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ENT OF THE RETINTION OF VARIOUS AEROSOLS

MEA SURLLEG
IN T35 RESPIRATORY TRACT USING 4 SCATIERED-
LIGHT PARTICLE~COUNTIR

Haug der Technik K. H, Rohe, Diploma “hysicist;

(House of Technology) P, J, Mbnis, Diploma ungineer,

No, 68, pages 25-34 Institute for Aerobiology of ths
Fraunhofer Society (Registered
Society), Grafschaft; and Karl
Bisa, Doctor of Medicine and Di-
recta@ of the Institute for Aero-
biology of the Fraunhofer Soci-
ety (Registered Society), Graf-.
scha £t

I, a) Intreduction

., sassessment of the bluiogically dangerous impurities in
the atmosphere is not directed solely at the chemical peculiar-
ity of the materials in suspension, To the contrary, physical
characteristics and nproperties are also of decisive signifi-
cance, In this connection,>exact information about the depth
of penetration and the deposition of aerosols in the respira-
tory system is of fundamental importance for aercbielogcical
problems,  This-stands to reason all the more if the different
construction of the various mucosa components in the respira-
tory system as well as their special fulietion is taken into
consideration, How many particles of a certain fraction from
the aerosol spectrum are laid down on specially resorptive
menbranes is therefors decisive as regards the biological
hazard of an aerosol that is injurious to the health, The
ability of an aerosol to penetrate the airways and the deposie
tion of the particles depend essentially on the size of the
individual particles, FINBEISIN ocaloulated purely theoreti-
cally vhat size aerosollparticles must have in order to dbe
deposited in rather large number if certain sections of the
lungs, In approximetion of anatomical conditions he tock into
consideration Brownian molecular movement, the force of grav-
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i1ty and flow conditions in the broachi, He found that tue
optimum particle size for an aerosol's penetration of the air-
ways was a diameter between 0,1 and 5 .« , TFurther factors such
as temperature and moisture in the air passages as well as

" hygroscopic behavior, surface properties and electrical sharge
of the particles can alter sedimentation conditions, :

b) The Scattered-lisht Method of }Measurement

Asresol research has for many years been concerned with
" knowledge about the retention of colloidal systems, especially
in the respiratory tract, Research results have in part been
very different so that a reexamination using the scattered-
light method of measurement seemed purposeful, During our ex-
periments the retention of a few, physically and chemically
very different aercsols in the respiratory tract was measured,
The most important device in these measw ements was a scattered-
licht particle counter (ROYCO), which made it possible to eval-
uate aerosol spectra in a few minutes, The registration of
particles and the simultaneous measur ament of particle size
takes place in th: following manner (Figure 1):

lLinsensyslem

; Photomultiplier Aerosol

w

ild 13
Prinzip des Stireus-
licht=-Messverfahrens

Hess?el!o

Aerosol

Figure 1, VWorking principle of scattered-light
me thod of measurewsnt

l, lens system
2, lamp
3, NMeasuring element
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4 small aoount of an aerosol that is to be investigated ;
is sucked away and conducted through a measuring element, 1In 1
this elemsnt the aerosol £1ow crosses an intensive light beam, !
1he passing aerosol particles scatter the light at a rigt ‘ g
angle to the direction of the light beam into a photomultipli- *
er vhich transform the flashes of light into electrical pulses,
The intensity of the flash of light that is produced when an
individual particle ecrosses the light beam is a function of
particle siza, so that the pulses of the multiplier character-
ize particle size, The electrical pulses are sorted according
t0 size, are counted and the result printed out, Depsnding on
the density of the aerosol, an aerosol spectrunm ranging from
g.l :g 5 x« can be run threugh in 0,3 to 10 minvtes of measur-
ng tiuwe,

¢) Equipment for Meagurement of Retention

The equipment for measuring the retention 0f aeroscls
j(.g 12]“ rze?piratory system comsists essentially of three parts
ure 2}:

1) atomizer or aerosol generator with dilution system
and asrosol olannel;

2) mouthplece with one each electromagnetically con-
trolled inspiration and expiration valve;

3) expiration- or measurement channel with particle
countar,

Soarving as aerosol generator is a HIYER ring nozzle,
operated by compressed alr, The density of the aerosol in |
the aerosol channel can be varied by means of a dilution sys~-
tem with the addition of filtered compressed air in the ratio
of 1:100, Atomizer and dilution systan are so proportioned :
that 50 liters of aerosol per minute are always delivered IR
inte the aerosol channel, Maximum inspiration requirement 1
can be provided from reserve pipe so that respiration mechanics
are not impeded even in case of hyperventilation, The conoen-
tration and the aarosol spectrum can be kept practically con-
stant for several minutes,

The electromagnetic inspiration- and expiration-valves
on the mouthpiece are controlled by a step-by-step relay, 4in
indicator lamp, operating synchronously with the step-by-step
relay, informs the experimental person of the beginning of the ;
inspimtion and expimticn phase, <he step-by-step relay is c
powered by a pulse generator of fixed-adjustable frequency, :
Thus, on the one hand, the subject is obliged to dreathe uni-
formly while, on the other hand, it is easily possible to
open the expiration valve within a certain interval of the ex-
piration phese only and to fill the measuring pipe with re-~
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spixct air of preciscly this fr.stien of the expiration phase,
The Peraining expired air escapes iato the atmosphere (if the
isspiration- and expiration valve ia closed),

rigurc 2, ixperimsntal set-up for measurement

of retention
l, Atmizer 9. Measuring channel
2, Dilution systen 10, Warm air blower
3, aerosol channel 11, Varm air
4, Reserve pipe 12, Socattered-light parti-
8, Mouthpiecs cle courtear :
6., Safety valve 13, Step~by-step relay
;I. ispiration valve 14, Ourrent supply for

Sxpiration valve 80 lenoid

The measuring channel, to which the particle counter is
oconnected, is kept at a teaparature of about 38° C in oarder to
avoid condensation of the respired air, In the measurinc chan-
nel there is a small, slowly operating ventilator wh ioch assures
sufficlent intermixture of the aerrsol in the channel, The ‘
volume of the measur ing ochennel is about four liters,

11, ) Speotrs and Tots) Retention of Iatex Aerosols |
Retenticn o2 latex aerosols was 1nvm'1gat'6d 'ﬂnt.

Suspmsions of sphariml latex partioles of exastly defined
partiols size are availadle on tie markst and can serve for
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the production of monodispersed aerosols, <“he scattered-light
particle counter was calibrated with such monodispersed latex
aerosols, Naturally, the measurement error of the scattered-
light particle counter is less in the case of monodispersed
aerosols consisting of spherical particles than in the case of
aorosols of a different kind, For this reason and because
latex aerosols of low concentration are harmless besides, re-
tention measurements were conducted first with latex aerosols,

The procedure for retention measurenent was es follows,
First of all, the aerosol spectrum produced by the atomizer
vwas measured, ror this purpose the inspiration- and expira-~
tion-valve was opened, and the reserve pipe and mouthpiece
closed, The aerosol flowed from the atomizer through the
aerosOl channel and the mouthpisce into ths measuring pipe,
after about a minute both valves ware closd and the atomizer
turned off, The particle counter sucked away a part ol the
aerosol in the measuring pipe and registered the particle
sp ectrunm,

During measuremsnt the pulses delivered by the photo-
multiplier of the particle counter were observed o0scillosraph-
ically, In order to avoid incorrect measwrements, the density
of the aerosol was s0 adjusted that the multiplier pulses did
not follow one another too closely, In all the experiments
the particle dencity of the aserosol was about 100 particles
per cubic cent imeter,

After measurement of the spectrum, all the equipment
vas rinsed with filtered compressed air, Immediately after-
vards the atomizer was aet in motion again, and the aerosol
floiing through the aerosol channel inhalsd through the mouth-
piece and exhaled into the measur in; channel, The valves were
esutomatically opened and clossd, as Jjust descrited, Respire-
tory rhythm vas thus fixed, In all the measurements inspira-
tion and expiration took place dy the mouts, Breathing '
through the nose was precluded by a nose clamp, In each ine
stanoe 20 breaths ware taken per measwrement, Reapiration

frequency vias always 17 dbreaths per minute, On temination of |

the experimont the expired aerosol in the measuring pipe was
measured, , S o

- Figure 3 shows a partisle spectrum of a latex aerosol
whose particles (according to information from the producor)
have a dieameter of 1,306 « , Curxve I snows the aerosol spe o~
tum produced by the atomizer, Curve II the spesctrum of an
expired 1,308 4« latex aerosol, Tarticle diameter in 4« is
plotted on the abtsoissa, and particle number per cubic centi-
neter of air on the -ardinate, The adscissa is gradua%ed
linsarly, the ardinate logarithmiocally,
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Figure 3, latex aerosol specira
Xeys:
1, Curve I: Aeroscl spectrum of a 1,305 u latex
aarosol
2, Cuive II: Speotrum of an expired latex aerosol
3. Particle.
0.1 4« obannel width 20 om®
4

. Particle diameter 4

o ?1011'6 4 shows aerosol spectra of a 0,557 « latex
.a“oul" o : : . |
|  From mnurl.ni

the aerosol mapired and expired, the
amou e , deposited in the respiratory sysiem or
the retention ocan be caloulated, (IZ the marticle counter

'4n measuring the aerogoi spectrum produced by the atomizer in

a definite size interval, o, g, in the interval 0,5-0,6 « ,

~ had socunted Ni particles, and Nz perticles during measurenent
of the expired serosol in the same size interval, the per-
contage retention of aexosol particles of this size
R ¥t = 3p . 100
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Figure 4, latex aerosol spectra,
1. OCurve I: Spectram of a 0,557 4« latex aercc~}
2, Cuwrve Il: Speoctrum of an expired 0,557 « latex
aerosol
3, rarticle
0.1 « ochlannal width 30 cu om -
4, Particle dilamster d ’

Figure 5 shows the retsntion of latex aerosols as & . -
Danoction of particls size, 1Indicated on the adbsoissa is parti-
cle diameter in i, and on the ordinate retention in »ercent- IR
- ages, It oua be seen that retention for latex particles be-

tween 0,2 and 0,4 4« dlampter is about 30.,, Retention in-
oréases constantly with particle diamster, For particles de-
tween 3 and &4 4 it is about 90, The plotted measurss vale
ues are mean values from five measuremeats in each instance,
- Conditions of the experiment were: inspiration and expira~
tion through the mouth; 17 desp breaths per minute,

| The curve agrees vary well with a retention curve .
moasured by VIJK and BATTIRSON (FUCHS, The liechanies of .ioro-
- s0ls, page 236), . '
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Figure 5, Total retention of latex eerosol
in the respiratory tract

Xey: 1, Partiols diameter 4

All that can be inferred from this retention curve is
vhat parceniags rete of particles of a certain size was de~
posited in the respiratory system altogether, 4is far the site
of tho depoeition, no statmnent can ss yst be made fLfrom this
measuranent, In further experiments, thorefore, localization
of the nra.Dh dopoattod in ths dronchisl system would nave
to be claritied,

b) Mutlon o:r mrtmat n-aotinns of Ros;g_reﬂ Adr
In the course of an ‘axpiration the respired air in-

L cruunel: comim mcﬁm fron doepor secuons ot thc

Tha rupma ur ors.gimting irom tho ln-onchml systen

’»omta}iu in the first Dresctions fractions orisinating from
- the largs bronshi, vhereas at the end of the expir:tion al-

veolar air is exhaled, Xow vith ocur experimsntal set-up it is
possibles tO0 measure the aerosol spectra of different fruotioas
of expired aixr, The deposition aite oL the aerosol can be
Judged apmozlmto): Irom the Jdiffering aerosocl concentration
of successive fraotions of expired sir,

For a rough Mcmum. of the aerosol deposition site
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in the respiratory system the expiiation phase was divided into
four largo intervals of equal tine, c¢r ths expired air was
divided into fowr Zractions,

To begin with, retention of the air oxhaled in the first 3
quarter of the expimtion phese was measured, In the wrocess
the expiration valve of the step-by-step relay was controlled
s0 thut it opened only durins the first ouarter of the erpira-
tion phass, Only the air expired dur in~ this time reached the
measuring ehannel; the air expired afterwvards {lowed via a
safety valve fron the moutiipiece into the ztmosphere, isfter
20 uniform breaths the measuring channel was £illed with air
frem the first auerter of the expiretion phase, and the aero-
s0l spectrun of this air conld be measured, 7he procedure was
g same with the other three intervals of the expiration

se,

Retention
% ! ]ﬂ“sung wohrend verschiedener Inter~
valle der Ausctemphose

12
. A—pa. . . - oo -
—— 4 4 =& ot
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Figure 6, Retantiocn 0f latex serosols
: in the respiratory tract.

Xoyun:
1, easurement during different intervals of the ex-
- piration phase
z._ sZxpirsa Hon pbase
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Altogether three series of measwanents ware conducted,
in each instance with a monedispersed latex perosol, viz,

l, vwith a 0,365 x latex asrosol,
2, with an 0,871 4 and
3, with a 2,68 . latex aerosol,

Fizuxe 6 shows the result of this mesasurement, 7he re-
tention of 0,365 s latex aerosol rcveals a . uniform inerease
in retention from quarter phase to gquerter phase, Thio makes
us conclude that there is uniform distribution of deposition
over the entire respiratory system,

Retention
%
Tl il
90 memes s s e lglex 2,68 u
80 :
70 :
50 !
) 50
) i
30 i
—————— .
20 L _____ ———-—
10 o= :
0 1”7 172 4 ] Ausctomphcsel

Figure 7. Differential retention of
latex aerosol,

Key: 1.

Ixpimtion phese

The 0,871 # aerosol shows 50f greater retention in tiae
first quarter phase than does ths (,360 4 aerosol, The
larger particles thus are alrsady deposited mpre intensely in
the upper respiratory tract, tThis is shown even mare clearly
in the case of 2,68 # latex aerosol, Already 87} of the in-
spired aerosol is depogited im the upper airways, The slight
inorease in retention of the following fractions of expired
air ghows that only relatively few of the 2,68 ~ particles
ware able to penstrate more deeply inmto the respiratory sys-
tem, This fact can be gathered more easily from the measure-
ment results if the inorease in retention of successive irac-
tions is plotted in a diagram, Figure 7 rresents this reten~
tion increase, which might also be called "differential re-
tention," wpleferential retention" can be taken as a measure

10




t?f the deposition in different darts of the respiratory systam,
Vhen the three diagroms are cozpared, it can be perceived that
retention o2 the IJirst fraction rises sharply with inersasing
particle radius, vhereas retenfion of tae last fraction at
first rices with increasing perticle radius asnd then falls
again, 4Yhence it can be concluded 1) that the increase of
total retention with increasing porticle diameter is causeqd
mainly by increasing deposition in the upper airvays and 2)
that deposition in the alveoli must have an optimum value for
latex particles with a diameter of about 0,9 x . Iatex parti-
cles with a diameter larger than 3 s in practice hardly get
as far as the aiveoli,

¢) NaCl Aerosol Spectra

A hygroscopic arosol in the respiratory trach behaves
in a fundamentally different wey from & latex aerosol, The
particle size of a hygroscopic aerosol, say &aan aerosol mnade
up 0of NaCl particles, i3 highly dependent on the noistness of
the gaseous phase in vhich it happens to be, This can easily
be ohserved with the scattered-light particle counter,

1

Kurvel: Na<l Aerosol in trockener lult
Verdannung | : 29

“~KurveIl: Nagl! Acrosal in 95% [leuchter

Lult !verdinnung 3)

~”

Teilchendurcnmesser &

020406081512 15 20 Y’ Y 5.9 &

Figure 8, NaCl aerosol spectra,

Keys: :
v Curve I: NaCl aerosol in dry air, Dilution 1:20,
Curve II: NaCl aerosol in 955 meist air (dilution

0),
3, Perticle diameter 4
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If, fdr example, a l-molar KNaCl solution [See Noie] is
atonlzed and if by admixture of ailcut 95> moist mixed air it is
asswred that the NaCl aerosol particles in the noist air of
the atomizer arrive in the particle counter, an aerosol spec-
trun is measured, as shavn by Curve II in Pibura 8, The speoc~
trum obviously has a maximun at 0.4 M It extends as far as

S m.,

[(Netel: 1In the NaCl aerosol experiments a l-molar NaCl
solution was always atomized,

The possibility existed of admixing filterod to the
aorosol on the way from the mpasur ing channel to the particle
counter in order to reduce the aerosol concentration, Now if
dry hot air is admixed to a moist NaCl aerosol in the ratio of
1:10 or 1:20, apart from the dilution of the aerosol a shift
of the spectrum towards small particle diareters is observed,
Cuive I shcws ithe spsctrum of an gero=l diluted with dry hot
mixed air in the ratvio 1:20, The density of this zmerosol in
the measuring channel, houever, by virtue of an increase in
the amount of aerosol gencrated by the atonizer was greater by
e factor of 20 than the density of the aerosol with the spec-
trunm represented by Curve IXI, Comrarison of both spectrs,
therefore, causes us 10 perceive only a shift of the spectrun
touards small particle diameters, It is to be noted that the
rise of Curve I is about six times ag great as that of the
stra ight part of Curve II, This mpans that the linear measure-
ments ol the NaCl aerosel particles are aboubt six times great-
er in 9559 moist alr than in dry air, ZEnlargment of the NaCl
agrosol particles in the moist respired air can likewise bte
Observed,

Figure 9 shows three aerosol spectra,

Curve I shows the s pctrun of an NaCl aerosol which
was in dry air from the atomizer to the particle counter and
viiich was additionally diluted between the measuring channel
and the particle counter with dry hot air in the ratio 1:10,

Curve II shows the spectrum of an expired NaCl aerosol
diluted with dry hot air in the ratio 1:10, It may be assumed
that dur ing measurement of both these spectra the NaCl aerosol
particles flew through the measuring chamber of the particle
counter as practically dry salt crystals, i, e, NaCl crystal
86rosols were observed,

Curve III shows the spectrum of an expired Nall aerosol
without the addition of dry mixed air, i, e, the measuranent
- was made in moist respired air, This spectrum reveals a maxi-
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men et 0,6 « and extends as far as 5 4, Sonmparison of SPO G~
tra II and III shovwe that the NaCl particles are about gix
tiues larger in moist respired air than ia the dried svate,

1 Kurve I° Speiutrum eines NcCl - Lderasols
2 gemessen in tracaener Lul? fYerd. 1:10)
=m~==KurveIl' Spekirum eines cusgeaimeten
NuCl - Aerosols in getrockneter Lull

3 {Verd. 1:13}
..'T‘-‘—--Kurveul: Ausgeglmeles NaCl- Aerysol
. gemessen in feychler Atemlult
~. [Verd. 0}
N,
.
~,
m———*—-
TN,
~,
\i
~.
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T
- o i Teilchendurchmesser ¢
0204 06081012 15 20 30 4.0 50w

Figure 9, NaCl aarosol spectra,
Eeys: "
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Curve I: Spectrum of an NaCl aerosol measured
in d&ry air %dilution 1:10)

Curve II: Spectrum of an expired NaCl serosol in
dried air (dilution 1:10)

Curve III: Ixpired NaCl aexosol measured in moist
air (dilution 0)

Particle dieameter 4

[ S <~ I ]
. .

d) Retention lMeasurements with NaCl Aerosols

The mrocedure during measuremsent of total retention of
NaCl aerosols in the respiratory system was, fundamentally,
exaoctly the same as during the corresponding latex aerosol
measurements, The NaCl aerosol was in dry air from the
atomizer up to the mouthpliece, Thus in practice NaCl crystals
vere inhaled, Curve I shows the spectrum of such an NaCl
aerosol, The diameters of thaese particles grow gbout six-fold
in the moisgt respired air, as couparison vf spectra II and IIY
ghowed, In order to determine vhat fraction of the insrired




NaCl orystals was deposited in the respiratory system, the ex-
pired moist NaCl aarosol particles have to be put back in the
state they were in befare inspiration, <his is done, as al-
ready describved, by admixing hot dry alr to to tho expired
NaCl aerosol en route beotween the measwing channel and the
particle counter,

Retention
% |
51
39 4
8
70
89
§2
«0
20
20
10

lfcil:hcndurchmesser d
ol 02 W4 a6 03 10 124

Figure 10, Retention of NaCl aerosol in
the respiratory tract,

Key: 1, Particle diameter 4

Figure 10 shows the result of such a retention measure-
ment, The plotted measured values are msan values, usually
from five retention moasurements, The form of the ourve is
similar to the retention curve of latex aerosols,

Of interest is a comparison of the NaCl retention ocurve
with the latex retention curve, Figwe 1l presents a comparie
son of these ocurves, If the particle-size values of the NaCl
retention ocurve are multiplied by the factor 6, a curve is Obe
tained which practically coincides with the latex retention
curve, DBy reason of their growth in the moist air of the
respiratory passages the inspired NaCl orystals in the respira-
tory system thus behave in the same way as do latex particles
gix times as large, DAUTREBAND and VALKEMNHGRST (C, N, DAVIES,

Inhaled Particles and Vapours, page 117) come to similar ex-
perimental results,
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Figure 11, Comparison o retention of NaCl and
latex aerosol in the respiratory tract.

Keys:

l, Transformed NaCl curve
2, Particle diameter 4

Then, Just as in the case of the latex aerosol, NaCl
retention of different phases of expired air was measured,
Figure 12 shows the retention of four fractions of the expired
air for NaGl orystals with a diameter of 0,15-0,2 « (Ourve I)
and for NaCl crystals with a diamter of 0,3-0,4 w (Curve II),
For conparison, the corresponding curves for an 0,871 u« latex
asrosol and a 2,68 4 latex aerosol are dravm in (curves III
and IV), The NaCl retention curves lie between the latex
curves, This is understandadle if it is assumed that the Nall
aerosol particles in the respiratory system dbehave as 4o latex
particles about six times as large, A 1l u« latex aerogol would
then gorrespond to the 0,15-0,2 4« NaOl aerosol, and a & «
latex aerosol to the 0,3-0.4 S NaCl aerosol,

From the relatively high retention of the first frac-
tion the conclusion cen be dravn that NaCl particles grow al-
ready in the upper regicns of the respiratory system so that
a great pert of them is already deposited there,
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Figure 12, Retention of NaCl aerosol ir the res-
piratory tract, measured in different intervals
of the expiration phasge,

1, Curve I: Particle dlameter: O,
- Cuxzve II: 7Partiocle diameter: O
For o omparison
Curve III: latex 0,871 «
Owve IV: Iatex 2,68 4c¢

2, Expiration phase

o) Measurenent of the Retention of Cigzarette Smoke

It was also »atténptod‘to masure the retention of oig-
arette mmoke, The AlfXiculty in the measurenents is %hat the

~ aerosol speotrum of a nigarette shanges so repidly that repro-

-duoidle measurements are possible only at great oost, .eas-
urenents of the retention of oigarette smoke are full of

relatively hrgo aQrors,

. . Rigure 13 ghows first two speotra of cigarette amoke,
Curve I shons the awosol spectrum of & cigarette without a
filter, and Curve II the spectrum of a filter ol garette, The
- 8erosol partioles are smaller than 1 4L, with the maximum of
the speotrum probadly lying in the vicinity of'o.l/w . Fig-
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ure 14 shows tio rieasured retention valuee for cigarette z:molm

They are in the vicinity of the latex retontion cuwrve,
§
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Figure 13, Aerosol o.ectra o cigarette smoke,

Curve I: Cigaretie without filter

Cuxve II: Cigarette with futa:
Particls

0.1{:( channel width 30 au. cn
cla di.amater a :

1
2
3
4,

On the basis of these axamnlea we cen shon ‘:n.,t an :
urcent wodler in aarosol researoh, viz, Znowuledge as to the
depogition of particles of dilfering vehav 10r in the respira-
- tary traot, can be clarifisd by means of owr experinentsl &
cedure within ocertain limits of error, .itain tio trauovork
- 0of such investigsations, howover, the dynmnics of the transiore
mation of aerozol aystaas in the resp.rawry tract also de~
seTve the specinl attention of research, Leamrhile, we have
succesedod in cont inuously encompassing tho ncnmtonr reaction
phase, measuced on the particle-size gectum, 3By tais neans,
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possibly, in future interesting perspectives on the transfore
mation processes of aerosol systems in the respiraicery tract
will be odtained, and therewith assessuent of the hazard of
an aerosol -- at lcast as far as its physical quality is con-
cerned -- ig possidble,
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Figure 14. Retention of clgarette moke in
_ . the resp! atory twract

1, Curve I: ’Raton’t-i_oh of sigarette smoke
&, Ouive II: Retention of latex aerosol
3. Partiole diemeter 4 }
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