
An aerosol produced by. duottn& of a table salt solation was used duringr
the tests; the partlol; siaes, ('which sindianeaously 'wor vary different
La aturef) WAd lOikeis the quantit., iU which Ve..datxn p'ttcLe ci-os

a~emdwere known o= tha basis ot ythysical reasoarche The aerosol2wa dramn tb.-tagktj the lung (as fresh iaD posaeio) of a large aai-a2.
whi.,c X, wo epo byaw Uwer tahea toeura and th ioats to

(do " a opeep)b to'ter thea tour an the broah o zt wN-let of
theA alvaaXae. The drawing tirough of the atrcool con-t-LninG d-r was
ba4sed on the princtpal of autonmatir, lungs, on~Ly for the firdnhlrte di-
reotica, The airstrzam 'vlcty teAs bauad on the aural vontlation
volutaoty§ The aearosol density (partite quantity pro air voiuz) was=

- . osatab~shad bofere and atrthe pAcsaa~ of the aerosol containingI'treg~ h un y oa of qatitative table alt &Wsi hru;
usa of a glasn-wl filter to catch the aeroxol drug-s. Thin raulteglj
In the fact that a drcv. ws pad through& the lung uhich under
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consideration of tho various droi-sizes of tho aorol, coinciaed
quite p&easantly with the above given calculation data. The oz;cpri-

=Mrt data may thus be used as a suppoit for the above given theory.

CcNCLUSZI14

The area of application of the theory presented hero and of ito
data could in the first place adapt lung inhaLatlon to thorapoutic

ends. Figure 3 - 3 conCsitutes simple picture, showiing where in the
luna aerosolt partiaes are deposited depending on size and on the
other hand allow one to seek the particle size best adaptA to a

Controled treatment of a certain fung orgti±nor te mot p
Lrnhaltion haze* For exa=mpe it ard to as n - . ,E p

haze with a drop radius of approximate lW is 1ast suited for treat-

zwnt of the bronchi, while the srop size r is well adapted to
the exclusive hanctUing of the alveoli (the specific weight 1 is es-
tablished for the liquid in this case.)

A 'further area of application, with one could originally only deal

n theory, is the problem of lung contrast filling by inhalation for

the purpose of x-ray diagnosis. The problem has been worked on ox-

perimentally by the author in close cooperation with Dr. Zewlin (pre-

viously at the Barmbeck Hospital, Hamburg); the tests have given

promising results.

S J121'ARY

The quantity of suspended particles of various sizes ("suspended

substances") in the inhaled air which is daposited in various sections

of the bronchial tree was numertoally calculated on the basis of

physical reflections on a lung plan adapted as closely as possible
to the huaan lung. The data sho-ws that larger particles (radius
>"- tSerthan 10'T) attach themselves to the muceous membrane in the

t-. c)ea and Lhe large bronchi, smaller ones (radLus approxiiately
0.1 ) on the other hand are mostly filtered out in the respiratory

g 4_ona of the lung; even smaller particles (radius between 0.1 and
0 .?,") arxe haled for the most paxt, a large quantity of the s-allest

particles to be considered wilI again be deposited. The calculation

results may be considered correct on the basis of experimental ctoss-

Checking. They way therefore be used for medical purposes, when it

is a question of choice of the most fitting suspended particle size

.for Inhalation treatmeat of a definite section of the broncnal tree.

N&inal artiala for all fiigures.


