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BACTERIOLOGICAL REVIEWS
AIMS AND SCOPE

Bacterivlogical Reviews is issued quarterly in March, June, ember, and December. The
fou; numbers published 1n one calendar year consmule a volumr subscniption price is $4.00
gﬂyurmlthSA $4.25 pet in Canada; and $4.50 elsew. _.c. Smﬁlec when available,

50 in the USA; $1.75 el Members of the American Societ icrobiotogy receive
Bacteriological Reviews for part of their dues.

Bacrerivlogical Reviews is published by the American Society for Microbiology to pro

authoritative critical surveys on the current status of subjects -.nc{ problems in the dmne ﬂelds

o{emaa and cognate disciplines, mhumm:nmologymdpnﬂu This scope I:‘dudu
{ short 1 ng summaling onginal igations
breadth end si thnlﬂymmyurwmulmd

Bac! Reviews provides opportunity l'orlheugmtowmhumculkmw
l‘onhebendhohhenmmhody?mnmholm established workers and students just

beginning research perforce depend increadingly on compendia for knowledge of progress outside
the scope of their training arndd researcl: interests.

A rational, balanced lmupmive developnnmol‘the topic is preferred to a chronological
treatment. Old "history, u’ be cowered by ng‘mce

INFORMATION FOR CONTRIBUTORS
Correspondence relaling o editorial maiters showld be addressed to the Editor
Erwin Neter
State University of New York at Buffalo and Children’s Hospita!
219 Bryant Strect
Buffalo, New York 14222

MmmmsmdmedmmwmoddhmlhduphubyﬁmmMmMform.
not folded or rolled. Bacieriological Reviews cannot assume responsibility for manuscripts.

Prospective authors are invited (0 discuss with the Editor the smubcluyohhmrmmwd
essA or Submittal of a synopsis or topical outline I'ocunldmvopmmu
it often eli~ts va hkmm-wm ions from editorial consultants. The aeeepulum,ym'
8 Peview wannot, «  coune, be finally uatil the finished product has been
wha.mummqumy.mummmmmmm
rorpubbw However, practical considerations make it desiruble to set a provisional limit of
lSto.Smmodpuul‘oumwum.uNes figures, and references included; about 650 to
100 words of text or 28 references per page). Rm:lmidhehmhodp(opoﬂm!melylo
not more than 100 to 150, Amonmmphmmmthmmenuofcuulelm Re-
prints are sold to contributors st cost; & reprint-order blank is sent with proof.

The editonial style of Bacte Reviews conforns 10 the Ska Manual pr&)lo:k‘l
Journals (American Institute of Sciences, 2000 P Street, NW Wndmmm D.C.;
$3.00), except for the following q mhﬂu!iomAulhonbnwlmnolmd eferences
be liated alphabetically 1o the last name of the senior author, numbered serially, and
cited by number in he text Auhdwtmwmmmm subhcadings

and minor su anonm:mamuy ble; consult recent issues amww)
Reviews for syling. Instructions to authors blnlndmtbe Journal of Bacieriology apply also
10 manuscripts submitted to Dutmbbgimlg:vm

E:mﬁomththfdhmmtmmdwdmphuubeumtbeymm
qmmlymondbyluthon To expedite editorial review and nonl‘or the pnmm. submit

ll( x m&u. ook .‘?u: ""f;"ms"m or:u larger !Mn 8% x 11 m‘
v
ge!en notmnlleruuns nﬁm’%lm.w

suitable scale on the photograph. Dowble spece everyithing, mcludang quouuons ubiu
legends for text ﬁ.uru. and references. This is essential 10 allow space for corrections and printer's
instructions. Check each reference cited with the original publication; be sure to include titles
and both first and Iast pages. Avoid references 10 urpudlished data and communication;
if unavoidable, use hese citations in the text only, not in the list of references. Itupul’euble
tomlhevaonmmdmeewhuempowble 1t is the author's responsibility to ob-
ain permission from the owner to feproduce figures, tables, or quotations of more
than thneuortenukenmtnctfmpnwompublmm.athethuownonhaeo(mher
author. No(ethnu-rulethepmmlorpubluher(nonineduorof.mhor)unucomnshl
owner; however, a3 & matter of courtesy the author'’s permission should be ohtained as well
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Becausy it's costed with Siliclad,
the soluble silicone thet sheds lig-
uids, makes cleaning easier snd
faster, and prevents sticking of rub-
ber or glass stoppers. And Silicled
signihcantly reduces glassware bresk.
age. Glassware coated with Siliclad
resists surface scratches, the major
cause of breakage.

Easier io the laboratory
Sulwclad-treated surfaces repel
water, blood, mucus, and most or-
genic materials, With the use of
Siliclad blood clotting is reduced,
more clear serum is obuained, and
less hemolysis is found. Mote accu-
rste determinations are possible be-
csuse trested cylinders and piperees
deliver full content, do not rensin
droplets.* Siliclad can also be used
to lubricate glass stoppers to prevent
fusing. to coat glass apparatus to pre-
vent meniscus formation in fluids, to
prevent [reezing of glass plungers in

Jurt vbere 1i the anelace of the liquid
v 1abe 47 Wub ordinary mewitin:
arfa e vow an't be tave In Ml lad
ireated inbe B lrguid Toemy Rat snvtace,
#ion i wore o weale determination

hypodermic sytinges, and to prevent
violent chemical foaming resctions.’
Easier in the hospital

Ia che hospital, Siliclad can be
used to trest tubing and catheters . ..
needles for 1V, applications , .. 1.V,
sets . . . replacement-transfusion sens
...blood reconditioning apperatus. ..
artificial kidoeys. In ciest drainage
tubes, silicone-trested tubes maintain
patency and make drainage failure &
rarity . .. add to the ease and safery
of postoperative care.? Patients have
found Siliclad-trested wbing far
more comfortsble than untrested
rubing . . . less irritating to mucosa®
Hospital equipment treated with
Siliclad is much easier o clean afuer
use.® Siliclad sdded co sterilizing
solutions prevenns dulling of sharp
insttuments and wear and tesr of
movable parts.!

Siliclad-treated surfaces resist heat,
moisture, and most common chemi-
cals. Use it for reeting ceramic,
meeal, and plastic surfaces and sho
for glass and rubber. Siliclad coating
resists extreme temperature changes
and oxidation. It is nontoxic to
body tissues.

Siliclad, when diluted with oedi-
nary tap water, makes 23 pints of
solution.

* Note: Siliclad should not be used
for glass items which depend on
capsllary action or adhesion to per-
form properly.

Why is it easier to work wnth ﬂask B?

ACTUAL PHOTOGRAPH

Eqnal amounis of blaod dropped 1imnl-
tanoonsly on g 211 plaie o 20° gugle.
on antreated 1aviace clings bo

glon. spreads slowly down glass, peels
ot borrom edge.

B. Blood on Siliclad treated 1ut]ace rans
down gleis plate immediately. Dows ot
cling, stich, or pool & bottom edge o]
Mate. Gentle 1apping o} glar plate ve-
move) few “beads” remaining.

Refereaces: (1) Levin. H L 2 Milic Med.
121097 (Dec ) 1937 () Harkini. G A:
J Thotan & Cardioves Sum <t 349
(Ot ) 1960 (3) Conror, M O Am_ ).
Surg 100:384 (Oxt) 1960,

Available from your desle::
Siliclad is supplicd as 8 concentrate
in 8 4 oz bottle.

g—@%dams

New York [0, N. Y.
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CHEMAP and PEC
CONTINUQOUS BENCH
and PLANT FERMENTORS,

CHEMOSTATIC DESIGN

Highly reliable, with extensive conteol aystems
und wide choice of agitational and weration ays.
tems (as described by Dr. A. Fiechter). Allows
hateh or cuntinuous aterile cultivation of miero.
organisms over lung perivds of time. lucludes
wnperature pH ecntml, recorders, foam contruol,

air flow cuntrol, variable speed; uther cuntrols |

easily added. Avuilable in bench, pilot and full
plant size. Bench Fermentura designed for ine
place sterilisation.

pH and REDOX
GLASS ELECTRODES

(Ingold deeign)

Will withstand many reprated sterilizations (o
130°C., pressures (0 38 paig . . . fur pH and Redox
readings; special designs fur high temperature and
elevated presaure service. KCl leach is negligible.
Deaign will give long and reliable servies.

THE VIBROMIXER
System

Non-rotary mixer for foamless agitation of protein
wsolutionn, aceeleration uf camusis, and ultrafilira.
tinn. Very suitable fur setting up quick and inex-
pensive bench fermentors. Many attachments
available fur cell grinding, spraving. pumping, ete,
Simple closed syatem without rotary seals . . .
neatly sheariess agitation for tissue culture, No
Mercury seals or stulling boxes required. Auto.
elavenble membrane seals maintain aterility ,

CHEMAPEC, INC.

1 NEWARK STREET, HOBOKEN, N. J. 700
(1) 6598417

Write of enll todey for ormplete techaionl data.

Chemapee . for Vibrohlters nnd snany nther prerws 18

steumeuta for Chennenl and Biolngienl proc.

s applieatons

J
b

@ oxidases

 and related

redox systems

Proceedings of a Symposium
held in Amherst, Massachu-
setts, July 15-19, 1964

In Two Volumes

Edited by TSOO E. KING, Oregon State Uni-
versity; “OWARD S. MASON, Unmiversit ~'::[
Oregon Medical School; amd MARTIN Mé)l-
L@N. Clty of Hape Medical Research Insti-

The International Symposium on Onxida
snd Relawed Onidation-Reduction Syuq't:
brought together the workd's loading authos ities
on oxydases and the related enryme sy.tonw
that catalyze reactions involving oxygen. They
were encouraged (0 synthesize theit contnby-
110ns, 10 point out the major problems, and to
speculate on possible solutions.

The subject-matter ranges from the funda.
mental ¢ of oxygen 10 the highly or-
ganized s r partculates containing the
enzyme systems that catalyze the ccllular reac.
'.noc':lsi oi‘oxyrn, The artcles are arranged ac-
carding to inx eau My of ¢

ok Aty ng complexity he system

Volume I: 1968
Vehunw {: 1968

R32.50 the two-volume set
1 Vidumes cannot be purchased separately)

METHODS OF
SEROLOGICAL RESEARCH

By ). B. KWAPINSKL, University nf New
Englund, Australia. A comprehensive reference
work that covers all serological methods de.
xnbed in the siedific literature for the
preparation and examination of sntigens.
1965. 526 pages. 813 50.

JOHN WILEY & SONS, Inc.
605 Third Avenue
New York, N.Y. 10016

538 page
608 pagn




STEREOSCOPIC
MICASSCOPE
wF 145

Trans-liiemination Base for MSF §97

!

WIDEFIELD FILAR
MICROMETER
EVEPIECE
$105

SINGCULAR ANTO-LLUMIKATION
nay 5414

Most brands of microscopes promise quality . . . But UNITRON really delivers it.
Some other brands imply economy . . . UNITRON proves it . . . check our prices!
A fow others claim both quality and economy . . . But UNITRON is the brand that guarantees both.

What's more, this guzranteed UNITRON ﬂualily and economy are offered in a complete
line of microscopes, to meet the routine and research needs of modern labs. Choose from
brightfield, darktield, and phase con‘rast models . . . monocular or binocular . . . Yamiliar
upright or unique inverted stands, with attachable or built-in cameras and illumination systems.

Tha extraordinary features of many other brands are the grdinary in UNITRON Microscopes.
Complete optical and mechanical accessories ave standard equipment, rather than hidden extras
“at slight zdditional cost”, Coated optics are second to none. Original designs provide easy
operation, versatility, lab-proven ruggedness and Fuaranleed performance. All of these are just
routine, normal advantages that customars have learned to expect when they specify UNITRON
Microscopes — plus attractive prices which ars so easy on your budget.

UNITRON MEANS MORE MICROSCOPE for the MONEY. Leading labs throughout the worid
know this, It's the reason, really, why “UNITRON Microscopes are seen in the best of circles”.
But why take our word? It's easy to prove for yourself, the advantages and value that UNITRON
can offer you. Borrow any model {or models) for a frae 10 day trial in ynur own lab. No cost
. . . Mo obligation to buy . . . not even any shipping charges. Why not use the coupon to ask
for a free trial, the chance to try before you decide whether or not to purchase. Or, ask us to
send a catalog that will give you full details and orices about UNITRON's complete line.

WHY UNITRO MICROSCOPES ARE SEEN IN THE BEST OF CIRCLES

L] Presse send UNITRON'S Microscope Catatog. 98-
31 aceapt (without cast or obligation} your invitation
to try UNITRON Model for 10 days.
NAME
COMPANY
RDDRESS —
I [, — SAT

SHSTRUMERT COMPANY + MICROSIOPE SALES [{‘1 .
CO TR NERIHAM ST N RTON RIGHUANGDS o MASY
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[B-D]products at;ybu"r fingertips

1y
UNOPETTE
disposable bleed collscting and
diluting pipstte
Provides everytning needed for
rapid, accurate blood collection
and dilution. Glass capillary auto-
matically fills with precise
amount of blood. The UNOPETTE
system adapts to hematological
cell counts—manual or electronic
—and to biochemical procedures.

BECTON, DICKINSON AND COMPANY - RUTHERFORD, NEW JERSEY
In Canada: Becton, Dickinson & Co., Canada, Ltd., Clarkson, Ontario

MICROLANCE

Sterile Disposable Blood Lancet

Exceptionally sharp point and
unique "gape” incision avoid pre-
mature closure, assure easy pene-
tration and adequate blood flow
with minimal dilution by tissue
fluid. Available with either stan-
dard or new longer point for in-
fants’ heels or calloused fingers.

B-D

B.D. DISCANDIT, MICROLANCE, ANO UNOPLYTL ARY TRADEMARKS

o mas e e -
- e d ELTS SUREIRS MY SEEPASY - -_lb

BLOOD TEST CARD

for ABO, Rho (D) bleed grouping

The most efficient and economical
way of screening for blood groups
and major Rh factor—reduces pro-
cedure to an easy routine. Dried,
stabilized reagents on card meet
all NiH requirements for avidity,
specificity and titer. Reacted card
is a permanent filing record.

s oo

17188

- — oo
. =
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(Airborne Infection)
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29-31 March 1966
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Foreword

The meeting termed the First International Conference on Aerobiology was held
in October 1963 on the campus of the University of California at Berkeley and was
cosponsored by the Naval Biological Laboratory and the University of California.
The proceedings were published by the Naval Biological Laboratory as A Sympo-
sium on Aerobiology, 1963. Prior 10 this conference, however, the “key” conference
which actually originated the series was held in December 1960 at Miami Beach,
sponsored by the National Research Council with support from the National In-
stitutes of Health and the U.S. Army Biological Laboratories. The proceedings were
published as the September 1961 issue of Bacteriological Reviews. The present
Second International Conference on Aerobiology continues the series of reports
and discussions related to recent investigations in aerobiological fields.

Since the Berkeley conference, research in airborne infection has been stimu-
lated by the problems arising from the increasing concentrations of military recruits
in the various training centers. This, in turn, has caused an increase in research in
aerobiology in general in order to provide information relating to the basic param-
eters of biological aerosols and to develop or improve the technology for such in-
vestigations. This interest will certainly continue, and conferences of this type can be
anticipated at roughly 3-year intervals,

The Program Commiittee is indebted to the Session Chairmen for their time and
competence and to many individuals from the U.S. Army Biological Laboratories
and the Illinois Institute of Technology Research Institute for their willing efforts in
arranging and conducting the conference.

ELwoop K. WoLrs
General Chairman




CONTENTS

Airborme Infections—the Past and the Future.

HavrY F. DOWLING ... . . e iieaa... A88
Mechanisms of Amlbacleml Action in the Rapmtory S stem.

EpwarD H. Kass, GARETH M. GREEN, AND ELLiOT GOLDSTEIN. . ..., ...... 488

Discussion. VERNON KNIGHT. .. ... . ... ... ... ... 496

Aitborne Disease and the Upper Respiratory Tract.

DonaLD F. PROCTOR . e 498
Measurement of Different Mu:hamsms for Elnrmnanon of Bacteria rrom the Lunc

RAGNAR RYLANDER . 514

Effect of Route of Inoculation on Expenmenul Rapurmory v|rn| Dlsease in
Volunteers and Evidence for Airborne Transmission.
Rosert B. CoucH, Tromas R. CATE, R. GoRbpon Douous, Jr., PETER ].

GERONE, AND VERNON KNIGHT 517
Discussion. Epwin D. KILBOURNE . o A .....530
Acrogenic Immunization of Man with Live Tularemia Vuccme
RicHARD B. HorNick AND HENRY T, EIGELSBACH . .. . 52
Respiratory Antibody 10 Fricivells wlarensis in Man.
E. L. BUESCHER AND J. A. PELLANTI. . . X |

Antibiotic Prophylaxis and Therapy of Anrborne Tuhremu
WiLtiaM D. Sawvyir, HARRY G, DANGERFIELD, Anmun L. HocGE, AND

DaN CROZIER . . . A ... %42
Discussion. Mark H. Lepper. . 548
Physical and Chemical Stresses of Aerosolmmon
ROBERT J. ZENTNER - R ... 851
Discussion. MyYLis MAXFIELD . . ... . - ¥
Multistage Liquid lmpmgcr
K.R. Mav . .. . 5%
Air Sampling for Resplralor) Dmnse Agenls in A'my Recnms
MALCOLM S. ARTENSTEIN AND WILLIAMS. MILLER. ... ... .. ... . ¥4 |
Discussion. O. M. LipweLL .. . - 7 & |

Assessment of Experimental and Natural Viral Aetosols
PeTeR J. Gerong, Rosert B. CoucH. GARRETT V. Krefir, R, Gonnm

Doui.as, EDWARD B. DERRENBACHER, AND VERNON KNIGHT . . ... 878
Discussion. WILLIAM S. GOCHENOUR, JR. . . ......... ....... .. ... 584
Authors’ Comments on the Discussion.
P.J. Gerong, R. B. CoucH, R. C. DouGlas, axp V. KNGl ... .., .... 586
Infection of Pigeons by Airborne Venezuclan Equine Encephalitis Virus.
WILLIAM S, MILLER ... . . . . i e .5
Discussion. WiLLiam S. Gocm-:noun me .. 89
tholo%ncal Responses of Airborne Bacteria to smm in Relauve Humnduy
HatcHAND R.L. DaimMick .. . . ... .. L . 597
Discussion. WALTERR. Lewr . . . . ... . . . . . ... 602
EHect of Nitrogen Dioxide on Resistance to Rcsplralon lnfecuon
RICHARD EHRLICH 604

Attenuation of Acrosolized Yellow Fever Virus After Passaze in Cell (‘ulture
HENRY J. HEARN, JR., W. ADRIAN CHAPPELL, PETER DEMCHAK, AND JOstPH W.

DoMiNgk Y . &
Discussion. K. C. WINKLER . ... 622
Actrosol Vaccination with Tetanus Toxoid.
HERBERT M. YamAaSHIROYA, RICHARD EHRLICH, AND JOSEPHINE M. MaGis . 624
Discussion. H. C. BARTLEMA R . ... 633
Acrosol Infection of Monkeys with Rickensiu rickeltsit.
SaMmuEL Sastaw anD HAROLD N. C'ARLISLE S ... ... 636
Discussion. ARTHUR N. GORELICK . .. P .- X |

Countinued on next page
13




14 BACTERIOLOGICAL REVIEWS

Contents continued
Industrial Inhalation Anthrax.
PuiLip 8. BRACHMAN, ArnoLD F. KAUFNANN, AND Frupsric G. Datibonr. .. 646
Discusmion. HARGLD N. GassMaN. ............................. 687
Epidemolg;y of Mrbome Staphylococcal Infection. 660
Discumsion, . D. Lanawum. ... .. o
Discussion: Viability of Hospital Staphylococei in Alr, K. C. Staastans
Ao K.C Wowess, ... T T e ST 674
Expetimental of Coccidioidomycoais. Josn L. Convzm AND
Rarmonn Rnnm ............................................ 678
Discumsion. MicharL L. Furcovow............... ... . " ... 604

Remarks.
RmD.memmena.oN.Gunwm........... ... 69




BacTsnoLutucat. Reviswy, Sept., 1966
Copyright © 1966  Amarican Society for Microblology

Val. 30, No. )
Printed n U S A.

Airborme Infections—the Past and the Future'

HARRY F. DOWLING
Department of Medicine, University of lllinois College of Medicine, Chicago, l/linois

Ebb and flow is as characteristic of research as
of other activities of man. The transmission of
infections through the air is a good example. In-
terest in airborne infections has had three fiood
tides in the past four centuries. The first wasa long
onc. We can trace its beginning (o 1546, when
Fracastorius published his theory of contagion
and explained that transmission of infections
might occur by simple contact, by indirect con-
tact, or by transmission from a distance. From
that time on, the concept of airborne disease cap-
tured men’s minds. “This most excellent canopy,
the air,” says Hamiet, “why it appesreth nothing
to me but a foul and pestilent congregation of
vapors.” Hence, in times of epidemics the air was
filled with the smoke of sulfur, camphor, tar, or
pitch, and people religiously shut out the night
air, walked away from noisome smells, or, if they
couldn’t avoid them, held perfumed kerchiefs to
their noses.

The idea that discases were spread by baed air
(i.c., malaria) or by the influence (i.¢.,, influenza)
of plan:ts, carried through the air, was 100 simple
and naive an explanation. It was eventually dis-
credited be cause attempts to apply it feiled to stop
the spread of infections. By the middle of the 19th
century, it had been aimost completely discarded
by the medical profession (1). Pasteur's demon-
stration in 1861 that bacteria were consistently
present in the unsterilized air and Lister’s report
in 1867 of the control of suppuration of wounds
by measures which included a phenol spray should
have stimulated everyone to vigorous attempts to
control airborne infections. But this did not
happen—{or several reasons. For one thing, as |
have said, all of the measures that could be con-
ceived for limiting the spread of infection hy air
had already been tried and had failed. Also, it
became evident to those surgeons who studied
Lister's techniques carefully (rather than oppos-
ing them violently or aping them completely, as
most did), that his method owed its success mainly
to the suppression of contact infections. This was
verified when Macewen about 1880 successfully
used instruments and dressings sterilizad by boil-
ing and discarded the phenol spray. Finally, other
public health measures had been successful and
here, as elsewhere, nothing suc-eeds like success.
To understand this, let us try to picture sanitary

! Opening address.

conditions in our cities around 1850. As Rosen-
berg (3) 30 aptly put it:

“A standing joke maintained that city
water was far better than any other, since
it served as a purgative as well as for
washing and cooking. Most people were
sensible enough not to drink it, except
when forced by poverty or betrayed
through inadvertence.”

And Coleridge exclaimed,
“l counted two-and seventy astenches
All well defined, and several stinks
The river Rhine, it is well known,
Doth wash your city of Cologne;
But tell me, nymphs! what power divine
Shall henceforth wash the river Rhine?"”

Since filth and putrescence were associated with
disease in people’s minds, the campaign for clean
water gathered momentum. Panalleling this was
the concept that fevers resulted from noxious
exhalations from putrid animal and vegetable
matter. Hence, methods for disposing ot waste
and sewsge were developed gradually during the
last half of the 19th century. The results were ap-
parent in the dramatic drop in the mortality and
morbidity from water-borne and insect-borne dis-
cases at the turn of the century.

The emphasis, therefore, was on spread by the
fecal-oral route and by direct contact. Airborne

infections were too hard to understand, and tech- ~

niques for their control were t00 compkx. So
matiers stood at the end of World War 1. Soon
thereafier, a second wave of interest in airborne
infectrons developed.

In 1917, Stillman (6) reported that he had cul-
tured types I and Il pneumacocci in dust collected
from homes of patients with pneumonia caused by
the same types. He was able to grow microorgan-
isrmfromthelumofmice after exposure to &
mist containing pneumocoocl (1),and he also pro-
duced pneumoml with these mists after partially
immunizing mice and deprescing them with al-
cohol (8). Branch and Stillmaa (2) also reported
that pneumonia was produced in mice by the
inhalation of S-hemolytic streptococci and Kleb-
siella. These abservations were soon overshad-
owed by other studies in anumals of pneumonia
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produced by the installation of bucteria, especially
the experiments of Robertson and his associates
(4) on dogs, which extended over a number of
yeers and added greatly to our knowledge of the
pathogenesis of, and immunity from, pneumo-
coccal pneumonia. Valuable as these latter studies
were, they diverted interest away from the produc-
tion of pneumonia by inhalation, since intra.
bronchial instillation was simpler and surer.
Furthermore, the control of pneumonia took a
hopeful turn in another direction; good results
were obtained from serum therapy, followed by
the greater successes of sulfonamides and antibi-
otics. Thus, the second wave of interest in air-
borne infections petered out. But the third wave
was already forming.

In 1934, Wells introduced the concept of drop-
Jet nuclei (9) and followed this with a series of
theoretical and applied experiments which broke
the logjam and released a new flood of investign-
tions. These investigations were reinforced by the
rising interest in the spread of streptocoveal infec-
tions in army barmacks and of stuphylococcal in-
fections in hospitals, in the dissemination of viral
and fungal infections, and finally in the chemical
pollution of the atmosphere. Today we are on
the crest of this wave of interest. Let us look at
where we are and where we are travelling. To start
with the sources of airborne infections, many
studies have been made with sick and well per-
sons A3 sources, but we still are not always sure
where the microorganisms originate in the person
who disserninates them and how they become dis-
persed in the air. What is the relative role of the
upper and lower respiratory tract and of the
skin> Some people spread streptococci and
staphylococei more readily than others. We do not
aways know why,

Studies have been made on the environment as
a source of infection. These have been especially
productive in relation to fungi. On the other hand,
the princivles by which infections are spread in
the dust of rooms are only partially compre.
hended.

Studies have been made on the transmission of
infection and the role of dropiet nuclei and other
small particles in the spread of various diseases,
and great progress has been made in this aren. {
should like to suggest that such studies should not
neglect the effect of temperature and humidity on
microorganisms while they are in the air. For in.
starwe, we still huve no idea why the common cold
is more prevalent in the colder months. From
experiments which my associates and | reported
(3), it appears that the explanation does not lie in
the chilling of the recipient. Does the virus re-
main alive longer in cold weather, or in hot dry
huildings® Or is crowding of people in the winter
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months the sole explanation’ Finally, with regard
to the relutionship of microorganisms and chemi-
cals in the air, studies have been made on chemi-
cals which will prevent the spread of bacteria in
the air, and some promising results have beenob-
tained with the glycols. On the other hand, we are
at present far from knowing whether air poliution
sugments girborne infection, and, if so, how.

A great deal more attention can be directed
toward the recipient. We have a good idea how
far microorganisms go into the lung during in-
halation and how this is affected by particle size.
We are studying the role of the mucus sheath, the
cilia, phagocytosis, and local immunity, but we
have only scrutched the surfuce so fur. Techniques
are at hand with which to dig a great deal deeper,
and many of them will be reported on in this Con-
ference. The isolation of many of the respirutory
viruses and extensive experience with the pro-
duction of viral infections in volunteers makes it
possible, for instance, to study dissemination,
spread, and inception of airborne infections in
man, something that we could not safely do with
hacteria or fungi. Also, the rapid multiplication of
antibiotics cnables us to try to stop hacteria from
growing in air passages even afler they have ar-
rived in large numbers through the air.

Finally, there is the control of airborne infec-
tions. Because earlier attempts to prevent these
infections by ultraviolet light and chemical dis-
infection were not uniformly successful, the at-
mosphere in a roomful of investigators of respim-
tory infections seems itself to be infected with
pessimism, Need this be 50> The technology of
ventilation is advancing all the time, and increas.
ing numbers of people are living the year around
in artificial atmospheres which eagerly wait for
someonc to inake them nearly germ-free. Besides,
we have failed to capitalize on one strong force,
the increasing chemical poliution of the air we
breathe. | remember as a boy seeing a performer
in a circus dive into 4 glass tank and eat a banana
under water. | was horritied to think that he was
eating food that was coated with the bacteria he
carried with him every time he dived in. And yet,
we are not doing anything dilferent in breathing
air contaminated with bhacteria. Air in a crowded
room may be as contaminated as waler in the
average farm-pond. But just as our ancestors paid
nu attention to the waler so long as it looked
clear, so the public pays no attention 1o the air
when it seems pure. Now that the stench and the
irritution from chemical wastes are becoming
daily more obnoxious, can we not maobilize inter-
est in cleansing the air? And just us ridding the
water of foul tastes was the beginning of purifying
it of bacteria, so we may succeed in doing both to
the air.
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What would happen to our immaunity if we
breathed in no microorganisms year in and year
out’ We know the answer from bitter experience
with measles in isolated populations or with polio-
myelitis in the more advanced countries. To keep
up our protection we will have to vaccinate. But
how can we immunize against the hundreds of
bacteria and viruses, to which people now develop
enough immunity to produce a tolerable equi-
librium? Perhaps it can be done by isolating the
purified antigens and combining them in feasible
doses for injection. But it will take a long time to
find these antigens, and it is by no means certain
that we can prepare all the vaccine necessary or
persuade the people to take them if we do. This is
where immunization by inhalation comes in, The
pioneer studies of vaccination against tetanus and
tularemia have shown the way, but to my mind
this subject has not received nearly the attention
that is its due, The methods of inhalation have
been perfected; the bacteria and most of the vi-
ruses have been isolated: now the time is ripe to
extend the few studies thut have been made. One
might even visualize, a few years from now, school
children and office workers receiving their im-
munizations without fuss or discomfort while they
are sitting at their desks going about their regular
work, or, alternatively, inhalo-mobiles that would
park outside a school, an office building, or a
shopping center, attracting people inside for their
inhalations much as X rays for tuberculosis are
taken nowadays.

What 1 have just said may sound grandiose, but
I am using this picture deliberately to point up the
main theme of my discussion. We have had earlier
waves of interest in airborne discases, but they
have died out because other methods of control
of infections were more successful and becruse
adequate techniques were not at hand to study
and control infections transmitted through the
air. As a result, control of contact infections and
of food-borne, insect-borne, and water-borne
infections is far ahead of control of airborne in-

fection. But the present wave of interest is high,
and the lechniques are at hand. To paraphmse
Brutus,

“There is a tide in th' pursuit of
knowledge,

Which, taken at the flood, will bring
success.

On such a sca are we now afloat

And we can take the measures at our
hand

And win our ventures.”
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INTRODUCTION

Perhaps the most striking finding in relation to
the antibacterial activity in the ;espiratory system
is the starility of the bronchopulmonary apparatus
from the primary bronchi downward. That these
structures gre ordingrily sterile, despite the
continuous entry of droplet nuclei containing
bacteria, has been known for more than SO years
(3). The mechanism by which the bronchopulmo-
nary tree retains its sterility under ordinary
circumstances is just beginning to be understood.

Our attention was drawn to the problem by the
considerations that if, in fact, the bronchopulmo-
mrymwenmnuywih.andil‘indwonk
bronchitis the lower bronchial secretions were
ordinarily heavily populated with bacteria, there
might be & basis for investigating the pathogenesis
of chronic bronchopuimonary infections from the
standpoint of breakdown of mechanism of local
antibacterial activity. Initial investigations, there.
fore, were directed toward the study of the bac-
teriological flora of the bronchopulmonary secre-
tions, with the use of extreme precautions to avoid
contamination of the cultured material by bac-
teria coming from the upper respiratory passages.
These studies (10) confirmed earlier observations
{1, 11) that bacteria were rarely found in the
bronchopulmonary secretions unless there was
menifest inflammation or exudation. By the same
token, when such exudation was fourd, the
bacteria tended to be present in large numbess
(> 10® colonies per milliliter of secretion), and
often the bacterin in the bronchial secretions were

' Fellow of the American Thoracic Society, Na-
tiona! Tuberculonis Association.

not adequatcly represented in cultures of the
sputum.

The present review i; not intended as a detailed
discussion of the implications of these findings in
terms of bacieriological interpretation of cultures
arising from the bronchopulmonary apparatus.
Instead, attention will be directed toward the
implication that the failure to find bacteria could
bo explained primarily 01 the basis of continued
activity of a potent local antibacterial mechanism.
That such a mechanism exists has been indicated
by numerous studies in the past. For example,
Stillamn (16), working with pneumococci that
had been instilled into the bronchi of mice, ob-
served that the majority of these orgunisms were
made nonviable by the hing shortly after instilla-
tion. Lurie, in his classic experiments on the fate
of aerosolized tubercle bacilli, observed that as
many as 100 organisms needed to be inhaled to
et up one tubercle, even in genetically h'ghly
susceptible rabbits, and one or twoe orders of
magnitude more bacteria were requind to be in-
haled to produce a tubercle in genetically more
resistant strains of rabbit (12). It was apparent,
then, that the overwhelming majority of the
inhaled bacteria were being killed in some manner
after inhalation,

BacTEriaL CLEARANCE IN THE NorMAL LunG

To study the phenomenon of local iilling in the
lung, an acrosol apparatus was constructed out of
simplc and relatively inexpensive materials (8).
The apperatus delivered more than 85¢; of its
particles in the form of nuclei between 1 and Juin
diameter, and, in detailed studies of the function
of the apparatus, it was found that a set of stand-
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Fii. 1. Disappearaixe of Siaphyiocotcus unrens from the lungs of mice aNer adminisiration by aerosol. The rapid
disappearunve amd smull siundund deviations are especiidly noteworthy. (Reprinted from reference 8.)

F10. 2. Limgs of mice taken ¢ hr after exposure 10 aerosols containing Stuphylocaccus aurers The sections have
been stained with antibody 1o the Stuphylococcus by use of fluorescein-labeled antibody | in acronlance with methods
given in reference 6. Note the intense swaining of tacterial antigen in some cells limung the alvewlt. In G few instances,
discrete coccal bodies can also be seen.
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Fii L Section of mowse lang immadiately aficr 30 min of e\psure to verosel of Staphylococus aurvns stained
by Macallum-Goodpasture stain. X 2, 500. In the apper photograph, staphylococe appear 10 haxe been ingesied oy

an ahveddar sepial cell. T4 the lower, staphylo-occi may be in a masonucicar macrophage in the alvear seplum - <ce
refereince 6
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FiG. 4. Clearance of Po.lobeied Siaphylicorrus
wnrens amd Protess miradilis [rom murine lung. The
chanee in member of viable organisms 1s compared with
the changre tn radiouctivity in the (g (6).

ardized conditions could be obmined wherety a
suspension of staphylococci could be delivered
into the chamber in sufficient comcentration that
mice exposed to the oerosol for 0 min and
sacrificed immediately thereafter were found to
contain in their lungs approximately 50,000 viable
units of staphylcocei capable of producing
calonies. When the lurgs were cultured at regular
intervals after exposure to the aerosol, the bacteria
wire found to have become nomviable in expo-
nential fashion, <0 that within 4 hr approximately
23, of the bacteria could no longer be detected,
and within 6 hr all but a few per cent hud beconxe
nonviabde. What was cven more striking wa- the
extraoedinary reproducibility of the method, as
seen by the smnll standard errors of the mean
bacterial counts obtained at various time intervals
afler infection Dy uerosol (Fig. 1). The rates of
disanpearance of the bacterial particles were con-
sistent with the anticipated rate of disappearance
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of any particles of this .ize, but as is well kiiown,
particles of this size tend not to impinge on the
bronchial mucoss, and so the implicstion was
cloar that most of the disappearance of the bag-
teria was likely to be due (o cellular systems or
other antibacterial systems operating below the
tertiary bronchi, beyond the level at which the
mucociliary apperutus is aclive,

Clearance by 1he Alveolar Macrophage System

To test the implication that bacterial killing
occurred primarily in the deeper portions of the
lung, iwo experiments were conducted (6). In the
first, Ruorescein-labeled antibody was used to
detect bacterial antigen in the lungs of mice that
had been exposed to the aerosols, and invariably
bacterial antigen was found in the epithelinl cells
lining the alveoli (Fig. 2). Occasionally, relatively
intact bacteria could be found in thexe alveolar.
lining cells (Fig. 3). When the bacteria were
labeled with radicactive phosphorus and their fate
was studied, it was found (Fig. 4) that, when
approximately 85¢; of viability had disappeared,
radioactivity had declined by only about 20¢;.
Thus, the decline in viability was not due to trans-
port of the bacteria away from the alveoli, as
evidenced by the retention of radioactivity and the
observation of bacterial antigen in the alveolar-
lining cells. Only a small minarity of the bacterial
popuiation could have been transported away
during the time of maximal killing. The majority
of the bacterial cells were destroyed in situ, and
the alveolar macrophage <ystem clearly scemed 0
he the principui agency for such removal.

Role of Bacterial Species

That the bacterial species is an important vari-
able in the process of removal was demonsirated
by subsequent studies (5) in which the rates of re-
moval of a strain of Prorens mirabilis, one of
Srupkviococcus aurens, and one of S. albus were
studied under comparable conditions (Fig. $).
S. albus was removed most rapidly, §. awens
somewhat more siowly, and the strain of Proreus
still more slowly. More recently, observations
have been made with a pethogenic strain of
Pasteurelia that frequently produces pheumonia
in mice and, as might be expuled, clenrance of
this organism in some, but aol ail, animals is
slower than that of Proiews, and occasionally
clearance is completely reversed and bacterial
probiferation 1s observed.

The wide variation in clearance of acrosolized
tucteria in relation to species suggests that simple
mechanical factors, such us the action of the
mucociliary apparatus, are an unlikely hasis for
the autibacterial action, since it seems unlikely
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that + mechanical system would show such a wide
range of effectiveness against different species of
similar sic> range. However, such differences in
antibacterial activity against different bacterial
species are well known in phagocytic systems (2,
14). The observations also indicate that, since the
methods of clearance of different bacterial species
may be different from one another in a given host,
circumnstances that alter the rate of clearance may
permit one or another species to multiply instead
of being cleared.

BACTERIAL CLEARANCE AND ENVIRONMENTAL
AND METABOLIC DISTURBANCES

To investigate the relationship of a variety of
metabolic even's to the clearing mechanism,
experimental animals were exposed to the aerosol
of appropriate bacterin and then immediately
exposed to a metabolic circumstance that might
be expected to alter the rute of tacterial clearance
(4). It was found (Fig. 6) that hypoxia equivalent
to an altitude of 10,000 ft was sufficient to slow
significantly the rate of bacterial clearing, and this
effect could also be obtained with diminished oxy-
gen tensions at sea level pressures. Ethyl alcohol
inhibited bacterial clearing by the lung and did so
in direct relationship to the dose of ethyl alcohol
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FiG. 6. Relative e ffects of ethyl alcohol, hypoxia, and
cold on the clearance of Staphylococcus albus, S. aureus,
and P. mirabilis by the normal mouse lung. Although in
general these circumsiunces delaved bacterial clearance,
the effect of hypoxia in the case of Proteus was negli-
gible. It is also noteworthy that, in the case of Proteus,
ethyl alcohol sufficiently depressed bacierial clearance 1o
allow bacterial multiplication to occur (5).

administered. Furthermore, the administration of
oxygen to the intoxicated animals did not correct
the defect. The latter experiment was performed
because of the possibility that ethyl alcohol may
have depressed respiration and thereby brought
about depression of bacterial clearancc. Acute
starvatio~ for 24 br was associated with de-
pressed clearance of bacteria by the lung, and
once again the degree of depression of clearance
was directly related to the amount of weight lost.
In retrospect, however, the latter effect may not
be entirely due to the weight loss itself, but may be
related to such accompanying metabolic disturb-
ances as acidosis (see below). Cortisol also de-
pressed bacterial clearance significantly.

When the effects of the metabolic agents that
inhibited bacterial clearance were tested in
animals that had received differcnt microorgan-
isms in the aerosol, it was apparent that not all of
the metabolically induced suppression of clear-
ance was uniform regardless of species (5). For
example, the clearance of staphylococci was only
partly depressed by ethyl alcohol, but the clear-
ance of P. mirabilis was compietely inhibited and
multiplication of the organism occurred. Thus,
under conditions of ethyl alcohol intoxication,
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with all three species of bacteria present in the
lung, it might be expected that Protens would
emerge as the most likely organism to produce
pulmonary infection. On the other hand, whereas
hypoxia markedly inhibited the clearance of
staphylocacci, there was no depression of clear-
ance of Proreus in the hypoxic animals. Presum-
ably an uxygen-dependent systemn in the alveolar
macrophage is operative against certain bacteria
such as staphylococci, but not against other organ-
isms, such as Proreus. Once again there are indi-
cations that specific environmental conditions in
the presence of a mixed bacterial flora may favor
the emergence of one or another bacterial species
from the mixture. In vitro, phagocytosis by alveo-
lar macrophages is depressed when oxygen ten-
sion is reduced (13).

Bacterial Clearance and Viral Irfection

Another clinical circumstance in which pulmo-
nary bacterial infection has been involved has
been the presence of a precedent viral infection.
Sellers and co-workers (15) demonstrated that in
mice infected with influcnza virus the intranasal
insuffiation of staphylococci was followed by
virtually no clearance of the organisms by the lung,
whereas in animals not infected with the influenza
virus, the staphylococci were readily cleared by
the murine lung. Detailed studies of this phenome-
non have indicated (Fig. 7) that clearance of in-
haled staphylococci is inhibited in the presence of
a viral infection. However, quite unexpectedly it
was found that the time of maximal inhibition of
bacterial clearance by the virus-infected lung was
toward the end of the 1st week after the induction
of the viral infection. With relatively small inocula
of virus, no inhibition of bacterial clearance was
observed in the first § to 6 days after induction of
the viral infection, even though the peak of viral
multiplication had been reached by approximately
48 hr. On the other hand, distinct and striking
inhibition lasting for 1 to 3 days was observed
toward the end of the 1st week at a time when viral
titers were falling rapidly. Precisely why this un-
usual time sequence should occur s a matter for
future study. It is noteworthy, however, that,
clinically, bacterial infections as superimposed
complications of viral infections often appear
about 1 week after the initial viral infection.

Previous bacterial infections with the same
species seem not to inhibit function of the alveolar
clearing mechanism very much, as might be
expected from consideration of the relative num-
bers of bacteria inhaled in relation to the large
numbers of alveolar cells available. Thus, when
mice were exposed to an aerosol of staphylococci
on succeeding days for 1 week, the rate of clear-
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ance was not different after seven successive ex-
pasures than after the initial exposure.

Bacterial Clearance and Pulmonary Injury

At first glance it might appear that any injury to
the lung would be associated with diminished
bacterial clearance. However, the widespread
nature of the alveolar system might also suggest
that focal anatomic lesions would not inactivate &
sufficiently large percentage of available cells to
inhibit measurably bacterial clearance, except as
the anatomic lesions became
scvere, The latter of these two points of view
seems to be the correct one. Goldstein (umpub-
lished data) has produced silicosis experimentally
by the intratracheal administration of silica sus-
pensions, and severe coalescent discase was pro-
duced in the lungs of the animals. There was re-
markably little effect on bacterial clearance,
except perhaps in the terminal stages of the
silicotic disease, when a variety of other metabolic
consequences of severe pulmonary disedase also
begin to operate.

Bacterial Clearance and Tobacco Smoke

Mcst recently, an additional effect on pulmo-
nary bacterial clearance by a particle of major
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Fi1G. 8. Upper portion of the figure indicates the
members of colonies of Candida albicans in kidneys and
lungs of mice after incculation, and these are related 1o
the levels of blood-urea nitrogen in these animals as well
as the per cent clearance of Staphylococcus aureus ob-
served 4 hr after completion of exposure 10 the aerasol.
When numbers of Candida were highest in the lung but
dlood-urea nitrogen levels were relatively low, there was
no significant effect on pulmonary bacterial clearance.
As the renal ivsion progressed cnd the numbers of orga-
nisms in the lung regressed, the blood-urea nitrogen rose,
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public health importance has been observed. It
was initially observed by Laurenzi et al. (3) that
mice exposed to tobacco smoke suffered inhibition
of pulmonary bacterial clearance., More recently,
it has been observed by Green and Carolin (un-
published data) that the addition of tobacco smoke
to cultures of pulmonary macrophages rapidly
altered the capacity of the macrophages to cling
to the culture flask and greatly diminished the
killing power of these cells for added staphylo-
cocci. The nature of the agent in tobacco smoke
that produces this effect is not yet clear, but the
substance is water-soluble and affects macrophage
function quantitatively.

A useful methodological innovation that has
come from thes studies is a consequence of the
carlier demonstrations that radio-labeled bac-
teria may be killed quite rapidly by the lung, but
most of the label is readily recovered from the
lung after 4 hr, when most of the bacteria are non-
viable. In consequence of this observation, it has
been possible to study rates of cleamance in
individual animals rather than in groups of ani-
mals, and to do so with considerable precision. It
is only necessary to expose animals to radio-
labeled bacteria of known specific activity and,
after a given period of time, to count the radio-
activity and the viability in the homogenates of
the lungs. The radioactivity will afford an approxi-
mation of the total number of bacteria deposited
in the lung, and the direct bacterial counts will
indicate residual viability. From these data, the
degree of killing can be estimated.

The method has added substantially to the pre-
cision of study of the pulmonary antibacterial
systern, and has made the standard errors of re-
spective points smaller still. Even more important,
it has permitted the study of clearance in indi-
vidual animals and thus has gretly increased the
efficiency of the experimental work. Finally, the
method offers some hope that it can be adapted to
the study of clearance mechanisms in the human
being.

Bacterial Clearance and Renal Failure and Acidosis

A recent insight into another major metabolic
circumstance that has been clinically associated
with apparently increased susceptibility to pulmo-
nary infection has come from the observation that
nephrectomized animals or animals whose kidney

and there was a corresponding decrease in bacterial
clearance. In the lower figure, the eflect of nephrectomy
on pulmonary bacte ial clearance of S. aureus is demon-
strated. Although the numbers of bacteria inkaled by
eack of the inree groups is comparable, as evidenced by
the comparable levels of P® label in the bacteria, sham
surgery slightly depressed bacterial clearance in 4 hr but
nephrectomy markedlv depressed bacterial ciearance.
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function has been reduced in consequence of
experimental candidiasis have decreased capacity
to clear bacteria from their lungs (Fig. 8). It
scems, from the present as yet incomplete analy-
sis of the phenomencon, that the scidosis accom-
panying the uremic state in these animals is the
primary source of the disturbed function of the
macrophage system. The implication is c'ear that
pulmonary mecrophages harbor enzyme systems
that are critical to phagocylosis or bacterial
killing, and that are exceedingly sensitive to
minute variations in pH. The search for such
systems should be carriad on forthwith.

SUMMARY

In summary, it is apparent that there is an in
situ mechanism for clearing bacteria in the lung.
This mechanism, which accounts for most of the
antibacterial activity, appears to reside primarily
in the pulmonary macrophage, and is relatively
independent of the function of the mucociliary
apparatus. Parenthetically, it hay been observed
that later in the course of events pulmonary
macrophages laden with bacteria may become free
and be carried upward by the mucociliary stream.
The pulmonary macrophage system is peculiarly
susceptible to a variety of metabolic situations,
such as hypoxia, ethyl alcohol, acidosis, cortisol,
tobacco smoke, and undoubtedly many others.
The macrophage system responds differently to
different bacterial species, and the metabolic cir-
cumstances that alter tacterial clearance do not
affect clearance of each of the bacterial species in
the same manner. Thus, a metabolic basis emerges
whereby a single organism mmy emerge from a
mixture of organisms as a pathogen under specific
environmental circumstances. Viral infections
inhibit the clearance of bacteria, but do so,
strangely enough, after approximately 1 week of
viral infection, and not at the time when viral
replication is at its height. Multiple anatomic
lesions, such as those accompanying diffuse sili-
casis, have relatively little effect on bacterial
cleatance, compared with the effects of the afore-
mentioned metabolic states. Tobacco smoke has a
water-soluble substance in it that inhibits the
function of pulmonary macrophages.

How these observations relate to the genesis of
chronic bacterial infection of the lung is only
conjectural at present, but clearly the hypothesis
can be stated that a variety of environmental
circumstances may conspire to reduce siowly the
capacity ol the pulmonary macrophage to inhibit
bacterial proliferation, and that then a chronic
state of bacterial proliferation in the bronchial
tree may result. It is conceivable that such a
chronic state of bacterial habitation in the lung
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might be detected by appropriate methods long
befor~ manifest clinical pulmonary disease could
be found, and in this sense the situation in which
uymptomntic infections of the lung might be a
precursor to chronic pulmonary infections could
be analogous to a comparable situation ‘: the
urinary tract (7).
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Discussion
VERNON KNIGHT

Laboratory of Clinical Investigations, Natiomal Institute of Allergy and Infectious Diseases,
U.S. Public Health Service, Bethesda, Maryland

Dr. Kass has reported highly
measurements of the rete of clearance of staphy-
Jococci and other bacteria from the lungs of mice
after acrosol inoculation. The aerosol particles
were 1t0 3 u in diameter, and the dose, given in a
30-min inhalation, was sufficiently large to permit
recovery of at least 50,000 colony-forming units.
Studies of lung sections with fluorescein-labeled
antibody and by conventional staining methods
revealed staphylococcal antigen and some intact
bacteria in alveolar lining cells.

With this model, the effect of hypoxia, alcohol,
darvation, and other influences was studied. In
addition, it was shown that influenza virus infec-
tion interfered with the clearance of Staphyio-
coocks aureus from the lung.

At this point, it is perhaps of interest to con-
sider briefly the relationship of clearance of
staphylacocci by alveolar macrophages, referred
to by Dr. Kass, with other clearance mechanisms,
It is well appreciated at this conference that
particles of the size used by Dr. Kass largely
escape trapping in the nasopharynx and are
carried to the lung. Here a large percentage are
deposited, and the remainder are exhaled. Sites
available for deposition are the alveoli, the alveo-
lar ducts, ruplntory bronchioles, and more
proximal airway structures. Although gas ex-
change occurs quite readily between the tidal air
and the alveoli through the layer of residual air in
the alveoli, this is efected chiefly by the process of
molecular diffusion. In contrast, only 10 to 20<;
of aerosol in tidal air actually exchanges with
residual air with each breath, and molecular
diffusion is not a significant factor with particles
of the size presently under discussion. It is sug-
gested, therefore, that substantial aiveolar pene-
tration will require prolonged periods of breathing

of aerosol, probably of the order of that used by
Dr. Kass. With a few breaths, particles may be
depaosited in the lower respiratory tract proximal
to the alveoli, and, with further breathing, the site
of major deposition will progress peripherally,
ultimately to the alveoli, as alveolar wash-in is
completed. Parenthetically, I wonder if the slow
movement of particles from tidal air to residual air
may not be an important means of protection
against toxic or infectious particulates in the
environmental air.

Once deposited, particles may be removed from
alvedii by alveolar macrophages and carried into
pulmonary lymphatics. Some macrophages filled
with particulates may also be discharged up the
airway to the muco<iliary blanket and then
carried up the trachea. In the case of microorgan-
tsms which deposit in the respiratory bron.
chioles, the mode of disposition is not clear.
Alveolar macrophages are apparently not avail-
able here, and the muco-ciliary blanket begins
more proximally. Some studies, however, have
described a hyperreactivity of respiratory bron-
chiolar lining cells which may be a special means
of protection in this area. The small volume of
lung airway represented by the tracheobronchial
tree appears to be the best protecied. Inhaled
particles which deposit here are carried rapidly up
to the posterior pharynx by the muco-ciliary
mechanism, where they may be expelied or
swallowed.

At present, [ know of no studies which ade-
quately describe relative degrees of deposition of
small particles in peripheral lung areas in relation
to the duration of exposure to small-particle
aerosol. I believe the question to be of importance,
singe, if the foregoing concept is correct, it would
be possible to deposit small-particle aerosol in

b
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siles other than the alveoli, and mechanisms other
than alveolar macrophages would be catled forth
to clear them from the lung. Instances of this sort
may 1 gularly occur in the natural spread of air-
borne infection.

Evidence for significant deposition of small
perticles at sites other than the alveoli is found in
the work of McGawian et al. (4), who observed
that pulmonary Jesions of psitlacosis in monkeys,
after small.particle aerosol inoculation, developed
around foci in respiratory bronchioles and that
none were found developing around alveoli.
These findings cannot be considered proof, how-
ever, since lesions develop a considerable time
after inoculation, and & number of factors could
influence the site of development of infection
during this period.

1 was especially interested in Dr. Kass' report
that clearance of staphylococci from the lung was
impaired in the presence of influenza virus infec-
tion, but only after it had progressed for 6 to 8
days. As he suggested, this coincides in time with
the occurrence of some human cases of bacterial
pneumonia complicating influenza. Harford et al.
{2) in 1948 showed a similar result with pneumo-
cocci. In their studies, instilled pneumococci
multiplied rapidly in mice during the 5th to 6th
day of viral influenza, leading to preumonia and
death. Gerone et al. (1) in 1937, in similar experi-
ments, found a rapid increase in pneumococci in
the lung and high mortality in mice given bac-
terial challengs 6 to 9 days after influenza virus
PRS8 inoculation, but bacterial challenges given
before this time were without effect. Although
Kass did not report on mortality, it scems likely
that an appreciable occurrence of pneumonia and
mortality might have resulted in his studies.

Apparently quite distinct from the foregoing
was the observation by Janssen, Chappell, and
Gerone () that guinea pigs given S. aurexs at the
time of inoculation with influenza virus showed a
high mortality within 48 hr. Influenz virus or
Staphylococeus alone in the same doses had no
effect. The effect was shown to be dependent on
live influenza virus, and it did not occur in animals
with influenza antibody produced by prior chal-
jenge. On the other hand, killed staphylococci
served as well as live cultures in causing death.
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Animals dying of this synergistic combination
howed pulmonary consolidation. However,
staphylococci could not be cultured from the
lungs (in animals given live cultures), although
influenza virus was present in high titer. One is
tempted to compare these results with the occa-
sional case of rapidly fatel human influenza in
which no evidence of bacterial pneumonia is
found. Thus, there may be two forms of interac-
tion of staphylococci and influenza virus in ani-
mal infection which have a counterpart in natural
human illness, i.e., bacterial superinfection late in
the course of influenza (referred to by Kass), and
an carly, often fatal influenza, apparently un.
related to bacteriml infection, but conceivably
contributed to by constituents of killed staphylo-
cocci {referred to by Janssenet al. (3)] which have
remained in the lung.

Dr. Kass' studies of metabolic and other factors
which influence lung clearance are of great
interest. If the relationship of lung clearance of
microorganisms to the pathogenesis of pulmonary
infection can be precisely defined, this model
could serve an extremely useful purpose in
atternpts to identify mechanisms of susceptibility
and resistance to infection. It would be highly
desirable to extend some of these techniques to
man, if the safety of the methods could be as-
sured, but the problem is technically an imposing
one.
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Wright pointed out this fact at the first Airborne
Infection Conference five years ago (85), in
saying, *‘One might well wonder whether the nose
and nasopharynx are more harmful than helpful
with regard to infections of the lower air pass-

."Fl.nlom-m objective of the work to be re-
ported in this paper is to discover what part the
upper respiratory passages and the respiratory
mucoss play in defense against airborne disease
und what factors influence their function.

It is conceivable that the nasal passage in man
is merely a vestigial remnant of a once highly
effective olfactory organ (37, 56) (Fig. 1). Yet,
anthropological studies show that evolutionary
changes have resulted in nasal dimensions which
vary with climate demands (18), thus suggesting
that, in man's development, the nose has not
entirely regressed 1o a useless omament.

On the one hand, available evidence indicates
that the nose is less effective in humans than in
other mammals as a filter for particles in the
inspired air (3, 9, 19, 58), that particles carrying
infectious organisms are not only small enough to
pass through the nose but also to pass through the

33, 76), and that many patients survive for years
while breathing through a tracheotomy (31, 61).
Unfortunately, no really adequate study has been
done on such patients to determine the offect of
breathing on airborne infection.

On the other hand, it is well known that, during
the first few days after tracheotomy, pulmonary
infections are common and often severe; some
evidence from experimental induction of respira-
tory infection suggests that the nose may serve to
protect the lower respiratory tract (13); clinical
experience suggests that a diseased nasal passage
is seidom found without concomitant lower
respiratory symptoms, and, in mucoviscidosis, the
abnormal function of mucous membranes seems
the most obvious link with the susceptibility of
these patients to frequent and severe respiratory
infection. At least one study has described a
relationship between the effectiveness of the nasal
fillter and the incidence of silicosis (43).

Al of this leads 1o the conclusion that the role
of the upper respiratory tract is still in doubt and
requires further investigation.

ANATOMY OF THE UrPer REsPRATORY TRACT

It will be helpful if workers in this field will
agree upon clear-cut definitions of terms. The
upper respiratory tract is that part of the air pass-
ages which extends from the larynx to the nostrils
and to the lips, including the Eustachian tubes and
the paranasal sinuses (Fig. 2).

This may be divided into the nasal passage ex-
tending from the mucocutaneous junction at the
nostrils to the upper border of the soft palate
(including the paranasal sinuses), the naso-
pharynx from the posterior nasal passage down-
ward to the lower free border of the soft palate
(including the Eustachian tubes), the mouth ex-
tending from the lips backward to the soft palate,
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Fro. 1. Upper respiratory tract of 1he Indian barking
deer Mom the relation between the epigiotiis and the
palate, asswring nasal air flow even when the mouth is
apem. TAis relationshp exists in mony mammals but not
in man. From V. Negus, Comparative Anatomy and
Physiclogy of the Nose and Parencssl Sinuses. E. & S.
Livingstone, Lid., Edindurgh, 1958, with the kind per-
mission of the author and the publishers.

Fia. 2. Diagram of the upper respiratory tract show-
ing the anatomical divisions suggested in the text. The
mouth is inciuded in the oropharynx. The lateral exten-
sions of the hypopharynx downward on elther side of the
larynx are not shawn,

the oropharynx extending downward from the
free border of the soft palate to the epiglottis, the
hypopharynx from the tip of the epiglottis down-
ward into the pyriform sinuses laterally and to the
aryepiglottic folds medially, and the larynx ex-
tending from the aryepiglottic folds down through
the cricoiu ring.

UPPER RESPIRATORY TRACT 499

Fia. ). Nasal airway. The cartilaginous and bony
structures (horizomal haiching) fix the maximel dimen-
mqwmumaw.dmm
wacilar petwork and mucosa more or less narrow the
passage acvondbing to their state of congestion. Com-

The dimensions of the nasal passape are rela-
tively fixed by their cartilaginous and bony frame-
work, but vary in width according to the thick-
ness of the lining mucous membranes (Fig. 3). The
nostril heirs placed at the entrance to the nose
may play & part in air flow and aerosol distribu.
tion in the air stream. From the nostril to pos-
terior nasopharynx in the adult is 8 to 11 cm and
from the nasal floor to cribriform plate is 4.5 to

cm. Thedmmsomofﬂn nasopharynx vary

of the adenoid mass above and with
ofﬂnsoﬂpth&ehelow The mouth

motion of the true and false vocal cords.
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The mucous membrane in the respiratory tract
is cilinted columnar epithelium from a line just
posterior to the anterior ends of the turbinates
back into the nasopharynx, except for the olfac-
tory area, but inchuding the lining of the paranasal
sinuses. In the nasopharynx there is a trunsition
from cilinted columnar o transitional and then
squamous epithelium. Over the adenoid tissue,
there are alternating patches of squamous and
Aliated cotumnar, but the crypts are entirely lined
with keratinizring squamous. The common belief
that adencid tissue does not exist in the normal
adult is untrue. At least small amounts of lymph-
oid tssue with crypts can be found in man of all
aget (2). The Eustachian tubes are also lined with
cilisted mucosa. The remainder of the upper res-
piratory epithelium with the exception of the
ciliated posterior wail of the larynx is sguamous.

Within the nasal passage, the vascular bed is so
rich and subject 10 such wide changes in dilatation
that it is commonly referred to as erectile tissue.
There is also a particularly rich vascular supply
within the tonsillar and adenoid tissue.

Goblet celis and mucosal glande supply a
continuous carpet of mucus which lines the entire
upper respiratory tract. This mucus is kept
continually on the move by ciliary activily and
swallowing from every point in the respiratory
tract toward the hypopharynx and thence to the
esophagus.

The cilinted mucosa of the trachea extends up-
ward through the posterior commissure of the
larynx; but motion of mucus through other por-
tions of the larynx above the cricoid is largely de-
termined by cough or “throat clearing” (Fig. 4).

The paranasal sinuses consist of a group of air
spaces in the bones of the face communicating
with the nasl! air stream through small openings,
and, in the case of the frontal sinuses, through
long nasolrontal ducts. The direction of the muco-
ciliary stream in all of the sinuses is toward the
nasal passage.

The Eustachian tubes are normally closed
channels connecting the nasopharynx with the
air spaces of the middic ear. Here also ciliary
activity moves mucus toward the nasopharynx.
These tubes normally open during swallowing and
yawning. They are essential for the maintenance
of normal pressure within the middle ears and are
of importance in respiratory infection as the chief
passage through which pathogenic microorgan-
isms gmin access to the middle ears.

Whether or not the upper respiratory tract is an
important factor in the defense against inlaled
materials, it is certainly an important contributor
1o the adjustment of the temperature and water
vapor content of inspired air and probably is

PROCTOR

Fio. 4. Photograph of the heman glotiis seen from
adove. Below s the poswerior commissure through which
the mucacliary stream must pass. The vacal conds are
not clliated. With the kind permission of Paul Holinger,
Chicago, il

imporant in the maintenance of normal body
temperature and water (12, 14, 22, 32, 38, S1,
56-58,72, 13),

Although it is true that these functions can be
taken over by the mucosa lining the tracheo-
bronchial tree, observation ol patients with tra-
cheolomy (even long term) indicates that the
nasal passage is best suited for this purpose. Nor-
mally, with nasal breathing, air temperature is
close to body temperature, and the air is near to
saturation with water vapor by the time it reaches
the hypopharynx (63).

UPPER AIRWAYS, NASAL OR OROPHARYNGEAL

Because the narrow nasal passage is the place of
greatest resistance to air flow (24), when the
ventilatory demand rises beyond a certain point,
one resorts (0 mouth breathing. Under these cir-
cumstances, the tongue is depressed and the palate
raised, providing a wide airway with minimal re-
sistance to flow. What work load creates this de-
mand and how much individual variation there
is has not been determined.

In like manner, when the nasal airway is
sufficiently reduced by physiological alterations in
mucosal and submucosal vasculature or by patho-
logical processes, even quiet breathing may occur
through the mouth; but in this case the ol air-
way consists of a narrow slit between tongue and
palate. Here there is wide individual variation.
Some palients will complain of nasal obstruction
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Fra. 5. Preamotachogram during nasel breathing
(kef), followed by satking, with brief inspiration in
center. Nose air flow during this inspiration it more then
hrice thet in resting breathing. Wik the permission of
the Editor, Inkaled Particies and Vapours I (in press),
Pergamon Press, inc., New York.

FIG. 6. Orapharyngeal airway during deep dreathing
(A) and during inspiration between conversational
phirases (B). Lips may be seen to the lef. Note narrow
airway between tongwe and palate in (B). From cine-
Sluorograph, with thanks to Swe McCarty and Mariin
Downer, Johns Hopiins Hospital. With the permission
of the Editor, Inhaled Particles and Vapours Il (in
press), Pergamon Press, Inc., New York.

when their measured resistance to air flow is less
than that found in others who are unaware of any
difficulty in nasal breathing.

Movement of air in and out of the parsnasal
sinuses and middie ears occurs as a result of
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F1o. 8. (4) Obverse of cast of masal passage tahen at
autopsy: (B) Model constructed fros sume. Nostril is 1o
the left. With the permission of the Edor, Inkaled
Farticles and Vapours (in press), Pergaman Press, Inc.,
New York,

respiratory cycle pressure chianges when these
spaces are in free communication with the moving
air stream, and as a result of ga< ubsorption from
these spaces when this communication is periodi-

W
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FrG. 9. (A) Angle meter and grid (representing sliding nasal septum) used with models as in Fig. 88. (8) Detuil
of tip of meter, showing three apenings prajecting into airsiream. With the permission of the Edditor, inkaled Parik-les
and Vapowrs (in press), Pergamon Press, Inc., New York.

aally interrupted. Under normal circumstances,
the gus conwined within the sinuses undergoes
one full change every few hours (63). Under un-
usual circumstances, especially those associated
with marked atmospheric pressure changes, ven-
tlation of these paranasal spaces may he much
geater. Rahn calculated that in the Japanese
women divers (Ama) the ventilation of cach
middle car approximates 1,800 ml per day (67a).

During conversation, inspiration  occurs
through the mouth, but here again the oral airway
is narrow. During singing, when it is necessary to
fill the lungs quickly for long phrases, the oml
girway is wide as in high ventilatory demands
(Fig. 3 and 6).

If resistance t0 air flow is external, as with res-
piratory masks, nasal breathing continues until
such resistance is extremely severe,

Although it is commonly recognized that nasal
congestion sufficient to cause mouth breathing

ay be related to a multitude of iniernal and
~nal environmental faclors, these relations as
emain generally undocumented. Such in-
¢~ probably include emotional stimuli, such

o or sexual conflict, endocrine disturb-

«h as hypothyroidism, and sudden

L nspired air temperature. Especially in
-motional stress, changes oceur in all

branes but are generally more

readily noticed and more pronounced in the nose
(35, 49, $4, 60, 75, 84).

The function of the paranasa! sinuses in man is
open 10 question. 1t is clear that these air spaces
provide protectios for the bruin against blows on
the face. It seems likely that, in addition, they act
as insulators and & source of mucous secretion to
supplement the air-conditioning function of the
nose (37, SR, 67).

CHARACTER OF Urrer Reismratory AR FLow

The fate of inspired particulate matter depends
upon the size and weight of the particle, the char-
ucter of air flow, and the relationship between the
moaving air stream and the surfaces over which it
passes. Since, within the nose the air stream is
narrow (Fig. 7) and moves at a high lincar veloc-
ity, and since turbulence is more likely to ovocur
there thun elsewhere in the respimtory tract, it is
of importunuve that we understand the nature of
air flow in the nasal passage and the faciors which
may significantly alter this flow (20, 38, 59, 66
74, R0y,

Because of the difhiculty in introducing measur.
ing devices wirthin the nose without interfering
with the nasal air stream, models of the nasal
cavity have been constructed from casts made at
autopsy o permit measurement of simulated nasal
air flow at all points (¥ig. 8. Thew measurements
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bia. 10. Patterns of air flow through one model.
Arrows indicate direction of flow and circles indicate
linear velocity. (A) Inspiratton at 11 liters per min.
(B) Inspiration at 21 lirers per min. (C) Expiration at
11 luiers per min. Note more diffuse disiribution of flow
in C. With the permission of the Editor, Inkuled Parti-
clet axl $apours tin press) Pergamon Press, Inc., New
York.

are made by use of an angle meter intruduced into
the stream through a simulated nasal septum
which can be moved over the surface of the nose
model (Fig. 9).

Such studies indicate a concentration of most of
the moving air streamn during inspiratory flow
over 4 relatively small portion of the nasal surface.
This may be useful in shunting the inspired air
. away from the unciliated olfactory arca. It also

may be usefui when one is breathing noxious air,
in thut a laige surface of neighboring mucosa re-
mains unexposed and able to replenish altered or
dried mucus in exposed areas (Fig. 10).

The path of the air stream remains remarkably
constant in the face of changing flow from 1 to 100
liters per min. In the models studied thus far, as
flow increases there appears to be a greater con-
centration of the moving air stream in its principal

UPPER RESPIRATORY TRACT

503

psth along the middie meatus. In one model, this
change occurred sharply at 16 hiters per min, a
flow which approximates the peak one might ex-
pect through one side of the nose in tapihd neml
breathing (Fig. 11). In other models this sharp
change has not been so evident, but a similar al-
:earluonin flow has been found in ati (Fig. 12 und

).

Changes in the nasal mirway resulting from
pathological conditions have also been studied in

erslized mucom! lhidcemm have all boen simu-
lated. Alterations in the main nasal cavity, mch as

beonchi (43). In our model studies, it is clesr that
peaks of at loast S meters per sec occur briefly in
the main stream of flow during quiet nasal breath-
ing. Such velocities in & narrow curving air stream
will surely influence the chances of particles con-
tacting the surface.

If inspired particles are hygroscopic, upon en-
trance into the efficient humidification apparatus
of the nose, they will increase in size. Theoretical
considerations hased on the behavior of parti-
cles in tubes or even in the experimental animai
may oe misleading and cannot substitute for
measurements of what actually occurs in the hu.-
man nose.

The rciatively sharp bend of the air stream at
the nasopharynx plus the fact that the main air
stream at this point travels along the posterior
wall increases the chance for impaction of parti-
cles on the adenoid tissue.

Studies of oropharyngeal and laryngeal air flow
are needed 10 understand what role these portions
of the respiratory tract nay play in the fate of in-
haled particles.

FaTE OF ParnicLEes DrrvaosiTeD ON Uprer
RESPIRATORY SURPACES

In collaboration with Henry Wugner, Jr., Betsy
Bang, and James Langan, and with the advice of
Anna Baetjer, three methods of following muco-

~
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FiG. 11. Changes in linear velocity (A) and direction of flow (B) with increasing flows through model charted in
Fig. 10 at points indicated in inset. Note sharp breaks in both charts at points above main flow paths at 16 liters
per min. With the permission of the Editor, Inhaled Particles and Vapours (in press), Pergamon Press, Inc., New

York.

ciliary clearance of particles have been explored
one of which was combined with the use of a visi-
ble dye. For each technique, 0.02 to 0.1 ml of a
saline solution containing 8 to 20 uc of radio-
activity was injected with a microsyrings on tire
mucosal surface at the anterior nares. A head mir-
ror and nasal speculum were used to assure place-
ment of the material just behind the anterior end
of the inferior turbinate. I'** was the isotope most
frequently employed. In most studies, the isotope
used labeled aggregates of human serum albumin
(81), usually from 5 to 100 x4 in diameter, but in
one study (Fig. 17) 5 to 15 mu (64, 65). In other
studies, the isotope was in the form of a solution
of sodium iodide, or a solution containing fluores-
cein mixed with the dye Sky Blue (dimethoxydi-
phenyl-diazo- bis-8-amino-1-naphthol-5, 7-disu!-
fonic acid) [CyH:NyOiS(Na,). Subjects were
given Lugol’s solution by mouth prior to the
study to block entrance of the I into the thyroid
gland.

For the first method, immediately after place-
ment of the isotope, the subject lay prone on a
conventional scanning table with the head turned
to one side (Fig. 16). A series of scans of the nasal
area were then done as quickly as possible until
the radicuctivity was detected in the nasopharynx
(Fig. 17). In most studies, the test was completed
in 10 to 30 min, but in one study scanning was
continued for 70 min (o demonstrate retention in
the anterior uaciliated a-ca (Fig. 18).

Such relatively long scans mayv provide impor-
tant information. Both Hilding (33) and Macklin
(50) pointed out the possible importance of small
areas of poor clearance in the tracheobronchial
tree in the role of carcinogenesis. Whether such
areas regularly occur in the upper airways or
whether they result from specific environmental
circumstances is not known,

One study was done on a child with mucovis-
coidosis (Fig. 19), but no other patients have been
studied as yet.

For the second method, the subject was seated
in a chair with a head rest and remained in this
position throughout the test (Fig. 20). A double-
channel collimated crystal scintillation detector
was brought alongside the face and positioned so
that the two channels pointe across the nasal
passage, one just behind the point of injection,
and the other 4 cm farther back. Radioactivity
was then recorded at each point until the isotope
had been carried backward past the second posi-
tion (Fig. 21).

The third method (carried out in collaboration
with Betsy Bang and James Langan) was similar
to the second, except that a singie detector was
placed in front of the nose, pointed along the line
of the nasal passage. Thus, as the isotope was
carried backward, detected radioactivity fell in
proportion to the square of the distance. In this
series of studies, the Sky Blue was mixed with the
isolope and looked for in the oropharynx about
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F16. 12. Changes in linear velocity with increasing
Sflow in another model, at points in main stream (A) and
arl points away from main stream (B). Points are indi-
cated onn diagram. B-5 refers to the line Aalfway between
(B) and (C), etc.

once a minute. This dye, which is very clearly visi-
ble on mucosal surfaces, produced no unpleasant
sensation in the subject, and appeared to have no
unfavorable effect upon ciliary activity. In each
subject, the appearance of the dye either at the
edge of the soft palate or on the posterior pharynx
coincided with a fall in radioactivity as detected in
front of the nose. In most subjects, the visualiza-
tion of the dye occurred just before the fall in
detected radiation reached a plateau (Fig. 22).
The use of visible materials to study muco-
ciliary activity has the advantage of simplicity
(23, 68). Nevertheless, although the isotope tech-
nique demands complex equipment, it requires a
minimum of cooperation on the part of the sub-
Ject, gives 8 much more complete picture of the
path of the mucociliary stream, allows one to de-
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F10. 13. Changes in direction of flow with increasing
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stream (B) as in Fig. 12: 90° is horizontal 10 the floor of
the noze.
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FiG. 14. Parterns of flow in model charted in Fig, ;2
and 13. (A) Expiratory flow at 11 liters per min and
(B) ar 44 6 liters per min. Note diffuse distribution of
flow even in (B).
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Fra. 15. Patterns of inspiratory flow in model charted in Fig. 12, 13, and 14. Hatched areas in lower part of A
indicate approx

imate cross section of airway. Letters and mimbers refer to the grid lacations as shown in charts in
Fig. 11, 12,and 13. In C and D, the meati were narrowed (C) and jilled (D) to simulate changes in airway io be

expected from swallen mucosa.

tect areas of retention, and permits study of por-
tions of the respiratory tract not readily accessible
to visual observation.

Thirty-six subjects have been studied in 64 tests
thus far: 27 males and 9 females, ranging in age
from 7 to 32 years, only one of whom had gross
respiratory disease. This number is insufficient for
the establishment of normal values; and studies of
normal subjects in varied environmental circum-
stances and of patients are just beginning. There
have been 23 scans, 28 studies with the double
detector, and 13 with the single detector.

The mwocllnry transpott of surface malerials
in the human nose seems to occur at about the
same averuge speed observed in previous studies
of respirairy mucous membranes. It is clear,
though, that this is not a uniform speed. Portions
of a drop even as small as 0.02 ml may require 2

to 10 min to move 6 to 9 cm backward into the
nasopharnyx, whereas other portions of the same
drop may require 8 to 15 min to travel the same
distance; still other portions (at the anterior un-
ciliated arel) undeigo no detectable moiion

There is wide individual variation, with some
normal subjects showing transport tinks two to
three times faster than others. Not enough studies
have been done to discover how much variability
there is in a single normal subject from time to
time, or how variations may be related to environ-
mental or other influences.

F1G. 16. Scan superimposed on skull radiogram for
orientation. This scan is taken from series to lefi in Fig.
17 and is from same subject in Fig. 6 and 21 A. With the
permission of the Editor, Arch. Environ. tiealth (64).

DiscussioN

It is believed that microorganisms are airborne
in droplet nuclei 2 to 3 g4 in diameter (70, 82). Al-
though thcre are relativelv few studies of nasal
perticle deposition in man (and in these studies
there is not complete agreement), it seems likely
that many particles smaller than 5§ u will penetrate
the to lower respiratory tract (29, 30, 34, 45, 53).

W




-

e

g

Fi. 17. Series of nasal scans on 22-year-old normal
Jemale in left column and 52-year-old normal male to
right. Times after injfection realing from above down-
ward, left: (1) 0.9 ta 3.5, (2) 3.7 t06.2,(3) 6.9 10 9.7,
(#) shown in Fig. 15, (5) 13.7 10 17.9, (6) 19.7 to 24.9
min. Onthe right: (1) 1.2102.5,(2) 3.4105.7,(3) 6.3 10
9.7, (4) 9.6 10 13.2, (5) 14.6 to0 160, (6) poor scan
(omitted), (7) 29.5 to 34.7 min. With the permission of
the Editor, Arch. Environ. Health (64).

Three factors deserve further investigation in this
connection: the possibility that droplet nuclei
are hygroscopic and increase in size in the nose,
the possibility that coagulation of particles may
occur, and the effect of turbulence in the stream.

Since maximal exposure to airborne infection
may occur in circumstances where one is indulging
in animated conversation, the fate of particles in
the oropharynx in these circumstances also de-
serves further study.

A recent report on the epidemiology of tuber-
culosis suggests the possibility that the nose may
be an important defense. This report, and at least
two other studies, indicate the likelihood that
cross-infection has occurred between persons
singing together, whereas infection did not occur
between similar individuals sleeping in neighbor-
ing beds, sitting together in crowded classrooms

UPPER RESPIRATORY TRACT
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FiG. 18. Series of nasal scans on same subject as
shown in Fig. 17 (right) to illugtrate retention of parti-
cles in anterior unciliated area. First scan (upper left),
0.2 to 1.5 min; ninth sccn, 18.7 to 20.6 min; and last
scan (lower right) 75 to 77 min after bjection. Witk the
permission of the Editor, Arch. Environ. Health (64).

%ridinatop(heroncrowdedbm (7, 36, 33,
).

Two factors could combine to explain this
interesting observation. The passage of air
through the vibrating glottis may provide an ex-
cellent atomizer for the production of very small
mucous particles. At the same time, since inspi-
ration during singing consists of deep breaths
through a wide open oropharynx and glottis,
maximal opportunity for penetration of airborne
perticles into the depths of the lungs will result
(Fig. 6). _

In contrast, inspiration during conversation
occurs through a narrow oral slit at relatively high
lincar velocity, a situation which could result in a
filtration of particles similar to that normally
found in the nose (Fig. 5 and 6).

If the upper respiratory tract plays a significant
role in the removal of particles from the inspired
air, the next question involves their fate once
deposition has taken place (10, 11). Four possi-
bilities are worthy of investigation: mucociliary
clearance with dispaich through swallowing into
the stomach, the passage of viable organisms
through gastrointestinal mucosa, penetration
through the mucous carpet into upper respiratory

_.
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Fia. 19. (4) Series of nasal scans on 7-year-old boy suffering from mucaviscidosis. Times after (njection,
first scan (top), 0.9 10 2.6; last scan (bottom), 9.3 10 11.6 min. Note relatively poor clearing. (B) Scans at the 9th

min from
viron. Health (64).

mucosal cells, and depasition in the crypts of the
adenoids.

Certainly, some organisms are deposited in the
adenoids, but we know little about the factors
which determine whether active infection ensues
or whether the presence of pathogenic micro-
organisms in lymphoid crypts is a benign infesta.
tion leading to an opportunity for the body to
thereby develop immunity to them (62).

It is evident that pathogenic bucteria may reside
in the upper respiratory tract without producing
signs or symptoms of disease (8, 26, 83) What
enables such bacteria to institute active infection is
not clear. It is conceivable that their deposition
and residence, especially in the adenoid crypts,
may be entirely innocuous, and that only when
mucous membrane defenses are injured in some
manner are such bacteria able to invade the body
tissues and produce the signs and symptoms of
infection.

Information is especially scarce regarding the
chemical nature of respiratory-tract mucue
Mechanisms by which its water content and vis-
cosity are varied to meet the changing demands of

three normals (A, B, and C) and the child in A (D). With the permission of the Editor, Arch. En-

our everyday environment are virtually unsx-
plored. It has been established that antibodies are
found in mucuvs, and it is possible that such anti-
bodies may, on occasion, be more abundant and
more cffective against airborne infection than
those which circulate in the blood stream (4, 14,
27, 46,65, 719).

The method by which inhaled viruses pass
through the moving mucous layer and gain en-
trance to surface cells remains unclear (79). It
does seem that such penetration will be less likely
to occur when the particle carrying the virus is
kept rapidly on the move in the mucociliary
stream. Stasis at any point in the stream would
provide the needed opportunity for contact with
cells, penetration, and infection. It should be re-
membered that any influence which slows the
stream may lead to stasis. The more slowly the
mucous stream moves, the longer it is exposed to
the drying effect of the moviag air, and the more
likely such drying and the consequent rise in vis-
cosity are 1o lead to the inability of the cilia to
maintain mucous motion. Any fuctor acting di-
rectly either to impair ciliary activity or to in-

_
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Fra. 20. (A) Double collimated crystal scintillation
detecior showing slits é cm apart. (B) Detector in place
alongside subject’s face. With the permission of the
Editor, Arch. Environ. Health.

crease viscosity of mucus may thus reduce the ef-
fectiveness of respiratory mucosa, at least as an
air conditioner and perhaps as a defense organ.

Although a great many studies have been di-
rected at mucociliary activity and particle clear-
ance, most of this work (owing to the paucity of
techniques applicable to the human subject) has
been done on in vitro mucosal strips or in the ex-
perimental animal (i, §, 6, 16, 21, 23, 25, 41, 47,
68, 71). The use of radioactive tracer materials
and apparatus for their external detection permits
the study of mucociliary activity in living man (1,
28, 34, 55, 64, 63).

Although it is possible that many infectious
organisms travel in the inspiratory air stream di-
rectly to the alveoli, there are broad gaps in our
knowledge of particulate behavior ir the airways
and suggestive areas of disagreement (33, 39, 40,

UPPER RESPIRATORY TRACT
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F10. 21. Redrawn record from ihe double detector
(A4) and actual record (B). (A) From same subject illus-
trated in Fig. 6 and 17 (left). (B) From normal 35-year-
old male. With the permission of the Editor, Arch.
Enaviron. Health and Inhaled Particles and Vapours 1l
(in press), Pergamon Press, Inc., New York.
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FiG. 22. Tracings from records blained with single
detecior method: (A) 26-year-old novmal male; (B)
36-year-old normal male; and (O 37 vear-ald normal
male. In these records, the full of radiooctivity detected
at probe in front of nose results from marion of isotope
backward in mucaciliary stream. Pliieaus in (B) and
(C) probably represent materiul retained in anter. ~~ un-
ciliated area. Arrows indicute nme at which dye became
visible in posterior phurynx.
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52, 77). We cannot now state with certainty
whether or not the upper rupmtory tract is a

what influences disturb it. Only then will it be

.

Many of the conclusions thus far drawn regard-
ing the upper respiratory tract and mucous mem-
brane function come from in vitro studies or the
mﬁmlanhmlMMmotumeeon

are probably correct, it is time to check
Mvithwmmyeonudbdexpenmenumu:
hmnubjact ‘This is especially true in ragard to
lupimay flow and the fate of inbaled parti-

Ginhl experience with respiratory infection
has lom awd relationships between sus-
ceptibili ty such factors as change of season,
cold weather, dhriu. exhaustion, emotional
strem, etc. Studns naturally occurring infec-
tions ha venumhnaddluludimtoclurcon-
clusions, perhaps because they have not included
concomitant smchu mucosal function. Studies
in the experimental induction of respiratory in-
fection have in general failed to substantiate any
of the relationships mentioned, but, instead, indi-
cate that whether or not an individulexhibiu
signs and symptoms of infection is largely a mat-
ter of degree of expusure to, and immunity
against, the infectious agent (10, 11, 12, 39, 60,
).

Now and then, one does find evidence suggest-
ing that susceptibility may vary with other factors,
hut the most suggestive evidence comes in children
with mucoviscidosis. These children seem to have
at least average capability for ckvelopment of
antibodics against infectious microorganisms,
but, in spite of this, become infected frequently
and tend to suffer from unusually severe infec-
tions. What is more significant is that their in-
tections are almost exclusively respiratory. Here,
the facts strongly indicate either that mucous
membrane, when functioning normally, 1s a
potent defense against airborne infection, or that
there is some other now unknown factor involved.

To document any possible role of the upper
respiratory tract or respiratory mucous mem-
brane in general, we must be able to measure air
flow and mucaciliary activity in the normal hu-
man subject und in the patient before and during
respiratory discase. Whether or not naturally oc-
curring respiratory infections are most commonly
transmitted through airbornc droplets, droplet
nuclei, or direct contact has not as yet been clearly
established.

The techniques reporied here represent a be-
ginning toward the development of methods ap-
plicable to human studies aimed at the eventual
answer (0 these questions. When applied in cir-
cumstances where environmenial conditions are
carefully controlled, and, especially when the
isotopes are delivered in airborne suspensions
comparabie to naturally occurring aerosols, our
knowiedge should be improved. Now it should be
possible to determine ranges of normal function
in manof all ages, variations in normal function
associated with environmental change, and associ-
ation between such variations and airborne disoase.

1t is too early to say which of the three isotope
techniques thus far explored is most useful or
whether some other nethod may prove to be more
effective. At the present time, it appears that the
serial scans are most helpful in picturing the puth
of flow and, especially, in detecting areas of poor
clearance. The double collimated detector seems
muﬁdhqmnﬁuﬁmm&do‘f -]

mination of the eventual fate of those deposited.

At present, more questions regarding the upper
respirstory tract and mucous membrancs have
been raised than answered. Among these are the
following.

How much of the variability alrewdy noted is
really “normal,” and to what degree might the
extremes of these “normal” veriations be related
to infection if they coincide with exposure? What
pathological conditions in the upper respiratory
tract increase susceptibility to infection?> Are
significant variations attributable to alterations in
ciliary activity, respiratory tract mucus, or both?
How are these functions affected by variations in
environmental temperature or humidity, emo-
tional stress, endocrine activity, pharmacological
agents, elc.?

When these questions are clearly answered, re.
search in the field of airbovz< disease may be more
logically directed toward, or away from, the upper
mpimtory tract or the respiratory mucosa, or

h.

SuMMARY AND CONCLUSIONS

Certain questions regarding the role of the
upper respiratory tract in airborne disease remain
unanswered. Among the most urgent are the fol-
lowing. What airborne materials are likely to be
deposited upon the respiratory mucosa’ What
factors influence their removal from the air stream
and their point of deposition> What is the fate of
materials once deposited upon mucosal surfaces?
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What factors influence their clearance, not only
from the respiratory tract, but from the body?
Techniques are herein reported for the study of

14. Craca, J., AnD S. L. SMiTH. 1961. Some proper-
ties of respiratory tract mucus. Arch. Intemal
Med. 107:81-87.

) A

the respiratory air stream, and, through the ex-
ternal detection of radioisotopes, for the study of
the deposition of airborne particles and their mo-
tion in the respiratory mucocilisry stream. It is
hoped that pursuit of these studies may cast some
light on the transmission and pathogenesis of air-
borne disease.
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! INTRODUCTION Mnounmmmmmtw-

Several clinical and experimental studies have Ments. The number of viable bacteria was found
shown that the normal defense of the lung against 10 decrease fairly rapidly from these whole-lung
2 might be affected by environmental Prepatations (Fig. 1). The results are mnerally in
agnts, such a3 tcxic gases (2), akohol {7), and &ccordance with eartier reports, As the disappear.
mm mm 3). ance rate from the M-llln. preparutions is a

oAt interest, a compiete ing of the Nt Mechanisms, . L
recorded effects requires the study of the different  The airways were washed with sterile suline by
elimination mechanisms scparately. In turn, cer. Y% of a modification of the technique of LaBelk
tain of the agents used 10 produce changes arc  #nd Brieger (4). The lungs were fushed three
lhlatolﬂectmornmofﬂumﬂnnm. m“.“"‘?."‘c’“"‘hw"ﬂd"“"“‘."!’
This report presents u brief description of lmmdxum;then(henumbcrofluctmm

iew of bacteriological findings i ic 1. Il saponin was added 10 the wash-out fluid, a
mﬁmmfs), the present mkmgslgnhr::: tarder number of viable bacteria was found. If
formed with nonpathogenic bacteria, which vere  the . horadiographic technique was used, even
originally cultured from the mouths of the ani.  fhofe bacteria (£, coli) could be detected in the
mals. :

MEenoos aND Resupts sandardized with respect 10 length, were flushed

Guinea pigs were exposed for 10 min 1 a flow "ith saline, the number of viable bacteria was .
of radioactive bacteria in a monodisperse serosol "
in 3 staindess-steel exposure chamber. The ngm. after cxposure but de.:ruad‘ later o‘s‘h When
ber of bacteria present at various sites in the lung  S3PONIN was added 10 the trachesl wa ‘out, a
was determined by use of bacteriological and Sllmﬁcamlmcmse in the number of bacteria was
autoradiographic () techniques. The number of only Occasionally found (Table b.
bacteria at various times after (he exposure was
expressed as the percentage of the initial number Conments
remaining. The above findings suggest that, during the

The number of viable bacteria in the whole lung  duration of these experiments, most of the £ cofs
was determined by use of a grinding technique  that deposit on the mucuys are catried upwards
sinular to that described carlier (6). However, 10 out of the lung without prior phagocytesis, The
ensure complete lysis of phagocytes, saponin was very rapid decrease in number of bactetia found

514
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in the waush-out from the airways is apparently
dependent upon the mucus transport. As viable
bucteria and  autoradiographically  detectable
hacters could be expected 10 be removed by

mucus 1l identical rates, the difference (Fig. 2)
indicates that other mechanisms may Le involved.
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Fiu 1 Decrease in viadle bacieria (Escherichia
coliy in whole lumg (X and in airway wash-oul fluid
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Although the wash-out fluid cannot he expected
to remove all bacteria from the minor airways
and alveoli, the presence of phagocytes in the
airwny wash-out fluid and the almost complete
absence of phagocytes in the trachea wash-out
fluid indicate that at least a certain number of
the peripheral airways are subject to RAushing
with removal of free or looscly attached phago-
cytes. The difference in disappearance rates of
viable bucteria and autoradiographically detect-

% ot

inihial dose
9

L

A s

F1G. 2. Number of Escherichia coli present in air-
way wash-out flund 2 Ar after exposure. ¥ = viable;
S = viable after saponin treaiment; A = antoradio.

A

(Q) graphically counted.
TanLe 1. Numbder of viable Escherichia coli cells in trachea wash-out fluid before and afier
saponin treatment
Time after exposure
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able bacteria from the airway wash-out fluids
could then be due to an uptake of bacteria by
phagocyies, whereby the bacleria cannot be
cultured but are autoradiographically detect-
able. This theory is supported by the observed
difference in removal rates of viable bacteria
with or without treatment of the wash-out fluid
with saponin. The increased yield of bacteria
when saponin is added to the fluid indicates that
some bacteria initiaily retain their viability
when within or adherent to the phagocytes.

The reducticn in the number of bacteria in
airway wash-out fluids is thus, apart from being
a determinant of mucus trar-port, also due to
the removal of bacteria fron: the airways by
upiake in the phagocyres.

The decrease i number of viable bacteria
in the whole lung preparations is obviously the
combined effect of mucus removal and of the
bacteriocidal efiect of the phagocytes.

Another elimination mechan’sm may be
considered, namely, the vemoval of phagocytized
becteris out of the lung via an interstitial route.
Cultures from blood and autoradiographic
preparations from liver, kicney, and spleen did
not reveal the presence of any bacteria, thus
excluding the possibility that direct elimination
via the blood plays a majoy role in the present
experiments and with the types of bacteria
studied here.

To be able o test the elimination mechanism
discussed here, onz would have to use two dif-
ferent organisms, one of which i subject to only
one of the elimination mechanisms. Spores
seem to be suitable for this purpose.

The efficiency of the mucus removal, of the
phogocytic removal froin the airways, and of the
bactericidal effect of the phagocytes in the lung
can thus be testec with the following model

The animals are exposed to an aerosol con-
taining radicartive spcres and nonradioactive
bacteriz, e.g., E. coti. The reduction in the
number of spores in whole lung grinding will
then give an estimate of the capa~ity of the
mucus removal. The redugiion in the number of
viable bacteria ir wash-out fluids froni the air-
ways will give an estimate of the capecity of the
phagocytic and mucus removal, and the reduc-
tion of viable bacteria in whole lung arindings
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will provide an index of the bactericidal activity
of the phagocytes in the lung and of mucus re-
moval. Effects on any of the above functions
can then be evaluated, provided that the three
functions are tested simultaneously and that the
effects are expressed as deviations from the
normal,

Preliminary results from experiments per-
formed with the above model indicate that the
mucus removal during the first 2 hr after ex-
posure accounts for about 157, of the total
removal under the experimental conditions
used. This rate agrees with results from experi-
ments where the elimination of monodisperse
plastic aerosols of various size ranges has been
followed (Holma, personal communication). Ex-
periments are in progress wherein the possible
effects cn any of the three elimination mechanisms
discussed above of continuous exposure to low
doses of SO, and to dust are being evaluated.
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INTRODUCTION

Initiation of respiratory viral infection, v .,
some possible exceptions, appears lo dep .
upon deposition of infectious virus at some roint
on the respiratory tract. There appear to oe two
possible mechanisms of transmission, contact or
airborme. The lormer term is meant to refer to
transfer of virus by physical contact between an
infected and a susceptible subject, or indirectly
through personal articles or fomites. Trans-
mission by this route would result in deposition
of virus predominantly in the nasopharynx.

Airborne transmission is intended o mean
transfer of infection by means of small-particle
aerosols (11, 16). These narticles are the evap-
orated residues of infec«d respiratory secre-
tions which ire of such small size (mostly less

5 u in diameter) that they will remain air-

b+ for loug periods of time. As a function of
their small size, such droplets, when inhaled,

1 Present address: Baylor University College of
Medicine. Houston, Tex.

! Presert address: Washington University College
of Medicine, Si. Louis, Mo.

deposit predominantly in the lower respiratory
tract. Particles between S and 15 x to 20 u in
diameter represent an intermediate stage, and
most particles in this size range will be trapped in
the nose, although some will penetrate to below
the larynx. (Lower respiratory tract will refer to
that portion of the respiratory tract below (he
larynx.) Sull larger particles may be produced
by coughing and sneezing, etc., but since, be-
cause of their large size, they do not produce
stable aerosols, transmission will ordinarily
occur only by direct ‘mpaction on the naso-
pharynx of persons in .ne immediate vicinity of
an infected case. Such transmission would be
difficult to distinguish from that resulting from
contact, and is best coasidered under this cate-
gory.

This report will describe studies ol the trans-
mission of respiratory viral diseases which were
a joint undertaking of the U.S. Army Biological
Laboratories, Fort Detrick, Md., and the
Laboratory of Clinical Investigations, National
Institute of Allergy and Infectious Diseases,
Bethesda, Md.
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ing and sneezing and from air of rooms con-
taminated by such discharges. In addition,
preliminary results of an experimental attempt to
transmit respiratory viral infection in volunteers
by the airbovne route will be presented.

Subjects were heulthy adult male inmates from
several foderal correctional institutions and
were selected on the basis of serum antibody
determinations, willingness to participate, and
demonstration of good health. For studies per-
formed at the Clinical Center, National Insti-
tutes of Health, volunteers were isolated two or
three 10 a room for 3 to 4 days prior to inocula-
tion and 10 to 14 days after inoculation. Examina-
tions were performed daily by physicians having
ro knowledge of which of several respiratory
agents was administered to a particular volun-
teer.
An experimental transmission experiment was
perfortiiad at the Federal Prison Camp, Eglin
Air Force Base. Fla. Volunteers were housed in
a converted barracks building, and were evaluated
before inoculation and twice daily after inocula-
tion by physicians who knew which volunteer was
inoculated and which was an exposed susceptible.
Complete separation of the two groups, as
described in the text, ‘was carefully maintained;
however, only partia! separation from the
remaining camp popuislion was maintained.

Inocula

Virus sirsins used in these studies were ob-
tained from Murines with acute respiratory
dJisease at Parris Island, S.C., or Camp Lejeune,
N.C. (through the courtesy of K. M. Johnson,
H. H. Bloom, and R. M. Chanock). Each
inoculum hed been pussaged once or twice (see
Results) in eithxr human embryonic kidney
(HEK) or human embryonic fibroblast (HEF,
strain W26} tissue cultures (17). The harvests in
each case were frozen and thawed, pooled,
centrifuged at 1,000 X g for 20 min, and filtered
through B00-mu membrane tilters (Millipore).
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The filtrates were stored at —60 C until used.
Each inoculum was safety-tested for adventitious
agents in a manner previously described (19). In
addition to the above described procedures, the
coxsackievirus A type 21 strain 48654 HEF; was
submitted to vacuum concentration and tri-
fluortrichlorethane (Gelman) treatment. Further
details of these procedures have been described
6,8,9).

Inoculation Procedures

Volunteers received aerosol inoculation by
means of a molded rubber face mask attached to
a cylindrical chamber containing a continuous
flow of aeroso! generated by a Collison ato-
mizer. Virus was approXimately 10 sec old at
the time of inoculation. This equipiment and
other necessary auxiliary components were con-
tained in a mobile truck and semitrailer and have
been previously described (15). Each man in-
haled 10 liters (45%) through the nose, and
exhaled by mouth into a discharge bag. Each
inoculation required 30 to 60 sec and usually
followed a training period on a previous day with
use of the same equipment. The size of particles
in the acrosol ranged from 0.2 to 3.0 u in diam-
eter. Particles 1 to 2 u in diameter comprised
54¢<, of the total particle volume and contained
687, of recoverable virus. Further details of the
aerosol will be described in a subsequent report
in this symposium (14). Aerosol inoculations
with particles 15 » in diameter were performed
with the same equipment, except that the vibrating
reed method of Wolf was used to generate the
aerosol (25). Volunteer doses for both aerosols
were calculated from virus assays in simul-
taneously collected Shipe impinger samples of the
aerosol.

Nasopharyngeal inoculations were performed
by the instillation of 0.25 ml of virus inoculum
into each nostril of the volunteer while he was
prone. This inoculation was accompanied by a
sensation of liquid in the nose but not by &
desire to expectorate or swallow. In addition,
some volunteers received 0.5 ml of inoculum
into each nostril as well as 0.5 ml sprayed into
each ostril by a no. 127 DeVilbiss (12) hand
atomizer. Studies on the aerosol produced by
this atomizer have shown that 9995 ¢ of the
inoculum is contained in particles greater than
S u in diameter and most would be deposited in
the nasopharynx (unpublished data).

Collection of Cough, Sneeze, Talking, and Room
Air Saroles

Particles produced in sclected expiratory

events were collected for size analyses and virus

N
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assay. In addition, room air samples were
collected in a large-volume air sampler. Descrip-
tion and analysis of the methods used will also
be described in a subsequent report in this
symposium (14).

Virus lolations and Identification  Procedures

Specimens obtained varied with the virus being
studied but included nose, throat, and anal
swabs, nasul washes, and expectoration speci-
mens. Specimens were collected prior to and
subsequent to inoculation. Expectoration speci-
mens were stored in that form until tested. Nasal
washes were performed with 10 ml of Veal
Infusion Broth (Difco) containing 0.5¢, bovine
albumin with antibiotics; swabs were agitated in
2 ml of this medium and then discarded. All
specimens were stored at —20 C until tested.
Testing for virus was performed by inoculating
0.4 ml of specimen fAuid into one HEK and HEF
tissue culture tube that contained 1.5 m! of equal
parts of medium 199 and Eagle’'s MEM, 2
inactivated calf or chicken serum, and anti-
biotics. The cultures were incubated in a roller
drum turning at 12 rev/min at 33 to 34 C and
were observed for cytopathic effect (CPE). This
observation period was 14 days for coxsackie-
virus A type 21 and rhinovirus NIH 1734, but 60
days for adenovirus type 4. All the latter studies
were performed in HEK cultures. Tissue culture
fluid and cells were harvested when CPFE in-
volved 75 to 100, of the cell sheet. For cox-
sackievirus A tvpe 21 and adenovirus type 4, the
first and last isolates, as well as interwening
isolates, when indicated, were identified by
hemagglutination-inhibition (Hl) with 20 anti-
body units of specific Lyperimmune guinea pig
serum or rabbit serum. HEF cultures were used
for identification of comperable specimens of
rhinovirus NIH 1734 by neutralization of 32 to
100 TCIne of virus with specific hyperimmune
guinea pig scrum. Further details of these
procedures have heen rcpoited (6, 8, 9).

Servlogical Tests

Serial fourfold dilutions of inactivated serum
were tested for neutralizing antibody for each
virus by muixing eq:al volumes of the serum
dilurion with a test dme of virus, incubating at
room femperature, inoculating each of two tissue
culture tubes with 0.2 ml of the mixture, and
observing thereafter for CPE.

All neutralizing antibody titers, calculated by
the method of Karber, are expressed as the initial
dilution of serum completely inhibiting CPE of
12 to 100 TCIDy, of consackievirus A type 21 and
adenovirus type 4, but 10 to 16 TCIDy of rhino-
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virus NIH 1734. Further details of the proce-
dures have been reported (6, 8, 9, 13).

RESULTS

Respunse 10 Inoculation with Aerosol amt Nasal
Drops

Coxsackievirus A type 21: 50°, human in-
Jectious doses (HIDy). Volunteers free of detect-
able antibody were inoculated with a range of
doses of coxsackievirus A type 21 by small-
particle aerosol (diameter of perticles, 0.3 to 2.5
#), large-particle aerosol (diameter of particles,
15 u), and nasal drops (0.25 ml in each nostril).
An example of the type of response obtained is
shown in Table 1. Twenty-eight volunteers
received strain 49889 HEK, in a small-particle
acrosol, and 18 became infected. The doses,
number of volunteers who received each dose,
and the number who became infected, as deter-
mined by virus isolation and antibody rise, are
shown. Based on these findings, the HIDs, for this
inoculum administered in this way corresponds to
28 icin, (Spearman-Karber method; 13). Only
two of the infected volunteers failed to develop
illness, indicating that the 50¢, infectious dose
and 507, illness dose are nearly the same.

In this experiinent, three volunteers developed
unexplained mild cases of rhinitis. Experience
with over 300 volunteer inoculations indicates
thut such an iliness 1s recorded in about 157; of
uninfected individuals. The phenomenon occurs
even though virus is inactivated with specific
hyperimmune serum, in men with all levels of
serum antibody, and irrespective of virus type or
materials and methods used for inoculum prep-
aration (8). Attempts to isolate a causative
agent in HEK, HEF, and rhesus monkey kidney
tissue cultures have been unsuccessful.

The HIDy, for strain 49889 HEK, and another
inoculum (strain 48654 HEF,) of coxsackievirus

TaBLE |. Respanse of antibody-free volunteers
inoculaizd with 0.3 to 2.5-u particle arerosol of
coxsuchievirus A type 21 (strain 4988y HEK) 1

Inhaled dose  No. of volun-

raled d oty No infected  Noill

832 1 | 1

676 K 3 2

e 3 3 1

81 2 2 2

n 5 s 4

47 4 3 3

18 4 1 g

6 6 0 >

* HIDG, = 2B TCID...
* Three cases of afebrile URI without infection.
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Tar' £ 2. H1Dw for coxsuckievirus A type 2/

. [ . o
Inaculum | Inoculation method ml‘:‘t;‘n lui\e:?ied el ;:n:ec z?nﬁftn
Strain 49889 HEK,~.. . . Aecrosol,0.3t0284 B 18 28 TCID,e 15-49
particles ‘
Strain 48654 HEF.* . ... Aerosol, 0.3 to 2.5-4 14 8 A 1CIDso 22-52
particles i
Aerosol, 15-u particles;, 29 12 32 101Dy, 1378
Nose drops LR 6 TCIDy, 13

« One passage in human embryonic kidney tissue cultures.
s Two passages in human embryonic fibroblast tissue cultures.

TasLE 3. Clinical response of antibody-free volunteers 10 coxsuckievirus A type 21

Predominant illness

Inoculation No. of N¢ N —— . -
Tnoculum bod voluateers - lnfected NN Tl e | Febrile
URI® URI L.RI?
Strain 49889 HEK,s...... .  Aerosol,0.3to b} 18 16 13 12
2.5-u particles :
Coarse spray and 1y 13 8 2 6
' nose drops i
Strain 48654 HEF#. .. .. ... Aerosol, 0.3 to 14 8 8 | 7
2.5-u particles
Aerosol, 15-u : 2 12 n - 8 2
particles ;
~ Nose drops . 14 7 1] ‘ 2 3

= Upper respiratory tract illness.

» Lower respiratory tract illness.

* One passage in human embryonic kidney tissue cultures,

¢ Two passages in human embryonic fibroblast tissue cultures.

A type 21 administered by each of the described would be retained, and the majority would be
methods in shown in Table 2. As can be seen, the  trapped in the nose, one would expect the HIDy,
HID,, is virtually identical for the three aecrosol by this roue of inoculation to be similar to that
titrations; however, for virus administered by obtained by nasal drops. No explanation is
nasal drops, it is about fivefold less. Natural presently availabie for the observed difference.
virus (virus recovered from naturally infected The clinical responses that correspond to the
individuals, but not cultivated in vitro) ad- strains and inoculation methods in Table 2 are
ministered by small-particle aerosol (not shown) shown in Table 3. In addition, the responses to
produced infection in one of two volunteers at a 3,000 1CIDy, of strain 49889 HEK, administered
dose of 28 11D, and in none of six who received  to the nasopharynx by coarse spray and drops are
7 TCID. suggesting a similar degree of in- included (22). The frequencies of occurrence of
fectivity (8). illness in each of the five categories were not
The HiDs, for cach aerosol inoculum is based  significantly different. As can be seen, the pre-
on inhaled virus. Available information indicates dominant clinical response to strain 49889
that only 50 to 75*, of particles of the size runge  inoculated by small-particle aerosol was febrile
in the small-particle acrosol would be retained lower respiratory tract illness. All 12 volunteers
and that the majority of these would deposit in  with this response were clinically diagnosed as
the lower respiratory tract (11, 16). This indi- having acute tracheobronchitis. The pertinent
cates that the true HIpy, for the inocula ad- data obtained on a volunteer from a more recent
ministered in this way is appreciably less than  experiment, but typical of the syndrome. are
that indicated in Table 2. All of the nasal drop shown in Fig. 1. Charucteristic of this syndrome
inoculation was retained, and therefore the was the occurrence of pain in the neck (tracheal)
HIw,, for this method corresponds to the HiDy, and chest, the latter usually being substernal.
given in the table. Since virtually all 15-4 particless Cough, often paroxysmal, was usually non-

W




Yor. N, 1966

JoIF 3 e (Gesachentus A 2 98 TC:D. | Ae: ol
0 r,2,3,4. 56,7 89 0 20 28

— D 2 50
ATT‘
Oy Tem, X
" A1) i

-lnet g oe

row 1 ¢ [ . . “ e SR

P )
| —_ - e .

FiG. 1. Case report of an antlbody-free volunteer
inoculated with coxsackievirus A type 21 by small-
particle aerosol.

Neut Artbogy
{*ec.orcio

productive, although auscultation of the chest
occasionally revealed scattered rhonchi, and, in
two cases, there was X.ray evidence of pneu-
monia. These lower respiratory tract symptoms
were accompanied by malaise, myalgias, chilly
sensations, sweats, headache, and anorexia.
Tliness was not limited to the lower respiratory
tract, however, since 9 of the 12 volunteers with
trucheobronchitis also had upper respiratory
tract illness that was characterized by rhinorrhea
and nasal obstruction. Four of the remaining six
infected volunteers had upper respiratory tract
illness only, and the other two had infection
without apparent illness.

In contrast to the small-particle aerosol
response, 8 of 13 volunteers who received naso-
pharyngeal inoculation developed upper respira-
tory tract (nasopharyngeal) illness only. The fact
that virus was deposited in the nasopharynx in
this case and predominantly in the lower respira-
tory tract in the former suggested that virus
deposition site accounted for this difference and
that it might be the factor that determines the
clinical response. However, when strain 48634
was administered by small-particic aerosol, the
lower respiratory tract iliness, which was char-
acteristic of strain 49889 given in this way, was
not seen. The predominant clinical response to
struin 48654 in a small-particle aecrosol was
febrile upper respiratory tract illness (Table 3),
Thus, virus deposition site and inocuium dif-
ferences both appeared as important factors in
determining the type of clinical response.

Febrile upper respiratory tract illness was also
the predominant clinical response for strain
48654 administered by 15-u particle aerosol and
by nasal drops (Table 3). Not shown are clinical
responscs 10 natural virus and to still another
strain of virus administered by small-particle
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acrosol (8, 20) For these inocula, febrile upper
respiratory tract illness also predominated. This
combined experience suggests that virus deposi-
tion site may he an important factor in deter-
mining the type of clinical response that occurs.
However, for coxsackievirus A type 21, most
strains appear to lack the capability of producing
lower respiratory tract illness when presented
such an opportunity by virus deposition at this
site.

In all other aspects, the clinical responses were
similar for each inoculum and inoculation
method. The incubation period was 2 to 5 days,
iliness usually lasted 2 to 3 days, fever rarely
exceeded 38.5 C, and fever usually persisted less
than 1 day.

The effect of pre-existing serum neutralizing
antibody on the responses following inoculation
of volunteers with coxsackievirus A type 21
(strain 49889) has not been compietely evaluated,
but the data available are shown in Table 4. As
can be seen, all individuals with intermediste
titers of antibody were infected after naso-
pharyngesal inoculation, but infection occurred in
only 5 out of 11 with high titers. A similar
suggestion of redu-tion in infection also occurred
in the small-particle aerosol groups.

Rhinovirus NIH 1734: HiDy,. Volunteers free
of detectable antibody to this virus were inocu-
lated with 2 range of doses of rhinovirus NiH
1734 by small-particle aerosol and by nasal drops.
The HIDy, for each inoculation method is shown
in Table 3. Nasal drop doses of 1 1Dy, and less
were extrapolated values based on dilutions of a
pool with known virus concentration, and
aerosol doses of 2 and less were extrapolated
from measured concentrations of virus in aerosols
produced, during the inoculation period, by
higher concentrations of virus. Repeated tests of
several dilutions of virus run in sequence have
been shown to produce proportionate changes in
acrosol virus concentration. Assays for virus were
performed in HEF (WI-38) tissue cultures, in a

TaBLE 4. Response of volunteers with pre-existing
antibody to inocularion with coxsackievirus A 1vpe 21

{1:256 or greater |

i
i Nasopharyngesl Aerosol, 0.3 10 25 a
i inoculation prticles
Level of [ — e e o
satibody INa. of No o Naof Noo oo
Volun- im- - i volun - in- ! g
i teers  fect.u teers - fruted
-j— ) e -
Intermodiate ! <
dia-1:008, 0 & 0 8 | 4 3 2
High U T B
! i

® Each illness was mild rhinitis.
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TABLE $. N1Dw for rhinoviras NIH 1734

I
: : : 9875, Cone
Inoculation method E, . i R1Dse hdence
i ,.' AE' timite
e _
Namldrops ... 17 1 i Q0121w [

Actoeol, 031025 - 16 20 0.& 1w 0.1-1.¢
e N

= {ndicaton 1o intermedinte respnnse between 100 and 07
{nfection.

manner described previously (6). Other types of
tissue culture [HEK and HEF (W1.26)] and
tissue culture assay {HEF (WI1-38) plaque assay)
were tested and found to be equal to or less sensi-
tive than the cultures and methods used.

As can be seen in Table 5, the HID. for both
inoculation methods was below the practcal
limits of detection. Failure to infec’ all volunteers
with small-particle aerosol inoculation first
occurred at an inhated dose of 2 TC1D4, and none
of three who inhaled 0.06 TCIDy became in-
fected. The HiDy for this inoculation method was
0.68 TCiD,, (Spearman-Karber; 13}. In contrast,
all volunteers who received 0.1 TCIDys by nasal
drops became infected, although none became
infected at two lower doses The HiDy for this
method corresponded to 0032 TCiDs. These
results indicate an approximateiy 20-fold dis.
parity between infectivity for the vitus given by
the two methods. The disparity could be ac-
counted for by assuming that the 10 to 20¢; of
small-particle aerosol perticles that deposit in
the nasopharynx are responsible for all infection
in voluntcers inoculated in this way. However,
the fact that this is not the case is suggested by
the occurrence of lower respiratory tract illness
in some of these volunteers. ln any event, the
data suggest that the nasal mucosa is somewhat
more susceptible to rhinovirus NI 1734 than is
the lower respiratory tract. Although the dif-
ference was less for coxsickievirus A type 21,
it was similar in direction.

The clinical responses of al. volunteers who
have received cither nasal or small-purticle
aerosol inoculation with rhinovirus NiH 1734
are shown in Table 6. As can be seen, the char-
acteristic response to either method of inocula-
tion is an upper respiratory tract iliness which in
all respects is a common cold. The pertinent
data obtained from one of the volunteers mocy-
lited by nasal drops are shown in Fig. 2. His
response consisted of 4 common cold syndrome
characterized by nasal obstruction and discharge,
and was accompanied by throat irritation and
systemic symptoms. The extent of the rhincrrhea
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Tawit 6. Clinicul response of volunieers to
inoculation with rhinovirus NIH 1734

No.of Hinese
Tn ulation method MeCtedxg iy ot
trers vRI ppe LRI
Coar ¢ sptay
ahd nose
drops a8 41 41 2 0

Aerosol, 0.3 to
2.5 u patticles 41 k)] pa] S s

« Upper and lower respitatory tract iliness.

is shown in the figure. Fever was absent in this
volunteer and occurred in less than 104, of the
volunteers, regardless of method of inoculation.

As can be seen in Table 6, lower respiratory

tract illness (acute tracheobronchitis) was pre-
dominant in five volunteers who reccived smail-
particle aerosol inoculation, and diffuse respira-
tory tract disease without a predominant localiza-
tion was seen in five others. Predominant lower
respiratory tract illness was not seen in men
inoculated by nasal drops, although two volun-
teers exhibited a combination of upper and lower
respiratory tract illness. These findings suggest
that aerosol inoculation may produce lower
respiratory tract involvement, but the char-
acteristic response to infection produced by
either method is an upper Tespiratory tract ill-
ness.
The incubation period of the illness=s produced
by both inoculation methods was 2 to 4 days, the
iltness usually lasted 2 to 3 days, and fever, when
it occurred, was usually 1 day in duration.

The effect of pre-existing serum neutralizing
antibody on responses to inoculation with
rhinovirus NIH 1734 is shown in Table 7. As
can be seen, no significant reduction in frequency
of infection occurred unless high levels of serum
antibody were present. This reduction in fre-
quency of infections occurred for both methods
of inoculation and was accompanied by a similar
reduction in illnesses. [Data are grouped for
convenience. Individual values were tested ‘n
Spearman’s rank correlation of Yates mean
score tests (13). Reduction in infection and ill-
fess with increasing serum antibody was statis-
tically significant (P < 0.05 for both inocula-
tion methods.]

Adenovirus tvpe 4 HIDy,  Nine volunteers
free of detectable antibody to adenovirus type 4
received small doses of this virus by small-
partick aerosol. Six volunteers received the virus
by 1S4 particle aerosol. The results of these

—
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Fii. 2. Case report of unt antiboidy-free volunteer inoculated with rhinovirus NIM 1734 by course spray and nasal
drops. « Reproduced with the permission of the Journai of Clinicul Investigation.)

studies are shown in Table 8. As can be seen,
all volunteers who received doses of 11 and
S 10D by small-particle serosol became in-
fected, but only one out of three became infected
at a dose of 1 7 9. Other volunteers were
inoculated in this way, and, although the data are
incomplete, the studies indicate that the HID.o
for small-particle aerosol inoculation is about 1
TCIDw. It should be stated that thew virus assays
were performed in HEK tissue cultures, the most
sensitive tissue available for adenovirus, and the
cultures were observed for 60 days for CPE with
subpassage as needed. This time period wus
shown to provide maximal detection of adeno-
virus (9).

Only one dose level of adenovirus type 4 has
been administered by 15-u particle aerosol, and
this was 1,000 1CIDw,. ANl six volunteers who
received this dose became infected. Preliminary
results on inoculation of volunteers by nasal
drops indicate that the HiDy, by this method is
about 20 TCiby,. This combined experience with
adenovirus type 4 suggests that a greater dose of

Tasie 7. Response of volunteers with pre-existing
antibody 10 inoculation with rhinovires NIH 1734

Nuagopharynges) Acrosel, 03 028 s
inaculstion partiches

I.r\.:‘:‘)’ )

antibody : .

No of Ne - No.of . . .
valun- ie 5,‘:' volun- }“,.:‘" pey
teers  fected ! teers I v
Low !
1 y «

SEERY ! Ty 4
Intermediate :
TRIREYY ML R L

High
ol 124 or greater: " s 4 4 ) \

ilinesses varied between 6 and 13 days, duration
of illness varied between 2 and 10 days, and fever
between 1 and 8 days. In addition, the severity of
illness, as manifested in respiratory tract involve-
ment and constitutional symploms, also was
quite variable. Upper respiratory tract findings
occurred in all men in the 15.u purticle aerosol
group, whereas this finding was variable in the

this virus is required to_initiate infection_in the small particle acrosol group. The pertinent data

nasopharynx than in the lower respiratory tract.

Also shown in Table 8 are the clinical responses
seen in the volunteers inoculated by aerosol. As
can be seen, all volunteers infected by means of
small-particle aerosol inoculstion became ill,
and the illness was usually febrile. Three volun-
teers had predontinantly upper respiratory tract
iliness, and, in three others, illness wus pre-
dominantly in the lower respiratory tract. The
latter included one instance of mild pneumonia.
Only three of the six volunteers infect2d by 15-u
particle aerosol inoculation became ill, two with
febrile upper respiratory tract illness and one
with pneumonia. The incubation period for these

obtained on one of the volunteers who exhibited
the syndrome described as acute respiratory
diseaye (ARD) of military recruits are shown in
Fig. 3. Bacteriological cultures were negative for
pathogens, and spontaneous recovery occurred
without antibiotic therapy.

It is notable that the syndromes of febrile
respiratory traci illness that occurred after avrosol
inoculation resemble the naturally occurrin, * @
4 adenovirus diseases of milivary revruits (3, 7,
21). Previous studies by others, in which volun-
teers were inoculated in the nasopharynx, usually
resulted in asymptomatic infection or  mild
alebrile upper respirators illness (1), Inocula-

I
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Tanie 8. Response of antibody-free volunteers 1o adenovirus 1ype 4
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FiG. 3. Case report of an antibody-free volunteer inoculated with adenavirus type 4 by 15-u particle aerosol
White blood cell coums are times 10P per cm. (Reproduced with the permission of the American Review of Respir-

atory Diseases.)

tions into the conjunctival sac resulted in o
currence of conjunctivitis only or pharyngo-
conjunctival fever, illnesses which rarely occur
naturally in type 4 infection, and which were not
seen in the present studies (1). These findings
suggest that the unique feature of the present
inoculations, deposition of virus in the lower
respiratory tra.t, was the major factor accounting
for the recruit type illnesses. This is supporied
by the fact that small doses of virus given by
sniall-particle aerosol produced illness in all
volunteers infected by this method of inoculation,

whereas the large dose given by 15.u particle
aerosol caused illness in unly three of six infected
men. Evidence indicates that most of the 15.u
particles were deposited in the upper respiratory
tract, but the possibility exists of deposition in the
lower respiratory tmct either by direct inhalation
or as a result of particle fragmentation (16) It is
suggested that in three men this occurred and
caused febrile illness.

Three volunteers with pre-existing antibody
titers of 1:32 to 1:64 received 6 TCIDy by small-
particle aerosol, and none became infected or ill

_



Y. 30, 1966

Evidence for Airborne Transmission

Oretection af views in particles Produced by
coughing, smeezing, and normal expiration. By use
of methods 14) for recovery of virus from par-
ticks produced by coughs and- sneezes, virus
titration was carried out on 61 cough collections
und 58 sneeze collections from volunteers in.
fected with coxsuckievirus A type 21 (Table 9).
The coliection method involved coughing or
sneezing into a collapsed weather balloon through
& tight-fiting face me-x. The air in the balloon
wis cuncuated thoough a Shipe impinger to
remove airborr:: particles, and material impacted
on the wall of the balloon was collected by rins.
ing with sterile tissue culture fuid. When the
resuits of both samples were combined, 39, of
cough specimens and 30', of sneeze specimens
were positive for virus. Thirty per cent of air
samples were positive for both events, and the
mean quantity present was 30 TCin, and 60
TCID,, for cough and sneeze respectively.
This close similarity in results is of interest in
view of the approximately 20-fold greater number
of particles and particle volumes produced by
sheezing (14), This finding suggests that the con-
centration of virus in secretions released in small
partcles produced by coughing is greater than
that produced by sheezing.

Analysis of balloon wall samples revealed a
disparity between the two events. Wall samples of
sneezes were more frequently positive than the
wall samples of coughs, but the mean quantity
present was only twofold greater. However, the
mean quantity of virus present in the wall samples
from sneezes does not include four sneezes in
which gross contamination with large quantities

TARL Y. Fings recovery from parnicles in coughs
and \nee es provuced hy volunteers infected vith
corsuckievieus AYtype 21

. Mean

Fhesmcnn (Nt letee Soume Fersent o
T Dyt

Sacex 58 2 A X (1]
Wall* 38 100

Cough 61 k) Ane W L 1)
Wall* 1] S0

* Assay of Shipe 'mpinger collection of particles
suspended 1 air in balloon
T Asvay of 10 hiquid rinse of balloon wall.
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of nam! secretion occurred. The wall samples of
these sneezes contained 30,000 to 500,000 1CHDy,
of virus. The remsons for the disparity in fre.
Quency of detection of virus on the balloon wal
for the two events are not known at the presen;
time, since studies have revealed similar particle
size distributions for both events (12, 14).
Breathing samples were tested by collecting
the entire amount of expired air in Shipe im.
pingers through a closed sysem for 30-min
periods. Tais testing constituted sampling of
lirexpindfochrpachyfrunfmw infected
volunteers during the period that included oc-
CUliciac ofﬂhaundmthlvirum A
volume equivalent 1o 12 hr of expired aic was
tested in this way, and all samples were negative
for virus.
Ambuorlicmmmh-wdlodew-
nﬁmtheauaefwvirusnhuhmemol
coughing and sncezing. These evaluations
suggesied that the presence of nasal obstruction
and discharge was the most important deter-
minant l’orreluno(vimwheninfecledm
sneeze |with nasal obstruction and discharge, 19
of 24 sneeze samples were positive; without nasal
obstruction and discharge, 1] of 34 samples were
posilive (£ < 0.001)). In contrast, positive cougl
specimens bore a relationship only to the quantity
of virus preseat in respiratory secretions, und
this relationship occurred for air samples only
[combined nasal and oral secretions, Yates mean
score, test, P = 0.05 (13)). Since cough particles
would presumably be derived from pharyngeal
Anﬂowermphtorysecmions. it is suggested
that the concentration of virus in these secretions
varied proportionately with the secretions tested.
Virus in room air. The contribution to room
air conmamination Jy coughing, sneezing, and
possibly by other expiratory phenomens of man
involves frequency and occurrence of the phe-
momenon, inactivation of virus, and physical loss
of aerosol particles, in addition to quantity of virus
released. The significance of these factors in
determining environmental contamination was
tested by collecting particles present in the air of
rooms occupied by volunteers infected with
coxsackicvirus A type 21 and then assay ing the
collections for virus.
The large volume wir sampler was used to
collect particles from approximately 70, of room
air after a period of 2 hr with no ventilation.

Shown in Table 10 are the results of testing 30
such samples collected during the acute phise of
tliness and maximal virus shedding. Of the 30
samples, 14 were positive, and, as o be seen, the
frequency of positive stmples inueaved  with
increasing quantity of virus Preent in respiratory
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TanLs 10. Relation of virus quantity in respiratory
secretions 10 virul in room air samples

Asr sample
Mean (3 vol } views quanuty
in worelions Ne of No pres
e gumitive -wa‘:\:‘::ll)

10 30 3 ! .

%-100 " H e

100- 300 S 4 X

X0 1,000 6 i x
1,000 >} .000 ) } m

* Expressed as 1o, per milhiliter of secretion,
¢ Expressed 15 TCID;..

secretions [SmimofT test, P < 0,01 (1N)]. The
mean virus quantity in positive samples is shown
in the last column and was suTiciently variable
30 that no quantitative relationship to virus in
respiratory secretions was detected, although it is
of interest that the largest guantity present in
room air, 28,000 TCIDy, Was in the raom with
the highest virus concentration in secretions.

Since both positive cough and room gir
samples were related to quantity of virus in
respiratory secretions of infected volunteers, it
was suggested that coughing was responsible for
contamination of room air with virus. When the
results were analyzed by room, it was found that
the presence of virus in cough air samples from
volunteers occupying @ room was signiticantly
related 10 the recovery of virus from the air of that
same room on the same day. [Positive room air
samples, 10 of 11 rooms with positive cough air
samples: negative room air samples, 2 of 7 rooms
with positive cough air sample (P = 0.031]. This
further suggested that cough is the imporant
intermediary belween virus in secretions and
virus in room asir. No such relationship was
detected for sneezing. These findings are not
surprising, since cough as & symptom was
recorded as being frequently present in these
same volunteers at this lime, wherens sneezing
was nol.

Preliminary repuri an a lransmissum experi.
ment An expeniment designed to test whether
the ocvurrence of atr contaminition with virus is
suflicient to produce airborne transmission has
been performed (unpublished datar. Nineteen
placebo-inoculated volunieers were exposed to
air surrounding infected volunteers by housing
the two groups i a comerted barracks and
separating themt with & double wire  bariier
Even distribution of air on both sides of the test
bullding was accomplished by means of large
floor fans and was proved by generating an

Bactemun Ravy.

scrosol conlaining a fluores.ein dye on one side
and then collecting and analyzing air umples
from dilferent locations throughout the buiding.
Coxsackweviruc A type 21 infection wis produced
in 10 volunteers with aerosol inoculation, and
all exposed individuals hecame infected with this
virus during the course of the study. A specitic
separution of results in terms of contact and air
borne-acquired infection is not completed. but it
is possible 10 state that airborne transmisuon un-
questionably ovcurred.
Discussion

The theory that respiratory viruses are trans-
mitted by the airborne route hus been populur
in the past, primarily because it secnwd reason-
able 10 assume that coughing and sneezing,
common symptoms of viral respiratory disease,
produce acrosols that would accomplish such
transmission. Despite this assumption, proof that
man produces aerosols that contin virus and
that sufticient viral contamination of air occurs
to result in this type of transmission, both
essential reguirements for airbotne transmission,
hus nt been obtained (23). The results prewented
in this report provide this important tnforma-
tion. It was shown that individuals infected with
respiratory viruses, in this case coxsickeevirus A
tpe 21, produce airhorne vicas i quaniioes
suffivient to infect susceptible individuals The
capacity 10 produce virnl serosols was tested for
three expiratory events. Breathing sumples were
uniformly negative for virus, whereas cough and
sheeze amples were frequently positive. Thus,
wherens in man the former event is probably in
significant in producing transmission of the
respiratory viruses, it sems hkely that it is
important in the mouw-influenzn system  of
Shulman and Kilbourne 1231 in which arborne
transmission has also teen conclusively demon
strated For man, coughing und sncezing appear
to be the signitivart events for producing viral
aerosols.

Studies in which virus rebased by coughing
and sneezing was collevted in g balloon and
seporated nto an air phase and a wull phaw
provided  quanutative results  that correspond
roughly (0 virus involved in airborne transmission
and vontact transmisvon. respevtively  Virus wis
recovered more often from the air sample from
cough~ than from the wall samples, although the
wall samples of speczrs were more commonly
positine than the air samples This would sugges
that sneezing miay be of some sgmaibicance for thai
form of trunspussion imolving direct impaction
of large particles 10 the nisopharyny. whereas
cough contributes  primanils  to small particle

C sl e
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aerosol transmission. Despite the differences in
frequency of recovery, the ditference in mean
quantity of virus in each phase was sl and
quite similu¢ for euch event. These findings are in
contrast to the lindings of Buckland et ul. ($),
in which the vast majority of virus released in
sneezing was found on the stdes of a large sam.
pling bag. However, the ditTerent collection meth-
ods involved may account for this disparity.

Despite a larger number of particles in snecpes
tis:n 1 coughs, the quantity of virus expelled n
the two events was remarkebly similar, suggest.
ing that, in these volunicers, the concentration ol
virus in secretions atomized in coughing was
relatively gremter than that in secretions atomized
in yneezing (12, 14). Inoculation of these volun.
teers was performed by small-particle aerosol,
and, although lower espiratory tract secretions
were not quantitated, virts is known to huve been
deposited at this site and probably induced
infection there. Thus, 1t is possible thuot the
method by which infection was induced may
hive contributed 10 the virus recoveny results
from coughing.

The fact that infected persons sre capable of
produving airhorne vitus dues Rot necessarily
indrcate that virus can be transmitted in this way.
Viral aerosols produced by infected persons are
subjcet to Jdilution in room awr, dbrological decay,
and sedimentation Nevertheless, assuming nor.
mal breathing by susceptible volunteers and an
infectious dose of about b to 30 TCIN,,, Assay of
ar snnples from rooms occupied by infected
volunteens indicated that transmission would he
acconyplished in from § nun to 24 hr. Further-
more, 1n view of the observed efticiency i1,
of the arsampling equipment, larger than
measured doses of virus were actually available
for ishalation (131, In addiion. the pre.ent data
suggest that cough i 4 mOwt important event in
produving viral contamination of awr.

The findings described above stimulated the
petformance of an experinrent to test the assump-
tion that wrborne tansmnsion is possible, and
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preliminary results revealed that airborne trans.
mussion oceurred from infected cases to suscepti
bles across a wire barrier.

Aithorne and contact trinsmisisnn was sintu-
lated in volunteers by acrosol and nose diop
inoculation, respectively. Studies with three di
ferent strainy of coasackicvirus A type 21 indi-
cated a similar HID,, of aboui 30 11Dy, for this
vitus, when predormnant deposition was n the
tower respiratory tract (small-purticle aerosol),
and s lower value when nasil drops were used.
Since the latter inoculation method pruv.ded
depositicn only in the nasopharynx, it is suggested
that the nasal mucoss exhibited a greater sus-
ceptibility to infection with this virus than did
the lowes respiratory tract. Another picorna-
virus, thinovitus NIH 1734, exhibited an even
grester ditference between the HID., for nasal drop
inoculation and for mull-particle acrosol
inoculation. Thus, the data suggest tnat. for both
of these viruses, the nasal mucosa is the pre-
ferred site for infection. Although definitive
comparisons are incomplete, present evidence
suggests ¢ dispurily in infectivity in the opposite
direction for adenovirus type 4. This virus exhibits
a high degree of infectivity for the lower respim-
tory tract, but the nasopharynx appears to lack
this degree of wysceptibility .

The most common illness response to each
virus that followed inoculation by nawl drops
and small-particle aerosol is shown in Table 11,
or comparative purposes, the most common
naturatly occurring illness response 1o each virus
is also histed  As can be seen for coxvackie cirus A
type 21, regurdiess of method of inoculation as
well as dose. febrile upper respiratory iliness
usually results in volunteers, whereas naturally
OCCUPTInG 1iinass is reported 1o be usually afebrik
12, 18 This dispurity may well be explained by
the fact thut fever in volunteers is usually so
breel 1n duration that, without 24-hr observation,
the majoriiy of volunteers would have been
designated  afebrile. The predominumt  lower
respirastory  tract illness that was seen with one

Tami v 1l Characteristic natural and e sperimentally induced climcal responses i
’t'\f”’ll’llfl VITHAC Y
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inoculum administered by small-particle aerosol
appears to have been relatively unique, and was
due to properties of the virus in that inoculum
that are not usually exhibited by strains of this
virus,

For rhinovirus NIH 1734, afebrile upper
respiratory tract illness occurs in volunteers
regardless of inoculation method and is also the
characteristic natural clinical response to this
and other riinoviruses (4, 10). Data thus far
available indicate that naturally occurring
adenovirus type 4 disease can regularly be re-
produced in volunteers only by aerosol inocula-
tion. Nasal inoculation, throat swabbing, and
conjunctival inoculation have all iuiled to re-
produce naturally occurring type 4 adenovirus
disease (1).

It is therefore suggested that adenovirus type 4
disease is transmitted in natural circumstances
primarily by the airborne route. The information
available on coxsackievirus A type 21 and rhino-
virus NIH 1734 indicates that either airborne or
contact transmission would result in the upper
respiratory tract iliness characteristic of naturally
occurring illness. However, the small-particle
aerosol inoculation results suggest that airborne
transmissior would produce a more varied
response and account for the lower respiratory
tract illness which is sometimes associated with
naturally occurring upper respiratory tract
disease (4, 10, 18).

Thus, the data presented on production of air-
borne virus, environmental air contamination
with virus, and the demonstration of airborne
transmission summarized in the present report
indicate that airborne transmission probably
occurs naturally. Present information, however,
does not indicate whether airborne transmission
is the predominant mechanism of natural trans-
mission. At the present tlime, it seems most
ressonable to suggest that both contact and air-
borne transmission occur in natural circum-
stances, and that the predominant method of
transmission varies with the virus and the op-
portunity presented in a particular situation.
For those viruses and situations in which air-
borne transmission predominates, it may be
possible to devise suitable methods of control of
respiratory viral infection.

SUMMARY

Volunteers were inoculated with respiratory
viruses by means of nasal instillations and
inhalation of aerosols. The former method was
used to simulate contact transmission, and the
tatter 1o simulate airborne transmission. The
AIDs, for coxsackievirus A type 21 was about 30

COUCH ET AL.
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TCIDy by nerosol and 6 TCIDy by nose drops.
Similar determinations for rhinovirus NIH 1734
revealed HID,; of 0.68 1¢ID,, by aerosol und 0.032
TCIDs by nasal drops. The clinical response was
characteristically an upper respiratory tract
illness for both viruses by both inoculation
methods, although coxsackievirus A type 21
illness was usually febrile, and rhinovirus illness
usually was not. Incomplete infectivity studies
with adenovirus type 4 suggest a disparity in the
opposite direction for this infection. Acrosol
inoculation revesled an HiD., of about | TCID
and thus far is the only inoculation method which
regularly reproduced naturally occurring ARD.

The suggestion that airborne trunsmission
accounted for some naturally occurring acute
respiratory disease was further evaluated by
studying the production of airborne virus by
coughs and sneezes and the contamination of
room air with virus. Coughing and sneezing
regularly produced quantities of virus sutficient
to infect, whereas bicatiiiy Jid not. Ruom air
samples revealed contamination probably suf-
ficient to infect susceptibles. In addition, prc-
liminary results of a transmission experiment
with ¢. xsackievirus A type 21 indicate that air-
borne transmission unquestionably occurred. It
was concluded that bonth contact and airborne
transmission of the respiratory viruses probably
occur in natural circumstances, and that the
predominant method of transmission may vary
with the virus and with the particular environ-
mental situation.
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Discussion

EDWIN D, KILBOURNE
Cornell University Medical College, New York, New York

The investigator of experimental infection has
advantages--and, indced, he makes these
advanlages—that the student of natural infection
cannot have. He can operate with deliberation,
he can pick his time and plece, he can pick his
subject, and his infecting agent (indeed, also its
dose), he can control the environment and the
route of inoculation, and he can observe the
event we call infection both in prospect and in
retrospect. Yet he lacks, and always will lack, the
cardinal advantage possessed by the student of
natural disease—for, unlike his colleague, he is
not studying natural disease. This must never be
forgotten. Dr. Couch and his associates are well
aware of this point. Their interesting and provoca-
tive paper is a measured and careful anulysis of
basic investigations of an increditly neglected
aspect of medicine: the transmission of human
respiratory infection.

There is much to discuss in this paper, as the
authors themselves have discovered, and 1 should
like to focus on the aspects of the study that
seem to have broad implications for the patho-
genesis and transmission of infection, rather than
on the technical problems of air sampling and
cakulation of virus dose, although, to some
extent, these matters are inseparable.

First, I would emphazise that the principal and
best-documented part of this study concerns virus
input und its effects rather than virus owrpur and
transmission, Commendably, the authors have
recognized implicitly the inhomogeneily of
“respiratory viruses” by their selection of three
prototypes for study, and, further, have studied
(with differing results) two strains of one proto-
type, coxsackievirus A21. This leads me to my
first question. In Table 1, in which the data for
determination of human infectious dose of cox-
sackievirus A2] are presented, we note that in
contrast to the common phenomenon of infection
without disease, we have disease without infec-
tion (after doses of 18 and 6 TCIDsy)! This observa-
tion may be an important one and is not ade-
quately explained by the notation that 157, of
volunteers may have unexplained mild rhinitis,
particularly since no control group is included in
the experiment cited. Is this a nonspecific reac-
tion, or is it rather a subtler measure of low-grade
infection than the conventional indices of virus
recovery =ad antibody response? A similar
observatioi. concerning experimentai A2l injec-
tion has also beer made by Buckland and

associates. If so, it is implied that the human
and tissue culture infective doses may be close to
unity. 1 do not wish to belabor an apparently
trivial pownt, but we note that the virus used
in this titration is the A2l strain, 49889, which is
more virulent thun the other A21 strain used, in
its capacity to produce lower respirutory tract
disease. Why this greater capacity to induce
discase?> Because of intrinsic difference in viru-
lence of the virus in nature, because of the vagaries
of virus selection during ils isolation and pas-
sage, or because the numan infectious dose has
been miscakulated, with the result that a larger
dose of this strain has actually been given? This
type of problem will continue to beset us as we
attempt to distinguish qualitative from quantita-
tive factors in experimental infection. [Inci-
dentally, is the febrile course of experimental
coxsackievirus A2l infection in contrast to the
afebrile course observed in the field a reflection
of seiection of subjects with no antibody, or does
it reflect differences in the conditions of infection?

But the striking fact that emerges from the
studies of coxsackievirus A2l infection is the
importance of the nature of the viral inoculum
in determining the localization and severity of
infection. The implication is clear that in the
perhaps special case of the 498¢9 strain, lower
respiratory tract disease requires initial implanta-
tion of virus at that site. 1t is also clesr that one
may have presumed implantation of virus in the
lower respiratory tract without evidence of
disease at that site, but with evidence of disease
above. What u fine demonstration of the impor-
tance of host determination of clinical response in
a precisely controlled situation. Restudy of such
volunteers with an antigenically heterologous
virus might confirm our strong suspwion that
certain individuals are unduly subject to lower
tract involvement in the course of upper respira-
tory tract infections. Now the other part of the
question is: how does an aerosol of small particles
produce upper respiratory tract disease? Prov-
ably not by extension from below as judged by
the similar incubation periods of aerosol and
nasal inoculation disease, but perhaps by the
fraction of small particles that are retained in the
upper tract. It must be kept in mind that there is
a range of particle size with either method of
inoculation.

The experiments with rhinovirus infection are
also of interest and suggest again that a sinc guu
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non for respiratory virus infection of the lowe"
truct is initiation of infection by acrosol. The
observation that a true vommon cold virus can
indeed produce generulized respiratory disease is
an important one. Incidentally, 1 disagree with
the authors when they impute an all-or-none
effect of pre-cxisting antibody in ameliorating
disease. The number of cases is far too small (a
chronic problem, incidentally, in volunteer
studies) and the data suggest a graded response
in terms of infection.

Turning to adenovirus infection, it is especially
interesting that simulation of the natural disease
is apparently dependent on infection by aerosol,
despite the fact that its principal manifestations
are in the nasopharynx. Influenced by our
studies of influenzy, Jerome Schulmun and 1
have long contended that the site of predominant
symptomatology is not necessarily an indication
of the site of primary viral invasion. It is true,
however, that natural infection with either
influenza or adenoviruses may be associated with
primary virus pneurmnonia, so the potential for
that clinical manifestation is probably omni.
present.

In conclusion, we can note with great interest
the brief mention by Dr. Cotch and his associ-
ates of trunsmission of infection from man to man
under conditions that exclude direct or indirect
contact and that point to true airborne inocula-
tion. The double wire screen used by Dr. Schul-
man with influenza in mice has now found
application with man, coxsackievirus, and
Quonset huts. We awnit further exploitation of

this system by Dr. Couch and his colleagues with
the imagination und thorcughness they have
shown in the past.

The proper study of mankind may be the
mouse. In an experimental mouse influenza virus
model developed In our laboratory by D
Schulman, we have found that virtually all
transmission of infection can be attributed to
small-particle aerosols. This conclusion depends
essentinlly on two types of observation: (i) that
physical separation of contacts from transmitters
exeried no effect on the transmission rate, and
(i) that increasing the rate of ventilation through
the chamber where contact occurred decreased
proportionately the rate of trunsmission. Both
observations are inconsistent with transmission
by larger droplets. Furthermore, in very recent
experiments, we have recovered influcnza virus
from the air in proximity to tranamittcs mice in
qQuantities that are virtually identical to the
calculated output required to account for the
observed transmission rate (a calculated 2.3
infectious doses per infector per 24 hr).

It is clear that experimental infection with a
number of viruses may be ‘nitived by any of
scveral routes by either small or large particle
inocula. It is now time to determine for each
virus what, in fact, is its principal naturat mecha-
nism of transmission as it journeys from man 1o
man. This can be done with the techniques now
available, and, indeed, indirectly by such en.
vironmental controls as ultraviolet irradiation,
employed 30 years ago by Wells.

TN 1]
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Vaccines are generally administered by the
subhcutaneous or intramuscular route. However,
the immune teaponse produced atter parenteral
administration is inadequate in many instances to
ensure optimal host resistance. Many infectious
disenses are acquired via the respiratory tree;
possibly, the immunizing antigen would be more
effective in inducing high-grade host defense if
the route of administration were identical to the
route of acquisition of the discase. Active
immunization against airborne infection by
inhalation of living, attenuated microorganisms
has been proved with experimental animals and,
in some instances, has become routine (1-4, 11-
14, 16, 20, 22). The potential for immunization
of man by aerogenic vaccination with single or
combined live vaccines has been recognired in
the Soviet Union (1-3) and in the United States
(5, 8, $). In the Soviet Unior, vaccination of man
with aerosols of dried, viable tularemia vaccine,
singly or in combination with living vaccines of
other microorganisms, has received considerable
attention. Systemic reactions were reported by
Alexsandrov et al. (2) in 2 of 138 volunteers
inhaling an estimated 730,000 organisms con-
tained in an acrosol of dried tularemia vaccine.
Kerostovisey, Onikiyenk:, and Khokhlov (17)
noted similar complaints in three of eight persons
inhaling 7,500,000 cells of s comparable product.
Immunity has been measured primarily by
serological procedures and by reaction to skin
test preparations, but has not been proved by
increase in resistance of the vaccinee to challenge

reviewed selected Soviet articles on viable tula-
remia vaccines, and Lebidinsky (18) has reviewed
the published Anwrican literature on this subject.

In the United States, live tularemia vaccine
prepared from Francisella tularensis strain LVS
(live vaccine strain) (7) and administered per-
cutuneously has been proved immunogenic and
superior 1o killed vaccines in studies with volun-
teers by Sastaw et al. (21) and by McCrumb
(19). Studie: v the latter investigator revealed
that, although immunized volunteers were pro-
tected against challenge by the respiratory route
with 200 to 2,000 virulent organisms, resistunce
could be overcome in about 507, of men when
the challenge dose was increased approximately
10-fold. (The genus Framcisella, honoring the
late Edward Francis of the U.S. Public Health
Service and providing better taxonomy, will
appear in the next edition of Bergey's Mamual)

In an effort 10 enhance the immunity provided
by LVS, aerogenic vaccination was studied by
Eigelsbach et al. (10, 11) and White et al. (24).
It was demonstrated that this route of vaccina-
tion was not associated with untoward reactions,
and only a mild, nongranulomatous response was
observed in the respiretory bronchioles of
monkeys that received aerosolized liquid wvac-
cine. Animals so vaccinated evidenced excellent
protection whcn challenged with virulent organ-
sma.

I1a a recent unpublished study (H. T. Eigelsbach
and J. J. Tulis) designed to determine the effect
of aerosolized vaccine dose on reactivity and
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Tante 1. Effect of dose and romte of inoculation
on the immunogenicity of live tularemia
vaccine for the mounkey

[}
Survival at
No of | J9daxs

Vatsination Ve ihoer animale nlut":.v(m

. challenge®
Ruspiratory o 16 ™
Respiratory 10 13 [ ]
Respiratory 10 [ 9
Dermat Acupuncture 6« 8l
Control None 12 . 0

+ With 104 cells of strain SCHU S4.

immunogenicity for monkey, groups of 15 to 17
Moacaca mulatia inhaled 10°, 10% or 107 cells of
live tularemia vaccine strain LVS, Another group
of 16 animals received LVS percutancously by
acupuncture; in this case, the actual number of
celis introduced is unknown, because a sub-
stantial portion of the inoculum remains on the
surface of the skin. Vaccinztion by either proce-
dure proved innocuous, and resulted in com-
parable pewh mean uters except in the aerosol
group receiving the lowest dilution of organisms.
Of the 17 animals thet inhaled 10® organisms,
9 failed 10 develop agglutinins. The mean titer
of the intradermal vaccinees rose earlier and faster
than did titers of the acrogenic vaccinees. At 60
days afler vaccination, these animals, as well as
nonvaccinated controls, were challenged aero-
genically with 10¢ cells of strain SCHU 34 (Table
1). All controls died within 30 days: 120 days after
challenge, the per cent survival in the 107, 10%,
and 10* groups vaccinated serogenically and in
the group vaccinated dermally was 94, 60, 47,
and B}, respectively. Because monkeys are less
resistant 1o tularemia than is man, their benign
response to aerosolized liquid LVS tularemia
vaccine indicated that this vaccine might also be
safe for man when administered aerogenically.
Initial studies in volunteers indicated (9) that
respiratory doses ranging from 200 to 30,000
organisms were innocuous and that approxi-
mately 1,500 inhaled ceils were required to
induce serological conversion consistently. These
studies were expanded at the University of Mary-
land Research Ward at Jessup, Maryland House
of Correction, and are the subject of the present
report.
AEROGENIC VACCINATION OF VOLUNTEERS
Muterials and Methods

F. rularensis LVS and highly virulent challenge
strain SCHU £4 (6) were cultivated in a modified

casein partial-hydrolysate liquid medium (R,
C. Mills ct al, Bactennol. Prov, p. 37, 1949).
Cultures, harvested after 16 hr of incubation
with continuous shaking at 37 C. conwined 38
X 10* to 40 x 10° viable orgar ns per milli-
liter. For aerogenic immunization with strain
LVS or challenge with strain SCHU N4, aerosols
were generated with a nebulizer that produced
particles primarily in the range of 1 to § udiam-
eter. Methodology was comparable 1o that pre-
viously described by Griffith (1S..

Prior to serosudization of LVS for use as a
vaccine in man, all available information per-
taining to its safety was evaluated. E densive
experience gained in volunieers and Inboratory
workers at Fort Detrick by the acupuncture route
(8) attested to the attenuation of this strain.
Serious reactions, such as secondary pneumonitis
or bubo formation, were nol seen. Immuno-
genicity was cvident from the excellent protection
noted in vaccinated volunteers exposed to aercsol
or intracutaneous chalienge. The rforementioned
thorough animal evaluations suggested that no
untoward reactions were likely to occur in man
after inhalation of LVS.

Clinical Reactions

Five groups towling 253 volunteets free from
tularemia agglutinins were exposed to acrosolized
LVS. The dose ranged from 104 10 10* organisms.
Reuction rates correlsted directly with size of
inoculum. ARer inhaling a dose of 10* LVS cells,
about 30°; of 42 volunteers had minor systemic
compiaints. The majrrity noted minimal upper
respiratory symptoms, such as sore throat or
dight cough. Practically all had pea-sized
cetvicsl nodes afier exposure 10 acrogenic LVS.
None had fever or roentgen eviderce of pneu-
monic infiltration. The signs and symptoms were
quite :nsignificant and would have been over-
looked with casual examination or questioning.

A more severe resction was associated with
inhalation of a 10 inoculum. As a result of this
massive dose, 90¢; of the volunteers were sympto-
matic with hesdache, coryza, chest pain, and
malaise. Actually, they had mild typhoidal
tularemia. In 80<;, there were tempersture
elevations of >100 F which occurred on the
aversge at 3 days and lasted an average of 2.5
days. Of 42 men receiving this huge dose, 3 were
treated with streptomycin, and several others
were put to bed for periods of 2 to 3 days. Chest
X rays revealed transient infilirations in a few of
the vaccinees. In general, the reaction just
described can be likened to a *flu-like” syn-
drome. This condition did not incapacitate the
majority of volunteers; they were able to con-

b
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tinue their prison routine. Similar, but milder
renctions, were secn in 79, of volunteers inhal-
ing 10* cells of LVS

Servlogicul Response

Results of serological studies have shown the
correlation between size of inhaled dose fant
genic mass) and acquintion of serum agglutinins
Volunteers receiving the largest number of
organisms developed demonstra’ ke serum anu-
bodies in a surprisingly short time. By the second
week postvaccination, 92, of the volunteers had
agglutinins, and at ) weeks a 97, incidence was
recorded. This repid soquisition of serum anti-
bodics following the large inhaled antigenic mass
was more rapid Lhan the rate following LVS
administered by acupuncture (65, at 2 and B2,
at 3 weeks). The preliminary studies with smaller
ecrogenic inocula revealed a delayed response
when compared with the intracutancous route of
vaccination. The results of these series of imvesti
gations suggested that large groups of nonimmune
people can be immunired more rapidly by the
respiratory than the intracutancous roule; how-
ever, & high incidence of systemic reactions would
result from exposure to large-dose vaccine aero
sols. Although there is more rapid seroconversion
noted with the latter method (large-dose acrosol),
the geometric mean titers were no different after
8 weeks whether vaccination was accomplished by
scupuncture or with smaller-dose aerosols.

Conversion rates were reduced and geometric
mean agglutinin titers were delayed as the in-
haled dose was lowered. After the 10¢ log dow of
LVS, grometric mean titers did not begin 1o rise
significantly until the 3rd week postvaccination,
and antibody levels comparable 1o those associ-
ated with acupuncture vaccination ovcurred bhe-
tween the 4th and Sth weeks (Fig. 1). Both
geuimetric mean titers lagged behind those of the
two largest acrogenic vaccine doses. Similarly,

§a§3§“
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mutstercd i varvig dwaes by he acrugenic route
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Tame 2 Response of wlunteers 10 large dose
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scroconversion rates peuked mt the YU, Jevel §
weeks postvaccination, compared with 3 wecks.
Nevertheless, geometric mean titers eventually
renched antibeddy levels achieved with larger
aerosol dunes.

CHALLENGE  OF AEROGENK™  VACCINEES WITH
VIRULENT F. reg ixns s

Aerogenic Challenge

The presence of circulating tularemia agglu
tinins is nOt wWAlamMoOUNt 10 resistunce 1o the
disease. It remained, therefore, to evaluate the
degree of protection of the volunteers to chulicnge
with virulent F. rwdarensis. Tuble 2 outlines the
results of serogenk chollenge with 2.8 x 109
organisms. This challenge represents mpproxi-
mately 2,500 times the minimum infective dose for
man, which has been estimated o be 10 to S0
organisms (21). This was a severe challenge and
probably far exceeds the number encountered
during natural exposures In this experiment, the
intetval bet'w=cn vaccination and time of challenge
did not appear to be a determining factor n the
extert of protection. At 2 months 7137, of 22 and
at 14 months $0‘, of 32 volunteers exposed
developed disease and were treated with anti-
biotics. (The difterence was not significant by
the chi syuere test.) These two groups received
the same dose of nerosolized vaccine. Those men
challenged at 4 and 6 months received the two
highest doses of LVS (10* and 10*), and the
subsequent mild vaccine infection may have con-
wributed 10 the excellent overall resistance of the
groups.

Tuble 3 illustrates the signiticance of the method
of vaccination of these volunteers in relation to
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resistamce 1o respiratory challenge. High grade
protection was acquired by the men inhaling
I or 1(¥ doaes of LVS. A somewhat lower grade
[rotection wes obwrved in man immunized
gerogenically with 100 LVS or by acupunciure;
similar protection resulted in both groups. The
incidence of infecrion in all four groups of vic-
cinees was equivalent (60 to 77, had fever of
100 F or greantery, bt the incidence of the disease
was Quite different. The 48 infected men in the
two groups who had received large doses of LVS
by the aerogenic routc reacted to the indtia)
infectious process developing from the severe
respiratory Challenge, but the acquited resistance
prevenicd progression (0 overt disease requiring
specific treatment.

The avcrage incubation period for the control
subjects was lesy by | day than that of the vau-
cinees. The shorter incubation period in the
controls plus equal incubation tinwe for all
vacvinees, acupuncture as well as aerogenic,
suggests that respirstory exposure to LVS did
not sensitize the lung parenchymw. If a hyper
sensitivily reaclion had occurred in men vaci-
nated acrogenkally, immediate febrile or sys-
temic  reactions might have been expected. No
evidence of such reaction was observed,

Table 4 presents data accumulated from
udditionul experiments wherein volunteers, im-
munized by the acupuncture technique, were
challenged acrogenically at varying intervals
postvaccination. Although the nuinhers of
subjects were small, results were similur to those
observed after smail-dose aerosol LVS. Immunity
waned at about | year (0 the ssme extent.

Unvaccinated volunteers without demonsirable
tularemia agglutinins served as controls in these
aeroso! chullenges. Five of 47 men fuiled to
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*With 2.8 X 10 organisms, strain SCHU Sd.

s Critcrion for treatment, 10 F per 0s or
greater for over M he.

- Uncorrected with respect 1o control data.

devclop dizense. Actually, four men represem
these five failures; two were rechallenged and
developed preumonic tularernia. a third was re-
exposed on two additional occasions before
disease was induced, and the fourth has not been
rechalienged. Each appeared to be a complete
“miss” at time of exposure without subssquent
subchinical infectinn.  because antibodics  were
not demonuirable. Mechnuical difficulties, ie.,
loose-fitting masks, were implicated as the
significant reasons for failure to produce disease
and not natursl host resistance, because of
susceplibility 10 rechallenge. Similar  incidents
may also have occurred in the exposed veccinees,
The low frequency of “missss’ and presumed
equal distribution would not invalidete the per
cent protection observed in  the challenged
VaCcinees.

Intradermal Challenge

Snwmil numbers of volunteers receiving vaccine
by the respiratory route have been challenged by
the intradermal inoculation of 1,000 to 10,000
infectious doses per man of SCHU S4 strain
(Tuble $i. Protection was excellent. Not only
was there no evidence of lessencd immunity after
6 months, but also resistance t0 massive chal-
lenges was uniform. The disesse rates were com-
parable to those following challenge of volunteers
vaccinated by acupuncture The clinical ap-
pearance of inoculation sites was strikingly dif-
ferem from the lesions in controbs. The skin
lesion resembled a delayed hypersemsitivity
reaction in the immune individual, control

W
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subjects showed progressively developing ukers.
Based on this small experience, it appesrs that
acrosolized LVS produces effective immunity to
ukeroglandutar tulnrerva.

Relationship of Antibody Titers to  Immunity

Avalysis of agglutinating untibody titers in the
wvaccinees suggests that higher levels were asoci-
ated with less severe iliness, and groups of inmates
requiring tremtment had baseline peometric mean
titers onc-half the value of those groups not
treated. On the other hand, absence of discase in
the respiratory challenge group which received
the mmssive dose of aerogenic LVS cannot
be explained solely on the basis of elevated titers.
Geometric mean titers in this group were equiv.
alent L thwee Of the olther serogenicslly vacul.
nated groups. Challenge results were quite dil-
ferent; 6 of 22 men had divemse when expoeed 2
months after small-dose aeroed! vaccinumtion, but
none of 30 men had disesse following challenge
at 4 months after large-dose vaccine aerosol.
Thus, although absolute level of agglutinins can-
not be correlated with immunity, presence of these
antibodies in the sera of volunteers exposed 10
virulent challenge suggests that members of the
group will resist infection to a greater degree than
unvaccinated controls.

Descussion

Immunization of man against tularemia can
be accomplished safely by employing acrosliced
living attenuated vaccine. The dose necessary (o
ensure development of serum antibudies in at
least 90, of volunteers is 10* organisms. Sys-
temic subjective reactions at this dose were not
signiticant, and close clinical observation was

necessary to revesl subtle ohjective findings, e,
appearance of pea-sized cevvical hmph nodes.

The inhaled Juse can be incresased without un-
dux risk if more rapid induction of amihodies is
desited. As many as 10* organiims have been
delivered (o volunteers ms an immunizing dose.
Low-grade febrile discase ovcurred in more than
90, of the volunteers with this done However,
the reaciion was mild and self-limiting. und did
not interfere with the daily routine of most
inmates. Aler this vaccination. o high-grade
immunity was observed againat o vevere aero-
genic challenge conducted 4 months after vaccina-
tion. Assurance is provided, thereby, that, even
if unlikely dilution errors would create such von-
centrated acrosols, exposed healthy young adulls
would experience only mild discomfort. Acvept
ability of this acrosolized antigen is questionable
in people with chronic lung disease. congestive
farture, of otiker Jisemses alfevting the integrity of
respiratory defense mechanisms  Perhaps small
doses of acrosolized LVS could he toleruted in
such patients. Sufficient evidence bearing on this
point is unavailable.

These studies validate the respiratory route as a
means of introducing an attenuated bacterium
into the human host. It remains tc be deter.
mined whether this route is more advantageous
than the conventional dermal site. Aerosolized
vaccine does lead to an immune state. The
incidence of disense after chalienge of volunteers
vaccinaled by this method was less than that re-
corded in the men challenged after immunization
by acupuncture. This difference occurred pri-
marily in groups that received the larger doses of
acrosolized LVS. These men had mild tularemia
after vaccination, and the virulent challenge can
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almost be conudered a rechallenge. This type of
immuniziation provoked more  resistance o
infection Circulating antibodies alone are not
sullvient o explinn dilferemies 0 protection;
the geometric mean tiers were dentical for the
acrogen viawvine yroups challenged at 2 and 4
months,  respectively ;. yet, discase  rate was
greiter in the former. Perhaps the lower disease
rate results from the ability of lung thaue pre
vioanly evposed 1o LVS to confine betier the
inhialed pathogens through betier phagocytosis,
tissue antibdy cffect, or other loval defense
mechanisnin Thus, il seems reasonable to expect
that in respiratory acquired  infectious  disesses
prior vacuination with witicient antigen given by
the scrogenic route will produce increased host
protection. Present evidence is insutlient 1o
mfow conclusions regarding the protection af
forded acrogenically wacinated individuals
agninst the ulc-rogiandutar form of (ulareniia.
Following the reasoning above, the acupundture
method should be the hest way to prevent this
discuse The differences in distribution of vacgine
by the two routes Into the two organs initiates
dissimilar reactions for developing local tissue
deferme. Therefore, analogous reasoning cannot
he applwed to the skin.

One disndvantage of the serogenk: vacanation
technique is the lack of a “marker’ indicating
vaccine reaction. The war from the acupunciure
route is ohvious Tor wreks. Nevertheless, the
need for visible evidenve of reacuion 1o vacvine s
lessened when over W', of an exposed popula-
tion are immunized by simple inhalation of LV,
In addition, serologual proof of vaccination s
casily obtiined.

The elaborate cxposure equipment uwd in
these studies allowed for precision i uniformity
of particle size and quantitation of the inhaled
dose. 1he application of acrosolized vaccines on a
mass basis will require simple, Jess compixated
apparatus. Etforts to creste such instrumenis
should be encouraged. Soviet literature contains
reference 1O mass acrogenic viwvination of troops
exposed in lents (61, Vaccination by the respira.
tory foute for tularemia is cifective, and this fact
should serve as an impetus for future experi-
mental studies with viral and bacterial vaccines.

SumMMARY

Live, aticnuated LVS tularema vaccine has
been administered via the respiratory route in
doses ranging from 10* to 1P organisms. Mild
self liniting 1yphordal tularemia was indwed by
doses of 108 10 §1¥ vaccine orgnnisms. Rapidity
of induction of agglutinin titers in the human host

varies directl) with swre of inhaled inoculum
Immunity 10 aefogenw virulent £ pilarensis
challenge  sppeared 10 be greater than  that
produwced by the onmventional  scupunciure
method Of vaccine admunisteation.  protection
against ulceroglandulur  tularemin  was  alo
demonsttated The pulmonary tree in man van be
safely and successtully widived for applcation of
F. tulurensts strain LVN and posubly for other
MICTOUr ganisms.
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Respiratory Antibody to Francisella tularensis in Man

E L. BUESCHER anp J. A, BELLANTI

Depurtment of Virus Discases, Walter Reed irmy Institute of Research, and Department of Pediuirics,
Geargetown Univenity School of Medicine, Washington, D.C.

For several years my colleagues, J. Bellan:i and
M. Artenstein, and 1 have studied the occurrence
of specific antibodies in secretions of the respiura-
tory tiact, and have atiempted to evaluate their
biological significance (2, 3, 3a). This interest
stemmed from the need for u simple biological
marker to identify persons most likely to resist
o ui respiratory infection with any of severel
viruses. As with respiratory tularemia, the
presence or titer of Aumcral antibodies to respira-
tory viruses is mor synonymous with resistance to
clinical disease upon infection. When these
investigations were begun, it was our purpose to
identify such markers. We chose to reinvestigate
the occurrence of local antibody in respiratory
secre.ions by use of more modern virological and
immunological methods. Such antibodies werc
indeed found in nasal secretions of normal
individuals. Not every individual possesses anti-
body to each respiratory virus; rather, detectable
antibodies occur in patterns which varied fron.
person to person (2, 3). Although there is no
doubt that local amibody exists in the respiratory
tract, little is known of its influence upon the
pathogenesis of respiratory infections. Recently,
we studied respiratory antibody to Franciselia
tularensis in man; these observations are pertinent
to the questions raised by Drs. Hornick and
Eigelsbach concerning effectiveness of acrosol
immunization against respiratory tularemia.

Last year, with H. Dangerfield and D. Crozier
of the Medical Unit, Fort Detrick, Frederick,
Md., we studied respiratory antibody in 14
volunteers before and after aerosol infection with
virulent F. rularensis (SCHU-S4 strain); this
investigation will be reported in detail elsewhere.
Eight volunteers were immunized percutaneously
3 months previously with LVS (tularemia vaccine,
live attenuated) vaccine containing approximately
10* viable LVS cells per 0.1 ml. Six served as
susceptible controls. One-half of each group
was challenged by aerosol containing approxi-
mately 2,500 organisms; the other, with 25,000
cells. Nasal secretions were collected from
these individuals by previously described methods
(2) twice daily for 3 days before and for 5 days
after challenge, and at weekly intervals there-
after for 6 weeks. Daily collections of nasal
washings from each volunteer were pooled, con-
centrated approximately 10-fold by lyophiliza-

tion afier dialysis against distilled water, and
studied for hemagglutinating antibody to poly-
saccharide prepared from the SCHU.S4 strain.
Antibody determinations were made by the
method of Alexander (1) modified for micro-
titer technique Hemagglutinating antibody was
measured because it is more readily detected in
higher titers than are cell agglutinins (4).

Nasal antibody was indeed detected 3 months
after percutaneous immunization, prior to
challenge by aerosol infection (Table 1). Titers of
nasal antibody ranged from 1:2 to 1:32 per 0.0
ml of concentrated nasal washing, and, for the
most part, were significantly lower than those
obsverved simultaneously in serum. There was no
clear correlation between titers of antibody in
serum with those found in secretions (Table 2),
although too few individuals were studied to make
absolute comperisons. However meager, the

TASLE 1. Occurrence of serum and wasal antibody in
eight persons to Francisella tularensis 3 months afier

percutaneous immunization
? Antibody? titer
etermination |
; 210 8 163204 mgzso on
h T T U 1 |
Namsl washings .. ... .. ‘ * ‘ 1 1! l] ] |
Serum ... i ! I 2{ s

¢ Reciprocal per 0.0S ml.
S Results expressed as number of persons with indicated
uter.

TABLE 2. Correlation beiween serum and nasal
antibody titers 3 months after percutaneous

immunization
: Serun antibody”
Nasal i
antibody* T ; ;
O TP I VU TR
2 ! . . . ;
4 i i H . )
s 1 . | .
16| i v
32 i :
1

« Hemagglutinin per 0.05 ml. At serum antib.ady
dilution of 1:16 through 1:128, no hemagglutina-
tion occurred.
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Taste 3. Development of nasal and serum antibody after aerosol infection with Francisella mlarensis

|

Challenge dose Posient Determination  Titer pre-
i i
2500 cells .. .. | Serum <2
;  NWh <2
2 Serum <2
| - NW <2
a800cells | 3 Seum <2
; . NW <2
{ 4 ¢ Serum <2
CONW Q2

Titer” at indicated day (wstexposure

1 3 h 1" i H ; L}

- - <2 256 1,024 —
<2 <? 2 16 A 32
-~ - 232 409  16.384
<2 ; <! 2 128
i i i .
- =<2 64 128 256
<1 <2 8 R 15
— i = <2 & s s
<2 <2 < 4. 16 8

« Per 0.05 ml of serum or nasal washing.
' NW = nasal washing.

data suggest that detectable nasal antibody
occurred in persons with serum antibody titers
of 1:256 or greater. The quantilative relationships
between  titers of nasal and serum antibodies
remain to be determined.

Susceptible volunteers, when exposed to
aerosols containing either 2,500 or 25,000 living
cells, similarly developed nasal antibody (Table
3). Antibody was detected as early as 7 days after
exposure (patient no. 1), was regularly present at
14 days, and increased in titer to levels essentially
similar to those observed in percutaneously
immunized personnel 3 months after vaccination
(1:8 to 1:32), except for patient no. 2, whose
nasal antibody titered 1:128 on the 21st day after
infection. Again, titers were slgmﬁcamly lower
than those observed simultaneously in serum.
Each of the four individuals experienced respira-
tory tularemia, and was treated with antibiotics
in the conventional fashion (6). Thus, it is clear
that, irrespective of the method for infection,
human beings develop nasal antibody to F.
tularensis.

This hemagglutinating antibody of nasal secre-
tions was found to be associated primarily with
~¥A immunoglobulin components. Antibody-
bearing secretions from each of two individuals,
cither the result of immunization or infection,
were absorbed with goat antisera agsinst human
~A and yM immunoglobulins (Table 4). Absorp-
tion with antihuman yA immunoglobulin re-
moved all hemagglutinin from each secretion; in
contrast, absorption with antihuman M im-
munogiobulin failed to remowve significant
amounts of antibody. Further, nasal antibody
appeared to be significantly different from that of
serum in the same individuals (Table 5). When
high titered postimmunization or postinfection
sera and nasal washings were subjected to gel
filtration (Sephadex G-200), patterns of eluted

TasLe 4. Removal of hemaggiutinin from nasal
secretions by specific absorplion

Antibody titers after

absorption with
Antibody induced by ~ Subject — . I
[N :

,",,2‘ b SENEE 7.1

Immunization. ..... .. i 8 4 @ <2
2 8 8 <2

Infection. . ..... 1 8 4 ' <2
2 8 2 <2

hemagglutinin differed between serum and secre-
tions. The majority of antibody activity in serum
was associated primarily with the yM immuno-
globulins, whereas nasal antibody was found
primarily in eluates containing ¥A immunogiobu-
lins, and this pattern was the same afler either
percutaneous or aerosol infection.

These observations show that there is no signifi-
cant difference in the nature of local or humoral
distribution of hemagglutinin to F. rularensis
between persons infected percutamously or by
the respiratory route. If this antibody in any way
reflects resistance to overt infection (and there
certainly are reasons to question this assump-
tion), it may be properly concluded that such
differences as might be effected by varying the
route of vaccine administration would be only
chronological. Hornick and Eiglesbach showed
that the humoral antibody response following
aerosol immunization is more rapid than the re-
sponse to percutanecus vaccination (5). Whether
local antibody appears in the respiratory tract
less rapidly after percutaneous immunization
is, of course, unknown, butis readily subjected to
test in percutaneously immunized volunteers,

Even il respiratory antibody appears more
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Tant 8. Purtition of nasal and serum antibodies to Francisella tularensis hy Sephadex gel

Sfiltration
M
Sample* mode infection Ve, ™ N
rhative Liter: YA
P, e N
G
Serum pv (256) 0 2 16 8 8 2 | 0 0 0 ]
NW pv (32 J 0 | 1 2 o 0 0 0 0 0
Serum pi (AW6) 0 4 64 64 12 16 8 ) 2 0 4]
NW pi (128} 0 0 0 0 4 2 0 0 0 0 0

Cumulative eluste vol (ml) . 15 40 43 0

5 6 65 M0 75 80 8 %

*NW = nasal washing. The serum samples both contained immunoglobulin components +M, YA,

and 1 G ; the NW samples contained 1A and 1G.

promptly after aerosol immunization, there are
few circumstances which demand this extra-
ordinarily prompt immune response. Further, it
is clear that, despite the presence of respiratory
antibody, the immunity induced by any method of
immunization can be overwhelmed by challenge
with more than 10,000 virulent cells. Finally,
Hornick's experience shows that administration
of LVS vaccine by aerosol is not without risk of
reaction (5). Indeed, to obtain optimal protec-
tion for up to 6 months, it appears necessary to
administer over 10* to 10 viable vaccine cells.
Approximately 80¢, of those receiving these
doses of vaccine had, as a reaction, overt but mild
respiratory tularemia. This appears to be a
greater price for an additional short interval of
immunity than we would be willing to pay.
Finally, it is clear that this experimentation is
seriously limited by the lack of a good repro-
ducible marker for immunity (resistance to overt
infection). It is not now possible 1o evaluate local
antibody as a marker for immunity to F. tula-
rensis, although in one other respiratory infection
there appears to be @8 good correlation between
presence of respiratery antibody and resistance to
infection. Experiments with parainfluenza virus
type 1 in man show that persons with nasal
neutralizing antibody are more resistant to chal-
lenge infection than are those without, irrespec-
tive of their humoral antibody status (Smith et
al., New Engl. J. Med. in press). Thus, recent
experimental evidence strongly suggests that de-
tailed analysis of respiratory secretions may well

provide better markers for immunity to respira-
tory infections. This experimental approach is not
technically difficult today, and should be ex.
tended further into the problem at hand.
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INTRODUCTION

Streptomycin was the first effective antibiotic
for the thecapy of tularemia, and remains the drug
of choice (1. 14, 21). Alternatives arc needed,
however, because of (i) the possibility of infection
by streptomycin-resistant Francisella tukirensis
(11), (ii) the need for injection of streptomycin
with the attendant inconvenience and discom-
fort, and (iii) the toxicity of streptomycin. Of the
many other antibiotics active against F. ivkirensis,
the best evaluated and most frequently used are
the tetracyclines and chloramphenicol (2, 9, 11,
12, 20). (Because chloramphenicol offers no
advaniages over the tetracyclines in the treatment
of tularemia and has significant toxicity, only the
tetracyclines will be considered hereafler except
in reviewing earlies work.) Patients with acute
tularemia respond well to therapy with either
streptomycin or tetracycline; sympioms rapadly
remit, and defervescence is prompt (Fig. 1). The
late consequences of treatment with the two anti-
biotics differ, however. Relapses rarely follow
exhibition of reasonable doses of streptomycin
but occur frequently after therspy with con-
ventional regimens of tetracycline (2, 11). Such
relapses result from the persistence of bacteria
in the tissues, not the emergence of tetracycline-
resistant organisms; retreatment with tetracycline
is effective (Fig. 1).

In addition to their use in the management of
tularemia, antibiotics may be employed for
prophylaxis, used here t0 mean treatmeni
instituted during the incubation period to prevent
iliness. Results have been similar lo those

' Present address: Depariment of Microbiology.
The Johns Hopkins University School of Medicine,
Baltimore, Md.
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achieved in the therapy of acute disease: strepto-
mytin prevents iliness, but broad-spectrum drugs
merely delay disease. McCrumb et al. (9), for
example, consistently protected volunteers by
administration of streptomycin for 5 days afier
intradermal inoculation with F. darensis,
whereas only two of five volunteers were pro.
tected from tulaiemia by § days of prophylactic
treatment with chloramphenicol.

Comparison of their actions against ¥, rularen.
sis in vitro may help 10 explain the difference in
effectiveness of streptomycin and tetracycline in
both the prophylaxis and therapy of tularemia.
Streptomycin is bactericidal in vitro, and may
eradicate the organisms without the intervention
of host mechanisms. Tetracycline, even in high
concentration, merely suppresses multiplication;
organisms persist in the tistues until destroyed by
host defenses. F. rtularensis, like other intra-
cellular pathogens (5,17), is cleared fram the cells
slowly even when multiplication is prevented,
e.g., by a becteriostatic antibiotic. The relative
inefficiency of host defense against F. rularensis
is a crucial factor in determining the effectivencss
of prophylaxis and therapy of tularemia with
bacteriostatic agents. In the Conference on Aijr-
botne Infection held in 1960, McCrumb cited the
imperfect results achieved with bacteriostatic
drugs and suggested that either prolonged or
intermittent treatment might be required if they
were 1o be completely effective (10). The success
of such regimens in other intracellular infections,
e.g., xcrub typhus (8, 16) and Q fever (18, 19),
prompted the present studies of tetrucycline
prophylaxis and therapy of experimental airborne
tularemia in Macucu mularia and man.

L
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FiG. i. Therapy of experimental humun airborne
tdaremmia with streptomycin and with tetracycline.
Dases were: strepiomycin. | g twice daily; and tetru-
cxcline, 0.5 g four times daily.

TETRACYCLINE PROPHYLAXIS
Simian Tularemia

Monkeys were exposed (o serosols of F.
wlarensis SCHU-S4 generated in a modified
Henderson apparatus (3. 4, 7). [Healthy young
adult M. mulatia, weighing 3 to 6 kg, were
obtained from the Animal Farm, Fort Detrick,
Md. Pre-expozurc sera did not contain F. rwka-
rensis agglutinins. Cultures of F. wiarensis were
kindly supplied by H. T. Eigeisbach. They were
grown in modified casein hydrolysate medium
(Mills et al., Bacteriol. Proc., p. 37, 149) for 16
hr with continuous shaking at 37 C, and were
stored at 4 C until used. The SCHU-S4 strain is
sensitive to streptomycin.] The average inhaled
dose was 10,000 organisms, & quantity regularly
resulting in an acute fatal iliness afier a short
incubation period (Fig. 2). |In addition to twice
daily examination and thermometry, serum C-re-
active protein was determined and a chest X
ray was obiained at weckly intervals (or more
frequently upon request of the attending veteri-
narian). Fever (rectal temperature > 40 C) was
the principal criterion of illness.] The results of
five schedules of tetracycline prophylaxis are
shown in Table 1. In all schedules, the initial
dose of drug was given 24 hr after exposure, and
prophylactic treatment lusted for 13 days. liness
was suppressed in 10 of the 11 animals receiving
the antibiotic at 24- or 36-ht intervals; an un-
related, intercurrent ilincss cannot be excluded
in the one exception. When the interval between
doses was increased beyond 36 hr, however, the

animals experienced one or more febrile episodes
during the treatment period. Because tetrar cline
administered at 48-hr intervals failed to suppress
disease, a different sort of interrupted schedule
was tried, ie., 3-day treatment periods alternat-
ing with 2 day petiods without drug. Four of the
six monkeys were ill during the prophylactic
period. Frequent administration of tetracycline,
therefore, appeared necessary to limit multiplica-
tion of F. rulurensis so that the infection remained
subxlinical during the treatment period.

After compietion of all of the prophylactic
regimens, most of the monkeys became ill (Table
1). Clearly, F. tularensis had remained viable in
the host tissues throughout the period (13 days)
of antibiotic administration. That the duration of
persistence could be quite prolonged was demon-
strated in another group of monkeys which
received tetracycline daily for 6 weeks. Monkeys
tolerated prolonged tetracycline treatment well,
je, weight was maintained and no illnesses
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Fit. 2. Course of fever in experimental simian air-
bowrne lwluremia.

TanLe 1. Teiracycline prophylaxis of airborme
twlaremia in Macaco mulatia®

. No.of NO.of

Dosage interval | “ao :;n. l::;‘ '.':'l -5
. - - —

24 13 5 1 ) 0

k) 9 6 0 4 1

48 7 (] 6 [ 1

n” 5 6 [ 0

Intermittent* 9 6 4 2 U]

» Each ansmal received 200 mg of tetracycline
intragastrically beginning on day | and continued
over a period of 13} days. Six of six untreated
animals developed fatal tularemia.

‘*Dayst to3, 608,11 101}

¢
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attributable to the drug or to “superinfection"
were detected. All remained well throughout the
treatment period, but two of the six animals
developed acute tularemia within 6 days of the
last dose of drug. Because rigid precautions were
taken to prevent re-exposure 10 F. ukarensis,
e.g., cross-infection, accidental lab«-ratory aero-
sol, etc. (6, 7), these illnesses are believed (0 have
resulied from organisms which were not elimi-
nated during the 42 days of tetracycline treat-
ment.

Even with treatment once a day, tissue levels of
tetracycline undoubtedly fluctuated considerably,
and, when levels were loweat, the organisms might
have undergone scveral cycles of multiplication
without yielding & hecterial mass sufficient to
produce illness. This seemed unlikely, because
aggiutinins did not develop in monkeys who re-
mmmmmmofmmm
3). When these smumals became ill after
cessation of tremtment (see above), agglutinin’
promptly appeared. Agglutinin titers increased
sarly in monkeys receiving prophylaxis which
failed to suppress ijliness.

Although prophylactic treatment of tularemia

?

only
groups expired within 70 days of exposure, the
duration of observation (Table 1).
Because the timing of the institution of treat-
ment may have important bearing on the effective-
ness of prophyladis of intracellular infection
[e.g., tetracycline prophylaxis of Q fever merely

129C - o0—a
] fol
320 4
s J
e
" 40
z
z ]
-
g 20
ol -G -b- »-o-b OOt
v LE R B A
] " " » 0
DAYS

Fii 3. Meun Francisella tuiarensis  agglutinin
titers of Macaca mulatia recelving teiracycline prophy-
laxiy for airhorne ndaremia. Symbols: (1 drug every
48 Ar, 8 Juses; O drug daily, 13 doses; A, drug daily,
42 dwses. animals remaining well; &, drug daily, 42
duses, aminals becoming /i after treatment.

Bacreniot. Rav.

Taste 2. Tetracycline prophylaxis of airborne
twlaremia in Macaca mulutty - Delayed
institution of treatment®

..“““d No. of :  No. il Ne.ill | No. of
H ‘mow . dunt f! [ oy
(';,:":". keys . treatment : m:l‘:om . deaths
uo4 08, 1 s 0
60 6 1 [ : 2

* Fach animal reccived X0 mg intragastriv.ily
once daily for 13 doses.

delays iliness if instituted early but is preventa.
tive when begun during thc last half of the
incubation period (18, 19)}, initiation of pro-
phviactic treatment way delayed until 60 hr after
exposure 10 F. lularensis in one group of mankeys.
The results were no better than those obtuined
with earlier treatment (Table 2). Further delay in
inidating prophylaxis was not feasible, because
most monkeys became ill between 60 and 72 hr
after exposure.

Human Tularemia

The failure of prolonged tetracycline prophyl-
laxis to prevent simian airborns tularemia results
from the limited detenses of M. mukirra against
F. mularensis. Although man is quite susceptible
10 infection with airborne F. tukirensis, he has
better defense mechanisms than Ad. mulatia; e g.,
the human respiratory infectious dose is about
three times that of monkeys (15), and untreated
airborne tularemia hes a mortality of kcss than
0% in man (13) but is usually fatal in monkeys.
It seemed likely, therefore, that prophylactic
regimens of tetracycline which were only partially
successful in monkeys might succeed in man.

The results of trials in volunteers who inhaled
25,000 F. tulgremsis SCHU-S4 confirmed the
prediction (Table 3). [Healthy young Seventh
Day Adventist soldiers participated on a volun-
tary basis; they were informed of the nature of the
studies prior 10 volunteering (Army Regulation
70-25, Use of volunteers as subjects of research).
The men were observed closely in the hospital
before and after exposure. Sera obtained prior
to participation did not contain F. rularensis
aggiutinins. The volunteers were examined at
least twice daily, and their rectal temperature
was recorded every 6 hr. Blood count, erythro-
cyte sedimentation rate, and serum C.reactive
protein were determined and a chest X ray was
obtained weekly (more ofien during periods of
illness). Fever (rectal temperature >137.8 C),
unassociated with signs of a disease other than
tularemia, was the principal criterion of illness.
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Tank ). Tetracycline prophylaxis of Auman
alrhorne mlaremia (treatment instituted
24 Ar after exposure)

. )
e | o of | Ne ! No it
Daily " PDua- ¢ No of : durine ‘' alter
dl:(! Frenuency [ tlon . subjecta st g treats

] ment f ment

i
| deys | ! |
! : i

f 4 .

1 Daily 1$: 10 0 2

I Paily ., n L3 n 0

2 ‘Paily M4 i B 10 [0

1 _Every ' 19 8 : 2 . B
Cowmd | : :
| day { ; i

« Divided into morning and evening doses.
Yolunteers who disenss after comple-

tion of an experimental schedule of tetracycline
were prompily treated with streptomycin, 1 g
each 12 hr for 14 doses. All recovered quickly
without complications or sequelae. Aerosols of
F. tolarensis were created in a modified Hender-
30n apparatus (3, 4). The men inhaled through
the nose and exhaled through the mouth.| Al
control subjects developed acute tularemia be-
twoen 2 and 7 days after exposure. (These man
perticipated in studies of therapy; see below).
Administration of 1 g of tetracycline

when treatment was stopped after 15 days, 2of 10
volunteers developed acute tularemia. Extension
of treatment 10 23 dsys prevunted iliwes. . m-
plete protection was also achieved by admiis ..ra-
tior of 2 g of tetracycline daily, even though
troatment was termirated after 14 days. Inter-
mittent drug administration, i.e., every other day,
failed 10 protect the volunteers. The patiern of
aggiutinin response was consistent with the
clinical effectiveness of ’ , L8,
titers were high (1:1,280) in subjects after overt
iliness but negative or low (1:80 or less) in the

be achi
with tetracycline, the simplest gnd shortest
regimen being 2 g of drug daily for 14 days. With
this schedule, discase was
both during and after the treatment petiod; F.
tuiarensis agglutinins cither did not appear or
developed only in low titer.
TeTRACYCLINE THERAPY

The initial objective in the therapy of acuie
tularemis is the rapid relief of clinical manifesta-
tions, an objective readily accomplished with

bacteriostatic drugs (sce above). Thereafier, the
problem is the same as that in prophylaxis—the
suppression of multiplication for sufficient time
for host mechanisms to emdicate e micro-
organisms. The mujor difference, then, in the two
situations is the extent of microbial multiplica-
tion, and supposedly the degree of stimulation of
defense mechanisms, prioe to initintion of treat-
ment. Therefore, after control of clinical iliness,
therapeutic regimens similar o theee found
effective in prophylaxis should result in u negligi.
ble relapee rute, even if therapy is instituted early
in the course of disease.

Volunteers exposed to 23,000 asirborne F.
tularensis (3ee above) became aculely ill afier a
mean incubation period of 3 days (rangeof 2t0 7
days). The onset of illness was gradual in 15¢; of
subjects, and a biphatic course was occasionally
obeerved. Treatment was instituted early, within
48 hr of initial signs of illness in 835 of the men,
and in no case liter than the 3th day afler initial

& Largs dosss of tetracycline were admin-
the first 24 hr, ie. | g every S hr,
toirmnhldthith_lbloodmdg.'munbuy

well thereafier. These results lod
""‘mtr! T YITIY
— T
"
.V —
— My
—
o
0 10 2 30 «

oAYS

= PEMOD OF OBSERVATION
GEED FEVER (Tompereture > I00°F)
2 DAY OF TREATMENT

FIG. 4. Interrwpied tetracycline therapy of human
airborne 1ularemia.
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;’ & nJ L ¥
o 0 20 0 a0
DAYS

— PERIOD OF ORSERVATION

@D FEVER (Temparsiurs 3100°F.)
© WINOR SYHMPTOMS WITHOUT FEVER
v OAY OF TREATMENT

Fia. 3. Interrupied setracycline therupy of hemen
alrborne tuioremin.

to an attempt to reduce the number of treatment
periods. After the initlal S days of therapy, no

first sign, no matter how equivocal, of s recur-
rence. The results were unsatisfactory (Fig. $).
In most instances, the recurrences were 50 rapid
in onset that the men were disabled by the time
treatment was dhctivety instituted; i.e., the ume
tetween recognition of poasible recurrev:ice and
mzofmmmorm in the

that originally evalusted. Later studies (see be-
low) indiceted thet continuous telracycline
therapy with similar quantities of drug was
equally effective; interruptad therapy, therefore,
did not offer any advantage oves the simpler con-
tinuous treatment schedule.

Prompt clinical improvement was achieved
with the continwous therapeutic regimens listed
in Tatle 4. Treatment with 22 g of tetracycline in
10 days resulted in a high incidence of relapse.
The sume daily dose continued through 15 days
was not, however, followed by relapsein any of the
20 patients, 12 infected with the SCHU .54 strain
and 8 infected with the SCHU-SS strain. The
SCHU-SS strain differs from SCHU-S4 strain

Bactenun. Rev.

only in resistance to streptomycin, SCHU.SS
tesisting more than 1.000 ug mi. When the daily
dose was halved, two of cight men had a relapse
after 15 days of therapy.

As predicted, the simplest and most sucemaful
tetracycline regimen for prophylaxis was vy
similar 10 the best therapeutic regimen, ie, | g
of tetracycline twice daily for 14 days compmied
with ¢ g of tetrucycline the Ist day followed by
0.5 g four times daily for 14 additional days.
From a practical standpoint, it would be desirabie
to have a single schedule of tetrucycline admin.
istrution for both prophylaxis and therapy of air-
horne tularemia. Therefore, siv volunters with
acute illness were (reated exactly according to
the schedule found successful for prophylaxis;
all recovered rapidly and remained well. Thus,
simple schedule of tetrucycline treatment was
effective in both prophylaxis and therapy of
human aiiborne tularemia; that schedule was 1
g of wiracycline twice daily for 14 days. Because
this treatment schedule was suitable for infections
induced by exposure to a large number of
organisma, the regimen should be satisfactory
over the entire range of exposure encountered
either in nature or in laboratory accident.

Oner ANTimoTics

For infection with streplomycin-sensitive F.
twiarensis, the clinician has u choice ol flective
antiblotics, particularly streptomycin and tetra-
cycline. In cases of infection by streptomycin.
resistant organisms, effective alternatives to
tetracycline are noeded. Therefore, a number of
antibiotics active agninst F. wivremsis SCHU.NS
(streplomycin-resistant) in vitro have been
cvalueied in the therapy of airbcrne infection of
monkeys with the SCHU.SS strain (Table 3).
The inhaled dose was 10,000 o'ganisms; 12
control monkeys became ill within 72 hr and died
between the 7th and 15th day after exposure.
Therapy was started early, ic., after 12 hr with a

Tanre 4. Terracycline therapy of human uirborne

tularemia
Duily doser v ot Ryl s
; o | o }
2 10 i 1 : S
2 : 13 : X 0
1 . 1$ : 8 : 2

* All men received 4 g of drug the Ist day of
therapy. Daily dose was given at 6-hr intervals.
* Twelve men infected with the SCHIJ-S4 strain

and eight with the SCHU-S3 strain of Francisella
tularensis.

[0
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Tamt & dmrdiotic therapy of Macara mulatta
infected with Francisella mlarensis SCHU- 8§88

No of N\o with  No

Antilota R:"l! show e with

monke ve
L3
Tetracrchine 08 [ 1 R
Kanamycin €0 ] 2 1)
Novobiocin 13 6 1 s
Gentamicin : L] R 8 3

+ Divided into three doses. Therapy was con-
tinued for 7 days or until the animal was afebrile
for 72 he whichever was longer.

* An animal was classihed as naving a siow te-
sponse if more than 72 hr of treatment were fe-
quired before it became alebrile.

temperature >40 C or a single temperature of
41 C or greater. Tetracycline treatment resulted
in rapid response, but, as expected, relapses
followed this short coutse (see Tabie $). Kana-
mycin, which was buctericidal in vitro, was
bactericidal in vivo as well, and effected cure,
albeit the initia) icsponse was somewhat slow in
two monkeys. Novobiocin (Eigelsbach, Herring,
and Halstend, Bacteriol. Proc., p. 69, 1957) gave
results similar to those obiained with tetracycline.
Although pentamicin was quite active against
F. rularensis SCHU-SS in vitro, therapy with it
was disappointing. All monkeys responded, ' ut
only slowly: three of the cight had a relapse.

These resul's suggest that novobiocin may be
employed in the therapy of human tularemia, but
that prolonged courwes, such as those found
necessary with other becteriostatic drugs, are
likely to be necessary if therapy is to be com-
pletely wccessful. Although the bactericidal drug
kanamycin was highly cffective, its toxicity is
such that it cannot be recommended for primary
treatment. It may, however, be of value as a
“backstop” in chronic, recurring infections and
2t an alternative to the broad-spectrum drugs in
the menagement of infections by atreplomycin-
resistant organisms,

SuMARY

Unlike streptomycin, tetracyline and the other
broad-spectrum antibiotics do not kill susceptible
F. tulorensis in vitro or in vivo. The broad-
spectrum drugs owe their cffectiveness to their
bacteriostalic action; they check multiplication of
the invading organisms until host defense mecha-
nisms can eliminate the bacteria. Elimination of
F 1ularensis within cells proceeds slowly, and
organisms may persist for many days in man
(and many weeks in monkeys) during tetracycline
treatment. The -~ ults of the present studies of
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tetracycline treatment indicate that infection with
F. tularensis cun he eradicated through bacierio-
static antibiotic tlerapy provided (i) that the
antibiolic is administered in amounts sufficient to
vblIn continuous  suppression of growth of
intracetlular organisms, and (ii) that the regimen
is meinined for a sufficient period of time.
These objectives have been met by a regimen of 2
8 of tetracycline daily for 14 days. This regimen
may be employed both for pirophylaxis and for
therapy of human airborne tularemia.
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Discussion

MARK H. LEPPER
University of litnois College of Medicine, Chicago, {llinois

The clegant work of Dr. Sawyer and his
collengues presents data which are of consider-
abie importance, not only to those dealing with
Wlaienmen and related disenses, but also to many
inveatigators who are interested in the gencral
principles of antibiotic therapy and prophylaxis.
This discussion is based on a general perspective,
with emphasis on the prophylactic aspects.

All chemotherapeutic activity must be viewed
in terms of the therapeutic ratio concept. Since
there is rarely an ussurance in natural situations
that any given individual upon sxposure will
develop a clinical illness, the therapeutic ratio in
the prophylactic situation has 10 be expressed in
terms of group risk, group results, and group
toxicity. Thus, if only one-half of an exposed
population is destined 1o become ill and the
prophy lactic regimen gives no better end results
than the treatment of half the group of subjects
wha actually become ill, the toxicity is doubled
for the group as a whole and the resulis are no
better than those of therapy; hence, the thera.
peutic ratio is less favorable. Since the accentua-

tion of toxicily is the most narked effect of
prophylaxis, is usually attempted
with the lesst toxic drugs or with a reduced doe.
In addition, because it is often not possible to
determine with accuracy the expected infection
rate in the natural situstion, it has heen more
difficult to messure prophylactic than therapeutic
benefits. Clearly, the animal and volunteer studies
of Sawyer meet the problem of evaluation well
and thus provide important insight. Unfortu-
astely, even the results of treatment of a random
nmpleohnuposedpowhtionmnmlond
situation, when the infection rate is unpredict.
able, may ke difficult (o interpret, sike the
treatment of some members of the group may
influence the infection rute among the untreated.
The most imporant principle illustrated by
these data is the primary importance of the host
defense mechanisms. The superior results in man
as compared with monkeys comelates well with
the higher spontancous recovery rates among the
former. It is possible that inuch of what has been
demonstrated is interpreiable in terms of the
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naturnl history of the disease and the defense
mechanisms. That the agglutinine which were
demonstiated were not capable of terminating
the discmxe, per se, appears clear from the fact
that the titers uppeared carly in thuse unimals
in which the prophylactic regimen failed to sup-
press symploms even ufter the response had bhe-
gun. On the other hand, in animals, given the 42.
day course of tieatinent, which remmined well
thereafter, antibodies were not demonstrated.
Measurement of a single type of antibody does
not, howover, preclude the presence or absence
of others. A difference in the effectiveness of anti-
body as ananti-infectious agent may be part of the
explunation for the differences between the
success  of the intermittent regimens in the
rickcttsioses in contrast to its fuilure here. The
studies on vaccines. including those reported at
this conference, do not lend much support to this
hypothesis. Another factor accounting for the
difference may be the relatively short incubation
period of this disease; hence sympoms reappear
in the briel drug-free interval, whereas the longer
period in rickettsial disease may piace the second
course within the relapse incubmtion time. It
would sppear unhkely that intracellular parasi.
tism accounts for the difference, since both
organisms are intracellular and tetracycline, ap-
parently at leust, can influv-ce them there. Per-
haps extraceilular phases may be of importance.

With respect to the type of stimulation of the
defense mechanism, the attenuated nature of the
post tieatment relapses is of interest. This appears
10 be evidence of a partial stimulation of host
immunity. It is conceivable, however, Lhatl in
rffect there has been a reduction in the surviving
inncylum, < that the infection observed is of the
same type as would have resulted from a sub-
leths! doae without drug administration.

This study, of course. is nnmtdmel) applicable
to the disense studied. but is also pmhlbly
guide 10 other infections in which organisms
survive within host cells. Perhaps the most
important discuse is tuberculosis. Can one
reconcile with the data of Sawyer the results in
the field trials of isoniazid prophylaxis in the
person who has recently brgun to react to
tuberculin? In view of the fact thut in tuberculo-
sis the expected symptomatic infection rate is well
below that xen in these volunteer infections, one
might attribute more to the host defenses than 1o
success of the regimen. That some break throughs
do occur even when there is good evidence that
the drug is being taken, but that many more
occur when it 1 stopped prematurely, sugpests
that the situation is similar, even though the mtes
are proportionally much lower. This similarity is
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observed in spite of the fact that isoninzid nas
equally favorable distribution charrcteristics and
is, i additinn, mote hactericwdal han the tetra-
cyclines used in these experiments. The guestion
may well be mised a3 0 what the intraceth-tqp
location offers in the wuy of protection to the
puthogens. [n the tulurenun model, at least, there
18 1O reason 10 suspext that tetrucychine hecomes
inefTective by causing the production of wall-less
forms. but a relatively dorment state might well
persist, sheliered  intruceliularly  from  host
destruction until after the drug disnsociates from
the anabolic mechanisms snd multiplication of the
organisms begins again. If this is so, one might
expect a dilference between proph) laxis preceding
inoculation und treatmerd during the incubation
period. Effective treatment of tuberculin.negative
children who have contact with infectious persons
suggests that this may be s0. Dr. Sawyer's model
could give some guidance on this point, which is
not well established by the fleld trials. By extend-
ing the number treated to a still lower risk group,
ﬂllhmpunknﬁokmmsfambh.w
more precise data would be appropriate.

Of interest is the fact that tetracycline is
bacteriostatic, and the reswits are not as satis.
factory as those with kanamycin, which i
bactericidal. Seversl of the most successful
prophviactic regimens have been the bacterio-
static sulfonamides used in relatively small dosss
against susceptible struins of meningococsi and
group A streplococci. Tetracycline prophylaxis
also appears to be effective against the latter, but
less 50 agminst the former Thewe unexpectedly
avod resulis may be related to inoculum size or
tu the extracellular nature of these infections, or
both. In the cuse of the meningococcus, the
sulfonamides work both pre- and postinoculation,
even in quite small doses for short periods. The
least explained exception 10 the rule of relatively
incomplete activity of becteriostatic drugs i
the very low relapee rate among patients with
Haemaphilus influenzae meningitis, even though
there is little reason 1L suspect great recovery
powers on the part of the host, as judgad by the
natural history of the untreated disense. Similarly,
we ohserved tetracycline to be quite suctessful in
preventing Haemophilus infection of the upper
airways in patients on a rheumatic fever ward.
Al of these results sugpest a marked difference
in those situations in which the defense mecha-
nisms rely heavily on a pyogenic response and
those in which they do not.

In many practical applications of prophylaxis,
the results are greatly affected by the fact that
any one of & number of strains of the same or of
different species may give similar difficulty. When
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superinfecting sirains are more drug-resistant,
propl.ylaxis may even be detrimentai.

Since in the “virgin" community the susceptible
forms almost always predominate over ‘he
resistant types, they must heve a survival ad-
vartage of some not yet defined sort. Theoreti-
caily, such an advantage may be great or small. If
it were great, it ic likely that a much larger
proportion of a population would have to be
treated and thus denied to the susceptible strains,
in order for the shift to occur toward a resistant
population among the untreated. In such a case,
the level of use required to initiate such a shift
would be a good index of the potential for a drug
to cause harm upon mass usage. Our recent
experiences in a :0sed community suggest that
the brecding of resistant, aerobic, gram-negative
rods of the coliform type and of staphylococci
starts when chloramphenicol is used simul-
aneously in about 57 of the populstion and
increases lincarly with usage up to the 30¢; level.
These resistant populations among untreated
patients within 2 weeks reach a level as high as
305 of the positive untreated carriers. With
Escherichia coll, the spread pattern of resistant
serotypes is clearly demonstrable as early as 36
hr after the drug has been introduced to subjects
on the ward. Careful analysis of the serotypes
and phage types indicates that chloramphenicol
and tetracycline are good prophylactic agents in
these infections when the strains ace susceptible,
but the effect is masked by the propagation of
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resistant populations. Against susceptible strains,
they are at least as effective as bactencidal agents
are against the streptococci.

To meet this problem, there have been several
approaches, One is to treat quite briefly at the
time of maxime' exposure, for example, during
surgery. Another consists of using the drug
locally in hig" -oncentrations often in such a way
that resistant strains might not be spread readily,
since the area being treated is not one of the
primary portals of spread. This type of prophy-
laxis is best illustrated by ne use of antibiotics
within the urinary bladder and of sulfamyelon on
burns. The situation is less clear for the use of
protective nasal ointments, although there have
been some successes. Of interest to this con-
ference might be the reinvestigation of acrosol
prophylaxis and treatment. Previous poor results
might well have been conditioned by improper
sterilization of the equipment and the results
falsely attributed to failure of the method.

One might predict that, for systemic infections
with specific highly virulent strains, systemic
prophylaxis will continue t0 be developed within
the limitations of a favorable group therapeutic
index. For those situations in which there is a
potential for a resistant orgunism, present among
the varied and mixed flora, to become dominant
and, in addition, in which there is often a mark-
edly impaired host resistance, a further trial of
local regimens will probably be made.
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INTRODUCTION

Many investigators are concerned with the
study of the stresses of aerosolization. As stated
by Madin in the foreword 1o the First Inter-
national Symposium on Aerobiology (13), they
may be sid to be engaged in studies oriented
toward finding the most tolerable conditions
under which bacteria may live in the airborne
state and be infective. An entire session of the
Berkeley Symposium entitled Survival and
Viability was devoted to describing studies
dealing with the stress of dehydration and its
effect upon the viability of microorganisms. This
stress was shown to be of major and primary
importance in the study of airborne infection.

Dunk)m and Puck (6) suggested that the

suggestion on observations on the variation of the
death rate of airborne bacteria with variation in
relative humidity (RH). Webb (24) attributed the
lethal effects of dehydration in the aerosol to &
physical change in the structure of an essential
macromolecule when water bound to this mole-
cule is removed. Later, Webb (25, 26) stated that
the bound water molecules appear to occupy
strategic positions in the molecule, and oanly
certain chemicals capable of forming hydrogen
bonds of the cotrect type can replace them and
maintain the biological integrity of the macro-
molecule. Zimmerman (29), reporting studies on
both freeze-drying and aerosolization, proposed
that nonpermeable sugars counteract the stress
of aerosclization through & plasmolytic dehydra-
tion of the organism. Conversely, freely penetrat-
ing sugars are required to minimize the effects of
the stress of freeze-drying.

Monk and McCaffrey (16) showed that the
death rate of rehydrated Serratia marcescens is
maximal at a water content of 33, but stated
that the effecis of oxygen on the death rate had
not been determnined (17). Heckley and Dimmick
(9) remerked that a study of lyophilized orga-

nisms has a place in aerobiology because freeze.
dried organisms are similar to airborne cells in
that they are essentially naked and in direct
contact with the atmosphere. Earlier, Davis and
Bateman (2, 3) had investigated the killing of
freeze-dried Escherichia coli, Micrococeus lyso-
delkticus, and S. marcescens upon exposure to
water vapor in vacuo, and had made a quali-
tative correlation between susceptibility to injury
and surviving oxidative metaholism of the cell
types. The assumption common to most of this
work has been that a change in cellular water
(dehydration or rehydration) causes the death of
the cell by the physical disruption of vital struc-
tures, by concentration of toxic chemical material
within the cell, or by creating an imbalance in
metabolic activity.

ErecT ofF OXYGEN

Rogers (19) was one of the first investigators to
recognize the lethal effects of oxygen on lyo-
philized organisms. Naylor and Smith (18) have
reported resuits in agreement with those of
Rogers. These investigators reported that survival
is highest for organisms stored under vacuum and
lowest for those stored in air or oxygen. Atmos-
pheres of nitrogen, hydrogen, and carbon di-
oxide yield intermecdliate results. Scott (20) re-
ported that the effect of the atmosphere upon the
survival of dried bacteria depends upon the
nature of the suspending medium and its moisture
context. Recently Lion and Bergmann (12, 13)
listed numerous substances that protect lyo-
philized E. coli against the lethal effects of oxygen.
Lion (14) suggested that a prerequisite for effec-
tive protection against oxygen in the dry siate is
the accumulation of the solute around the
bacteria, which he assumed to occur during
lyophilization. Benedict et al. (1) reported that
atmospheric oxygen kills 959, of dried S. mar-
cescens in 10 min, that certain reducing agents
prevent the action of the oxygen, and that
humidity seems to play no role in the phenom-
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Fra. 1. Survival of aerosolized Serratia marcescens
after contact with various concentrations of Oy at 40%,
RH, 25 C. Suspensions contain washed cells in water
with 20 X 10° viable S. marcescens cells per milliliter
ond 2.0 X 10* vioble Bacillus subtilis spores per milli-
liter. N/N, = ratio between viable S. marcescens and
B. subtilis spores collected from the same aerosols,
corrected for differences in control viablecell counts:

P. = ammospheric pressure, P = partial pressure of
Os. Resuits of one typical set of trials.

0.00(
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FiG. 2. Survival of aerosolized washed Serratia

marcescens afier 32 min versus Os concentration. Same

symbols as for Fig. 1.
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FiG. 3. Survival of washed Serratia marcescens in

nitrogen with 3, On added at times indicated by arrows,
Same symbols as j'or Fig. 1.

70

TanLE 1. Survival of washed and unwashed Serratia
marcescens aercsolized into air or Ny*

!

! Noxd
[ _ B
Acrosol age Air ,‘ Ny
Unwashed | Washed ;Un'uhcdf Washed
min T >H} !
4 ‘o.ooo | 0220 : 10 | 1.0
18 0.0007 | 0.040 1 092 | 0.9
32 0.0001 i 0.024 | 0.9 ! 0.9
15 — 0.007 | 0.72 ’ 0.7
300 — 0.004 ; 0.70 | 0.6

the same aerosol
control counts.

« Suspensions contained 20 X 10° S. marcescens

cells per milliliter and 2 X 10* Bacillus subtilis
var.

generated at 40, RH, 25 C.

niger spores per milliliter. All aerosols

* Ratio of S. marcescens 1o B. subtilis spores in
, corrected for differences in

¢« Too low Lo assay.

enon. Wagman (23), however, demonstrated a
marked dependence of survival =pon residual
moisture in studies of circulating-gas {air) freeze-

drying of water-washed S. marcescens and E.
coli.

Studies of the effects of ascorbic acid on
acrosolized S. marcescens in our laboratory
suggested that interaction between the cells and
atmospheric oxygen may contribute to the death
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TanLE 2. Effects of various compounds on survival of aerosolized Serratia marcescense
i NN
Compound Conca
4 min® 18 min | A1 min
molus/liter |

None (aif, 9755 RH) . — oo 1.03 1.00
None (sir, 40",0 RH) — : 0.23 0.04 0.02
None (N:) ....... — 1.00 0.95 | 0.90
MnSO¢. . . . . ... ... 5% 107? on 0.51 i 0.48
MRCle...... . ... . ... Ix 107 0.4 0.37 ! 0.34
Ma(NOy), . ....... . . .o 2% 1074 ‘ 0.41 0.35 f 0.19
MgSO,. 2% 107 P08 on | 00
CoCly. ... . ... ... ... 2 x 10« | 0.52 0.22 i 0.13
NaCl ......... . .. ... 8 x 10 ! 0.06 0.03 i 0.01
CuSOu. . ....... ... 2.5 x 107 ‘ 0.2 0.04 : 0.03
Glycerol ... . R, 1 x 107 . 0.47 0.28 ' 0.18
Thiourea ... . e e 1 X 10t ! 0.44 0.25 0.21
Cysteine-HCl* . e $ X 10 ‘ 0.26 0.10 0.06
N-elhylmllelmlde mr) ........... i 1 X 1044 i 0.2 0.07 0.08
N-ethylmaleimide (Ng)........... { 1 X 104 ! 0.7% 0.44 0.40

* Suspensions contained 20 X 10* $. marcescens cells per milliliter and 2 X 10° Bacillus subrilis var.
niger spores per milliliter. All aerosols were generated in air at 405, RH, 25 C, except as noted.
¢ Ratio of S. marcescens to B. swbtilis spores in the same aerosol, corrected for differences in control

counts.
* Aerosol age.

¢ Higher concentrations were toxic to comrol suspensions.

¢ Brought to pH 7.0 with NaOH.

of cells. Preliminary experiments indicated that,
when S. marcescens is aerosolized into air diluted
with nitrogen, the death rate increases with
oxygen concentration.

Work was undertaken to test the possibility
that drying sensitizes organisms to lethal effects
of oxygen but in itself is not the direct cause of
death of the microorganisms. Hess (10) tested
the effects of oxygen on aerosolized 5. marcescens,
and Dewald (5) has studied the kinetics of the
effects of oxygen on lyophilized S. marcescens.
It is appropriate 1o describe the results of their
studies in some detail.

AERosOL. EXPERIMENT

Hess (10) aerosolized water suspensions of S.
marcescent (ATCC strain 14041) in a rotating
drum of 86.6-liter capacity revolving at 5 rev/min
(8). Bacillus subtilis spores were used as a tracer
to indicate maximal viableccll recovery. Ratios
of viable S. marcescens and B. subiilis spotes
from aerosols stored in various concentrations of
oxygen are shown in Fig. 1. Maximal survival of
the S. marcescens occurred at the minimal
oxygen concentration attained, and at that point
was nearly equivalent to spore survival, As the
oxygen concentration was increased, loss in
viability increased so that log N/N, = & log P/ P,

4+ C (Fig. 2). All ae1080ls were generated from
thoroughly washed cells free from added solutes.
The tests were performed at 409, RH because
acrosols of this organism routinely yield minimal
survival in air at this humidity.

Lethal effects were observed when O, was
added to aerosols originally disseminated into
N, (Fig. 3). Although only 30 loss in viability
occurred during 3 hr in nitrogen (Table 1), the
addition of 5% oxygen resulted in at least 0%
loss in viability within 30 min. This effect was
noticed at oxygen concentrations as Jow as 0.25¢;,
and became greater as oxygen concentration
increased. The addition of $§¢; oxygen after
aerosols had been stored in nitrogen for up to 40
min was selected as an arbitrary example of this

system.
Unwashed, unstarved S. marcescens cells were
more sensitive to storage as aerosols in air (Table
1) and respired 5 to 10 times faster than washed
shaken cells. Stability in nitrogen was unim-
paired, however, indicating a relationship be-
tween respiration and sensitivity to oxygen.
Effects of several additives on the stability of
aerosolized S. marcescens are shown in Table 2.
These compounds were selected because of their
demonstrated infiuence on the stability of enzymes
in organisms exposed to oxygen in other systems.
The concentration of each compound inducing

| y.t‘lll‘w‘w“ P
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F1G. 4. Semi-log plot of survival versus time afier
exposure of {yophilized Serratia marcescens 10 various
pressures of oxygen dry air, or purified nitrogen. N,
and N are the mumber of viable organisms before and
afier the exposure, respectively.
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empirically

Experiments were performed to determine the
sensitivity of completely hydrated S. marcescens
to oxygen. Completely hydrated organisms were
insensitive to oxygen at pressures up to 100 psi for
4 hr, and no viability loss occuried in aerosols of
washed cells in air at 97¢; RH.

EXroSURE OF LYOPHILIZED ORGANISMS

Dewald (4) has developed a high-vacuum
method of lyophilization of S. marcescens that
yields 45 to 705, survival of the parent suspen-
sion; he has used this material to study effects of
exposure 10 oxygen and air (5).

Data on survival versus time, obtained by
exposing lyophilized S. marcescens at various
pressures of oxygen, dry air, and nitrogen,
indicate a dependence upon partial pressure of
oxygen similar to that observed in the aerosoliza-
tion studies of Hess (Fig. 4). No loss in viability
could he detected when the dried organisms were
held under vacuum for periods up to 3 hr at
pressures k3s than 10~ torr. The dependence of
viability upon the partial pressure of oxygen

BacTERIL. Rev.
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Fa. 5. Semidog plot of survival versus oxygen
pressure after 0.5- (line A) and 1-hr (line B) exposures
10 oxygen or partial pressures of oxygen in dry air;
N, and N are the number of viable organisms before
and after exposure, respectively. Open circles and
squares, pure oxygen: closed circles and sguares,
partigl pressure of oxygen in dry air.

after 0.5- and 1-hr exposures at 25 C was demon-
strated (Fig. 5). Another representation of the
inactivation curves (Fig. 6) shows that the survival
data can be linearized by plotting log N/N, versus
(time)''3, leading to a rate expression, —1a N/N,
= Kr/3 where K is a pseudo rate constant that
in turn can be related to the oxygen concentra-
tionby K = k[Oy]*orlogie K = n logie (O3] +
loﬁl' k.

The pseudo rate constants, K, for all the in-
activation data determined by least-squares fit
and related & values are given in Table 3. The
log of the pscudo rate constant versus log oxygen
concentration is given in Fig. 7, and leads to the
following expression for the inactivation of the
freeze-dried material by oxygen:

—1n N/N, = K|Qypiipit
where & = 276 + 36 moles /2 ¢c}/d hy—1/2 gt 25
C.

The Arrhenius function was determined for the
dried organisms exposed to dry air at atmospheric
pressure for 1 hr at temperatures ranging from
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Fig. 6. Semidog plor of survival versus (time)\
afler expasure of iyophilized Serratia marcescens 10
various presswres of oxygen or dry air. N, and N are
the number of viable orgarisms before and after the
exposure, respectively.

TABLE 3. Kinetic data for the inactivation of
Serratia marcescens by oxygen

‘ L)

Ozygen QQ’S =t

pressure (torr) | uok (10‘ E:":" } i’
2 139 651 ' 2
172 925 s | 28
160% 8.1 | sa7 2%
1594 85.3 6.13 300
121 65.0 $27 W
ne 8.2 a’mn , s
1.6 B3 . 15 0 264
53.7 29 | 385 . m
7.7 203 48 W
0.8 16.6 02 288
2.6 1290 331 0 %06
11.0 s92 . 21 ;24
8.0 4% | 1.8S 248
78 | 40 - 23 ) 26
5.5 1 29 [ R

« Calculated by use of the ideal gas law,
* Dry air used as source of oxygen.

—78 to 40 C. The results, plotted as Fig. 8, yield,
by least-squares fit:

k = 100904 exp [(—~430 + 26) cal/RT)
l'l'lOlCS—”' xlll hr-l.'l

09

o
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Py R Y ) S Y) P X))
Log,, Daygen Concontvation, malee/ee
FxG. 7. Lom of the psewdo rate constant, K, versus
logie of the oxygem comcemiration. Opcncbdu,m
oxygen; closed circles, dry atr.
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1000
Fia. 8. Arrkenius plot for the imactivation of Ser-
ratia marcescens by oxygen. On the abscissa, T Is in
degrees Kelvin.

Dsscussion anp QuTLOOK

The results here can be compared with those of
aerosolization inactivation (Fig. 9). There ap-
pears to be no pronounced difference in the
degroe of inactivation afier 0.5 hr as a function
of the partial pressure in the two systems. The
data of Hess were obtained at 40, RH; 0% RH
was used in the lyophilization-exposure studies;

o et
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removal or reorientation of bound water.

It is clear that the stress of the
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Discussion
MYLES MAXFIELD
Biophysics Program, University of Southern California, Loz Angeies, California

The experiments on the disinfection by oxygen
of bucteria dried cither by aerosolization or by
lyophilization presented by Mr. Zentoer are
delightfully clean and precise, and are adequate
for some kinetic studies. This (act reiieves us of
the relatively unrewarding task of discussing the
experimental techniques, sccuracy of the data,
and walidity of the conclusions. It mekes it
possibie to attempt to place the ronclusions in
broader perspective, to attempt to interpret them,
and to examine whether they suggest or point the
way to further investigation.

It is perhaps surprising at first glance that
oxygen is toxic to Serratia marcescens under the
experimental conditions described. Mr. Zentner
has, I think quite correctly, related this implicitly
1o dehydration of the bacteria. The observation
has been amply confirmed and is even intuitively
ressonable in terms of several hypothetical
mechanisms; for example, the concentration of
some toxic metabolite may increase at a critical
location because diffusion is limited by dehydra-
tion, or dehydration may distort some structure
and render it more susceptible to oxidation.

It is even more surprising that the biological
reactions observed follow so nicely the kinetic
laws described by the figures; in particular, there

is 0o threshold concentration for the toxicity of
oxygen (Fig. 2, 5, 7, and 9), and the data form a
straight line ' the

Inc., New York, l954) The genenality of this
typeo(beolooal data simply emphasizss the
importance of undersianding why the biological
data follow these chemical laws.

The Arrhenius relation is usually derived from
a thermodynamic consideration of &
reaction at equilibrium or from a statistical
mechanical consideration of resction rates. In
the latter case, it is found necessary 10 introduce
the concept of an “activated state” in or near
equilibrium with the chcmical reactants of the
sysiem. Each molecule in an activated state has a
certain probability of decaying into its products
(or, by analogy, dying). The logical essence of the
reasoning leading to the Arrhenius relstion, then,
is the existence of two states of the system at, or
nearly at, equilibrium with each other. One of
these states may be the “activated state” in which
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INTRODUCTION

Instruments which collect viable airborne
particles by inertial impuct may be divided into
two classes. Class 1 embraces instruments which
project the viable particles straight onto the sur-
face of a nutrient agar gel. Here they grow during
incubation into one colony per viable purricle,
regardiess of the size of the particle or the number
of viable cells it contained. In class T are the slit-
sampler, cascaded slit-sampler, sieve sampler, and
the cascaded sieve or Andersen sampler, the
features of all of which are conveniently sum-
marized by Decker et al. (1). There is also the
design of Lidwell {4). Class 11 samplers, with
which we are concerned in this paper, project the
particles into liquid, where they are broken up
into their individual component cells. The liquid
is serially diluted, piated out. and incubated to

give s colony count nnd estimation of the
total viable cells in the original sampile.
Typical of class 1] is the widely used Poston
or capilary impinger (6, 14) in which a jet of air,
accelerated 10 s0nic velocity by suction in excess
ol'lsinchn(nl cm)ofmurydepmnion
impinges into liquid where small particles are
collected with high effciency. The sonic velocity
Jjet serves also 10 limit the ow to & constant value.
The impinger is simple, cheap, convenient,
casily sterilized, and, by the addition of a pre-
impinger (S, 7), becomes an approximate simu-
lant of the upper and lower parts of the respira-
tory system. Class II devices have the following
features not possessed by those of class 1. (i) They
can cope with any high concentration of acrosol
1y virtve of the serial dilution provess, whereas
class 1 devices are easily overloaded. (ii) They
permit counts of several different organisms from
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tystom is 10 give particle size discrimination
and the serosol of imerest is highly skewed in
size distribution, with many small perticles and
vary few large ones, class 1 devices are subjeci 10
an error which in class Il is negligible. This
ervor arises from the shape of the cut-off curves
for each stags of the system (e Fig. 3). The
lower tail of the curve tends to fMatten Off alona

|
-
;
;
:
:

will be caught on the large panicle stage(s:. In
class | devices, these few particies will be recorded
st largs weighty particles which are in fact
fAcitious, but in class Il their effect will be
mgligible in the final count of towal cells per
stage. Therefore, when the large particle count is
of interest, it should be treated with restrve in

{10 to 20 mi) of liquid; the liquid, which is under
low pressure, svaporates rather guickly and also
tends to freeze in cool dry air; the viclent impinge-
ment can kill delicate cells (6, 14).

It was deemed dairabie to design a sampler

sampler has a higher sampling rate and gives &
greater concentration of cells per unit volume of
collecting fluid. The rates of evaporation and
freezing ure low and the impingement is gentle.
The particle size discrimination is in three stages
and i3 intended 10 simulate some of the finer
details of the respiratory (ract, where similar
processes of inertial collection ol particles
operate. Also, the new sampler is more rohust
snd more easily porisble than the Porton im-
pinger-preimpinger combination and is not
subject to loss of collecting fluid through spilling
as is the preimpinger. Finally, prolonged sam-
pling periods do not result in as high » proportion
of organism death as does the Porton impinger.

MAY Bactsrxa. Rev.

Bamc Descuirmion or Dision
Stondard Model!

The sampler has three chambers or stages, 1, 2,
and 3, in serial order vertically. The air inlet tube
4 has a smoothly curved entty to promote
laminar flow, a fiat ground lower end, and a bore
of 15 mm. The straight tube & also with a
smoothly curved bell.mouth, a flat ground lower
md.mdnbono(lo‘mhahdmmht

connection with the next stage The tube 6, again
with a smooth bell . mouth and bore of 10 mm, is
smuled into the floor of stage 2. At its lower end,
{t bends and tapers smoothly and continuously
to the noxzle 7, which has ar: internal diameter of
3.3 mm. The noazle is close to the bottom of the
annular well 8, formed as shown, and the axis of
the nozzie liss in a plane tangential 10 the wall of

weil and makes an angle of 43° 10 the vertical.
Two circular discs, 9 and 10, muade from coarse
sintered glass 3 mm thick, are held about | mm
above the fiat floor of their respective chambers
by the puirs of curved glass rods, 11 and 12, fused
to the external walls of tubes 4 and §, respectively.
The discs 9 and 10 are twice the diameter of the
bores of their respective tubes, 4 and S, and are
separsted from the fat ends of these tubes by a
distance equal to three-cighths of the bore. In
w2, the disct are constantly wetted by sampling
fluid in ench chamber. Access holes (o oach
chamber are sealed by vhe rubber bungs, 13, 14,
and 15, The lowest bung, 15, is fitted with a tuhe,
16, for connection to a suitable pun:p. This tube
16, which may be of any suitable material, pro.
Jocts into the center of the lower chamber and, as
drawn in Fig. |, mey embody & flow-controlling
critical orifice to give a constani throughput of $3
liters per min.

When operating the sampler in a cross-drafl or
wind, s homicylindrical metal shield, 17, is
clipped over the top so that the concave side faces
upwind.

PRINCIPLES AND METHOOS O Optration

First Stage

When air is drawn through the instruiment, air
enters the intake tube, 4 (Fig. 1), and flows over
the disc, 9, where some of the larger aerosl
particles impact on the wet surface. To minimize
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MULTISTAGE LIQUID IMPINGER
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Fio. 1. Sectionad vlevations of siadand design.

particle loss inside the intake tube, it should
always be kept clean and dry. The ratio of 3:8 for
(distance from tube 10 disc)/itube bore! is that
which is cunsidered by Mitchell and Pilcher (11),
and alo by Mercer (9, 10}, to give the steépest
cut-off curve (Fig. 3), i.e., the sharpest particle-
size cut-off. When the flow rate is 53 liters per
min, 30, of baclerial particles 6 4 in diameter
(d.2) with a specific gravily of about 1.5 will be
trupped on the first sintered disc, and the propor-
tion of partickes of other sizes caught may be
judged from Fig. 3. The rather high specific
gravity is that measured for the dry bacteiial
clusters used in the calibration.

The air then flows outwards over the disc and
liquid surface It is particularly important that
the sampler should be vertical and that the liquid
should be nowhere higher than the upper surface
of the sinters; otherwise, the outflowing film of

air will encounter a standing liquid wave which
will trap many particles intended for the next
age.
Second Srape
The same process of impaction and particle
selection takes place at the second stage. With

the smaller bore and higher velocity, the d,, is
3.3 4, as shown in Fig. 3

Third Stage

The remaining particles now pass down the
third tube, 6, and through the je1 7 (Fig. 1). It is
important that tut:c 6 be smoothly wpered to the
jet without any sharp bends; otherwise, particle
loss on the inner walls will be excessive. For the
same reason, it is important that twbes 4 and 3
should be quite smooth internally.

The tangential component of the jet direction
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FiG. 2. Three variations of basic design: (A) 50 liters e min model; (B) 20 liters per min modei; (C) 10 liters
per min model. Scale is in inches. Crown copyright reserved. Reproduced by permission of Her Majesty’s Sta-
tionery Office.

imparts a vigorous swirl to the liquid, which
ensures that impingement is always on a wetted
surface, provided that the liquid volume is not
less than 5 ml. The diameter of the jet was deter-
mined on the basis of the performance of the
“subwcritical” impir.ger described by May and
Harper (6). and the idea of liquid swirl came from
the Shipe sumpler (14).

The jet gives no more than just sufficient
velocity to ensure the capture of mnst single
bacterial cells. Tests by G. J. Harper (personal
communication) established that 80 to 909, of
single cells of Bacillus subtilis and Escherichia coli
were retained. The design has three advantages
over the standard critical orifice impinger. First,
the minimal violence of the impingement mini-
mizes or pethaps eliminates kill of delicate cells.
Second, splashing and frothing are minimized,
so that a high air flow can be maintained through
the compact third stage chamber without liquid
loss by entrainment (note that the extract tube,
Fig. 1 and 2, extracts air from the center of the
chamber). Third, the critical orifice or other flow
control system is ocownstceamn of the extract
point, so hat the pressure drop on the liquid

surface is only about 2 inches (5 cm) of mercury
below ambient. In this way, both the rate of
liquid evaporation and the possibility of freezing
are very much reduced.

Liguid Loss by Splashing

Sometimes splashed liquid may collect on the
roof of the third chamber and drip down on tube
16, whence it is entrained to waste through the
tube. Such loss may be avoided by fitting the
rubber drip ring seen in Fig. 2A.

Liquid Loss by Evaporation

If a long-period sample is taken, evaporation of
the sampling fluid will occur. Evaporation is
permissible to about 5 ml per stage, and the gap
under the sintered discs will cnsure circulation of
liquid so that the disc remains moist. If evapora-
tion threatens beyond this level, the lost liquid
may be made up. With air at normal living condi-
tions, topping-up may be necessaiy every 0.75
hr or so. About the same quantity will be lost
from each of the three stages.
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Sampling in Still Air

When the air to be sampled is calm or nearly so,
as in a room, the sampler is used as it stands
(Fig. 2). The smooth entrance, large diameter,
shortness and smooth straight bore of the entry
tube, 4, will ensure a high efficiency of collection
of airborne particles.

Sampling in a Crosswind

In this case, the shield, 17, is fitted to stop
cross-flow above the entry tube, thus approaching
the stiil-air conditions. The system, which might
be termed “stagnation-point sampling,”” is an
entirely different concept from “isokinetic sam-
pling” where air enters a knife-edged sampling
tube with no change of speed and direction from
that of the wind. Obviously, isokinetic sampling
cannot be achicved from a horizontally moving
air stream with impaction oato a horizontal
liquid surface, as a 90° turn must intervene. In
fact, true isokinetic conditions cannot be achieved
outside a laminar-flow wind tunnel because of air
turbulence. In stagnation-point sampling, the
requirement for high iniake efficiency would
seem to be that the intake zone should be large
compared with the particle’s “'stopping distance.”
The stopping distance is the distance of projec-
tion of the particle into still air from a given
initial velocity, and varies as the square of the
particle dinmeter and the velocity of projection.
The validity of this concept is discussed below in
the Calibration and Testing sections.

Sampling from a Tube

It may be required to withdraw aerosol samples
from a chamber via a tube. In such a case, the
connecting tube must never be inserted into the
intake tube of the sampler by means of a bung,
etc., as the jet effect from the narrow tube would
completely alter the collection characteristics of
the first stage. Ideally a 2.75-inch (7<<m) bore
rubber hose would be pressed over the whole of
the top of the sampler, maintaining the same wide
bote to its source. If this is difficult, a tube at least
as wide as the intake tube over the whole of its
length should be used for the connection, with a
wide metal flanged piece at its end. A sponge-
rubber ring should be fitted under the flange, and
the whole should be pressed firmly on top of the
sampler.

Filling with Sampling Fluid
Fluid suitable for the organisms of interest is
pipetted into each stage through the bung holes.
The two upper stages are filled until the liquid
surface is just below the upper surface of the

sintered disc when the sampler is standing verti-
cally. The upper surface of the disc will always be
wet by capillarity, provided that the xinler iy
maintained in a grease-free condition by ap-
propriate cleaning procedures. The standard
model requires between 7 and 10 ml, varying from
sampler to sampler, h-cause of the vagaries of
glass-blowing. It is convenient to mark indelibly
by the side of each bung hole the volume required,
as shown in Fig. 2A. Into the lower stage, 10 ml
is pipetted.
Emptying

After use, the sampler may be shaken gently to
mix the liquid, which is then withdrawn by a 10-
ml calibrated pipette, to measure the volume. The
liquid should be aquirted a few times over the
sintered disc to ensure removal of all organisms.
This, and subsequent pipette mixing, must be
done vigorously to ensure breakdown of clumps
into single cells.

Sterilisation and Cleaning

Before autoclaving or heat-sterilizing the
sampler, the rubber bungs must be removed.
When collecting fluid containing dissolved solids
has been ysed, the sintered discs should be
washed thoroughly with distilled water before
heating, so that solids do not get baked into the
pores. The sintered glass must always be kept
chemically clean.

Flow-rate Comtrol

Any system of flow control may be used, but
the Hartshorn or venturi-shaped critical orifice
(16 in Fig. 1) is perhaps the most convenient.
These orifices constrict in a smooth curve o the
throat, and then expand at an included angle of
4° over a length of about 1 inch (2.5 cm). As
pointed out by Druett (2), this orifice geometry
allovs critical flow to commence at & very small
depression, 4 to 5 inches (10.2 to 12.7 em) of
mercury compared with 15 inches (38.1 cm) for &
conventional perallel-sided orifice. A substantial
economy of pumping power is thus afforded. The
addition of the 2-inch pressure drop across the
sampler gives a safe minimum of only 7 inches of
mercury depression required from the pump at the
full flow rate of the sampler. Critical orifices are
made slightly undersize and then reamed out
until, in situ in the sampler, the desired through-
put is achieved. In the present case, the initial
bore is 2.5 mm for final adjustment to 55 liters
per min. Systems of control not embodying &
critical orifice are /i) a flowmeter with valve,
downstream of the sampler; (ii) a compressed air
Or steam ejector operating at a constant pressure
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(although these can only give a small pressure
drop on their suction side, it is adequate for the
2 inches of Hg that this sampler requires); (iii) a
sensitive pressure gauge just downstream of the
smpler followed by a valved T-piece in the pump
suction line. The valve is adjusted to bleed
ambient air into the line until the depression
across the sampler is that which in prior calibra-
tion gave the correct flow. The latter system makes
the least demands of all on the pump but must be
watched to maintain steady flow unless a sensi-
tive pressure-regulated bleed valve is bailt into
the T-piece.

OtHER FraTURES OF THE Desion
Wet-disc Collection Surfaces

The disc surfaces are moist, as are particle
deposition ateas in the respiratory system. This
similarity is important in that the retention
capability of a surface undoubtedly depends on
its physical state as well as on the physical state
of the surface of the particle.

Another valuable feature of the sintered discs
is that their geometry, hence, impaction efficiency,
is unaffected by the gradual evaporation of the
liquid surface. Cells remain viable on the moist
surface when the optimal collecting fluid is used,
permitting prolonged sampling.

Poriability

The sampler has been designed so that it has a
smooth external surface with no projecting glass-
ware which might be damuged by chance knocks.
The rubber bungs and rubber-mounted suction
tube act also as fenders, and more such protection
could be added if desired. The thick-walled glass
tubing has considerable mechanical strength,
provided that the whole has been correctly
annealed. The sampler will stand up to prolonged
usage and repeated sterilization when reasonable
care is employed and use is made of properly
fitted storage boxes for transportation. It will
stand firmly on a bench of its own accord but will
not resist being dropped on a hard surface.

Nonspill Property

When the sampler is charged with sampling
fluid and has the bungs in place, liquid cannot be
spilled or transferred from one stage to another,
however much the sampler is turned or inverted.
The principle is similar to that of the unspillable
ink-well.

Variations of the Basic Design

The basic design may easily be varied. In
addition to the standard 5$ liter per min model

Bactertor. REv,

(A in Fig. 2), two other models have been con-
structed (B and C in Fig. 2).

The 20 iiter per min model (B) has stage
characteristics somewhat different from A. Its
first stage was designed to collect “fall-out”
particles and has a 507 cut-off at 10 u4; the second
stage has a similar cut off to the standard ‘‘pre-
impinger"’ (50¢; at 4 u), as described by May and
Druett (5), so that its collection resembles upper
respiratory retention, whereas the third stage
resembles lower respiratory retention. The first-
stage tube bore is 15 mm, and the jet impulse is
so slight that no sintered disc is needed as the
liquid surface remains undisturbed by the flow;
nor is any filling hole required in the top stage as
filling and emptying can be peiformed through
the entry tube. A small dent in the glass floor of
the top stage immediately under the entry tube
acts as a sump. The clearance hetween the liquid
surface and the bottom of the entry tube is 4 mm.
The change in this as the liquid evaporates is un-
important. The second-stage jet diameter is 7.5
mm and the third, 2 mm. Each stage holds 4 ml of
sampling fluid.

The small model (C), which is only 3.5 inches
(8.9 cm) high, is operated at 10 liters per min,
and was designed to have the same particle size
range per stage as the large model (A). The jet
bores are: first stage, 8 mm; second stage, S mm;
third stage, 1.42 mm. The ratio of disc diameter
10 jet bore and the ratio of the clearance between
the disc surface and the end of the tubes is as
already described. This model is very much more
compact than the standard Porton impinger
which functions at about the same flow rate, yet
it is capable of yielding more information and
has the other advantages of the new design. It
holds 2 ml of sampling fluid per stage.

CALIBRATION AND TESTING
Particle Intake Efficiency

Wwind-tunnel tests on the sampler were carried
out by J. Edwards (persomal communication).
With the hemicylindrical baffie in place (17 in
Fig. 1), the sampler was exposed to wind-borne
aerosols of dyed, involatile, and uniform drop-
lets generated by a spinning-top atomizer (8). An
array of knife-edged isokinetic orifices around
the sampler measured the absolute dosages.
Estimations were by colorimetry.

Table 1 shows that the intake efficiency with
the baffle in place is high, except for the largest
particles and highest wind speed. The latter
figures can be greatly improved by employing a
larger beffle. For example, with no baffle, the
intake efficiency was found to be only 9.6, at
15 u and 10 mph but was raised to 997, by using

e
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TaBLe |. Per cent intake efficiency
j Wind speed
Drop sire ‘1’" .
; 2 mph ' £ mah 10 mph 18 mph | 2 mph
e !
10 I 93 (0.3) 106 (0.7) 87 (1.5) 1M 2.2) 64 (2.9)
15 102 (0.6) 102 (1.6) o (3) i 61 4.9) YN ()}
2 98 (1.1) ( 8 (2.8) 6(56) | @3 ! 2an

* Particle stopping distance (in millimeters) is given in parenthescs.
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Fri. 3. Individual stage cut-off curves (solid lines) and relative distribution of particles among all stages (dotted

fines).

a Ginch square concave baffle, compured with the
efficiency of 69¢) in Table 1, obtained with the
Fig. 1 baffle. It is clear that a baffle is an essential
addition to the sampler when there is a wind or
cross draft. Note also that in Table 1 there is a
good inverse correlation between the stopping
distance (given in parentheses) and the intake
efficiency, as predicted. With the particular condi-
tions of the Table 1 tests, the intake efficiency is
less than 3509 when the stopping distance is
greater than the radius of the intake tube.

Stage Cut-off Curves

It is essential to know the petformance of each
stage in terms of particles of each size retained;
one must also know the relationship of this pa-
rameter to the dimensions of the jets and the
throughput of sampled air. For this work, dry
spherical airborne particles, nearly uniform in
penrticle size, were generated from solutions of the
intense blue dye Chlorazol Sky Blue (Imperial
Chemical Industries Ltd) sprayed from a
spinning-top atomizer (8). The atomizer was
mounted in a vertical wind tunnel similar to that
described by Druett and May (3). In this, the up-

flow of air permits the rather large droplets
generated to dry down to their final size without
serious wall loss. The size of the dry particles is
determined by the initial wet droplet size and the
concentration of the dye solution. In this way,
the range 2.5 to louwnstudnedm:mllmter-
vals, the relative proportion of particles caught
in each stage being obtained by colorimetric
estimation of the dye collected in the water with
which the stage was filled. The spherical dye
particles had about the same density as the
particles obtained by spraying suspensions of
bacterial cells (ca. 1.5 g/cc). The results for the
standard 55 liters per min model are shown in
Fig. 3, where the continuous lines are the cut-off
curves for each stage considered individually,
and the dotted lines (which in parts coincide with
the continuous lines) show the percentage of all
paiticles entering the sampler collected by each
stage.

The cut-off curves of Fig. 3 are not as steep as
those presented for the same optimal geometry
by Mitchell and Pilcher (11) and by Mercer (9).
There are two possible reasons for this. First,
their methods werc different, giving aerosols

I
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which may have been more truly homogeneous in
particle size than those used in the present work,
where a sptead in partticle size tends to flatten the
cut-off curves and reduces the precision. Second,
the flow in the two upper chambers is rather com-
plex. The air, after flowing out over the sintered
discs, passes over a rather extensive liquid surface,
and then turns upwards and inwards to enter the
next jet tube. This causes turbulence and vortices
which could throw out particles, though wall
losses have not actually been noted other than to
a limited extent in the tubes. Although the cut-off
curves arc less steep than hoped far, they are in
fact as sharp as those of the preimpinger (S, 7)
and the cascade impactor, und certainly not less
sharp than the parts of the respiratory system
that the sampler could simulate.

Effect of Varying Jet Sizes and Flow Rate

Workers wishing to adapt performance to
their own requirements, with jet sizes ot flow rates
different from those described here, may use
Fig. 4 as a guide. The chart derives from the
expression for the dimensioaless impaction pa-
rameters P = kpVd/yl, where k is a constant
which in practice varies from system to system,
p is the particle density, ¥ the jet velocity, d the
particle diameter, n the gas viscosity, and / the
jet diameter (or characteristic length). For a
given efficiency of impaction of particles, P is
constant, and in the present case we are concerned
with its value at die. the 507, cut-off diameter.
For operation in air at normal temperature and
pressure. we can also take p and n as constants so
that, as in Fig. 4, we can relate d,,, /, and V
(transformed into the more convenient flow rate
parameter). The foundation of Fig. 4 was the set

of six values for di (v/)''* obtained from the
calibeation, as described in the preceding section,
of the top two stages of the three models shown
in Fig. 2. The values were 113, 108, 108, 122, 118,
and 122 x 10~ calculated in units of centimeters
and seconds.

For any given value of d.s, the shape of the cut-
gl_f c\;rve will be geometrically similar to those of

ig. 3.

Testing with Bacterial Aerosols

To study the performance of the sampler under
rigorous conditions, u procedure identical to that
previously described (6, 7) was adopted. In the
relatively warm and dry conditions of summer
daylight, a mixed suspension in known ratio of
vegetative organisms (E. coli), which lose viability
rapidly under such conditions, particularly in full
sunlight, and of nondecaying spores (B. swbrilis
var. niger) was sprayed by a pneumatic hand spray
and sampled at sufficient distance downwind for
appreciable cell death to have taken place. By
comparing the ratio of the two components re-
covered from the several stages of the sampler
with their ratio before spraying, the percentage of
E. coli cells remaining viable could be determined.

In the sampling array, two pairs of samplers
were employed, each shielded from direct light
Each peir consisted of a three-stage glass sampler
and a “tilting” preimpinger plus impinger unit
(7). The latter unit was known to have a high
efficiency of intake of aerosol particles and was
used as a standard reference sampler for com-
parison with the three-stage sampler. The two
pairs were within a few yards of each other, close
enough to ensure that they were exposed to com-
parable, but not necessarily the same, dosages.

S —————————————————————————————
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Tams ). Atmoipheric conditions during field tests of
Table 2

| )
ot Teme (TRRY| PTG
c

1 17.8 L) 8,000 (clear sky)
2 {189 48 |2,000-8,000 (5/10 cloud)
3 [194|6065] 800-2,000 (overcast)
4 {161 68 1,50 (overcast)

5 |18.9] 57-61 | 2,000-8,000 (5/10cloud)
[] 17.2 $3 |2,000-7.500 (5/10cloud)
7 [18.6 8 2,000 (overcast)
8 {183 4 8,000 (clear sky)
9 |19.4 S4 8,000 (clear sky)
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Overall recavery of viable cells. The intake and
yield of viable cells in the three-stage sampler as
compared with the tilting unit may also be judged
from Tables 4 and 5. Means C and D in Table §
are not significantly different from unity for the
very robust spore tracer We may conclude from
this that both types of sampler in the pairs have
the same intake efficiency and subsequently yield
the same dosage of viable cells. In Table 4, the
means A and B are significantly greater than

Bactemion. Rav.

unity, indicating that the threestage sampler
yieldlnmvﬁlbleeclhof&ooa.misduew

g
5
g
]
2
~§
|

in appreciable loss of viable cells. Nevertheless,
workers proposing to use the sampler with very
delicate organisms would be well advised to carry
out viability tests under their experimental con-
ditions.

Effect of particle size on vigbility. As one of the
main functions of this sampler is to yield estimates
of organism viability within the various particle
size classes, it is of value to examine the informa-
tion in columns 13, 14, and 15 of Table 2, relative
to this point. The periods during which the cells
were airbomne in the daylight was either close to 1
min or 3 t0 4.5 min (column 2). The percentage of
E. coli cells romaining viable after these periods
has been averaged in Teble 6. After | min, the
small particies contained only half the proportion
of viable cells that the large ones did. In the
longer period, the small particles have continued
to die off more rapidly, to about one-fifth the
viability, on the average, of the large particle
figure. In the full sunlight of the final test re-
corded in Table 2, ncarly all the E. coli cells in
small particles succumbed in 3.5 min.

Discussion AND CONCLUSIONS

Morrow (12) has reviewed the recent position
on the relationship of particle size in toxic dusts to
respiratory deposition. He stresses the importance
of selective sampling, which is usually designed to
accept the small, lung-attacking particles and to
reject the harmless large ones. For infective
aerosols, selective sampling seems even more im-
portant because of two factors. First, it has been
shown in the laboratory that with many infective
diseases the smallest particles are the most dan-
gerous, but it is also considered that in those in-
fections which start in the upper respiratory tract,

S e s . ]
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‘Tame 4. Ratios of 101al Escherichia coli dosage in three-stage sampler 1o total In tilting sampler

Test no.

Puir . - OB I,

Geametric
mesne®

'3;’?-"‘-5;‘!’;'2’

1 089, 164 2.0 . 1.0 107

2 148, 1.04 1.6 . 0.67 1.4

RS S

lo2! 29 i 100 | 081 (A) 1D
2501 o9s 08 o (B) 117

* Means A and B do not differ significantly from each other, but each is significantly greater than

unity.

TABLE S. Ratios of total tracer spore dosage in three-stage sampler ta total 1 tilting sampler

i Test vo. i
¢ Geometric
Pale | ; - - i | - ? : proveni
! S L LI L L
I 147 1.2 {102 1.10 0.8 | 09 i 102 1 097 . 072 | (C) 098
2 {086 101 0% 07 ' 07| — | 100 09 | 085 | (D)0.8

s Means D and D are not significantly different

ot in open wounds, etc., large particles are the
most dangerous. Second, as Table 6 indicates,
maintenance of viability in the airborne state may
be markedly dependent upon the size of the air-
borne particle.

We therefore need to know the airboroe con-
centration and state of viability of cells in various
particle size ranges. It is not necessary that these
ranges be narrow, sharply defined, and many in
number, tecause physiological response to
particle size effects cannot bave sharp boundaries.
For example, all sizes of particles can piobably
infect & wound, though large ones are much more
likely to fall out than smail ones; particles of
say 6 to 7 u are found in the alveoli, but those of
1 10 3 4 can penetrate in proportionately much
greuter numbers; persons differ in structure and
bremthing patterns, and flow rates vary widely. A
selective mmpler can, therefore, do no better than
give a performance :esembling a human average
which can bte generally accepted. The present
model attempts this in ils selection of three
ranges: “large’’ particles, i.e., those greater than
6 u in diameter (p = 1.5) which are normally re-
tained in the upper respiratory tract; an inter-
mediate range of 3- to 6 particles which are
likely to lodge in the bronchi or bronchioles; and
the fine range, 3 u to single cells, which penetrate
to the alveoli. Probably many bacterial particles
are hygroscopic and will have time to increase in
size in the depths of the lung. Lung retention of
1.4 viable particles should thercfore te much
higher than it is for dusts, many of which are
expired at this size, 30 that the retention of 80 10
90, of single cells (E. coli) given in Fig. 3 seems
reasonable. Single virus particles, ca. 0.3 4 and

from unity.

Tanit 6. Mewns of remits from Table 2, columns

14,15, and 16
Percentage of Eschs ichia coli viable
Stage
at1 minalrborne | a1 3 mia ph
Top........... e k! | ! »
Middle. ...... ... . n 1 21
Bottom. . . 19 l 6

retained by another process, diffusion to the
walls. It seesns unlikely, however, that such small
isolated virus units can cver generated in
quantity by natural processes in air. The writer

in number, or both, and this can readily be done
by use of the data in Fig. 4. The standard design
might be modified by adding a top stage with
similar charucteristics to the top stage of model B,
Fig. 2. This could distinguish large wound-infect-
ing particles from respirable ones. In other work,
a simple two-stage “upper’’ and *‘lower” respira-
tory tract simulation, as in stages 2 and 3 of
model B, might be quite adoquate. Selective
sampling is based on the mass of work done on
the effects of toxic industrial dusts on the rela-
tively few workers exposed to them, whereas much
less seems to be known about the equivalent

o
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of the causative agents of airborne in-

of the blue dye used in the tests, and to S. Pyto for

members of society are ex-  statisticai tests.
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INTRODUCTION

Among the few reports relating to the quantita.
tive of the ansmission of many types
of respinatory infection, are those of Riley for
tuberculosis (4) and Tigertt et al. for Q fever (5).
These rzports suggest that adequate quantitative
information can be obuined in natural situations
only if &t is posible to mmple volumes of air
which are very large in relation to the respiratory

dm‘;idumdouulmd had the

In & recent jologi y, we
opportunity to employ the Large Volume Air
Sampler (LVS) described informally by William
Perkins al this meeting. The device has been de-
scribed in detail by the manufacturer (Rept. 2586
of Litton Indusiries, Inc., Minneapolis, Minn.).
The present report indmta a technological
potential of importance, in spite of the pre.
liminary uature of the data and the present lack
of estimates of quantitative reliability.

EMDEMIOLOOICAL ProSLEM

Acute respiratory disease (ARD) in Army re-
cruits occurs in epidemic form in basic training
centers all over the United States. Tiwe discase is
caused mainly by adenoviruscs, especially type 4,
and occurs regularly each wimer in new recruits
during the 2nd, 3rd, and 4th weeks of the hasic
training cycle. Meningococci and group A strep-
tococci are othe: comumon respiratory pathogens
which may produce epidemic disease in recruits.
Rates of infection anl febrile iliness vary during
the year and from year 10 year, owing to a number
of poorly understood factors, including physical
and emotional stresses.

The pattern of a typical ARD outbreak at a
training camp is depicied in Fig. 1. Adenovirus
infections hegan to occur during the second week
of training. Viral i:olation attempts were per-
formed at weekly iniwrvals and yielded positive
results from 37 of the -8 men (77¢;). Of the re-
mainder, five had type-specific serum antibody at
the time of first sampling and did not develop the

recruits increased from 42<% upon entry in the
Army to a peak of 9%, during the Sth week of
training. The curve for meningococcal incidence
lagged about 1 week behind that of adenovirus
type 4. We questionsd whether adenovirus infec-
tions were responsibie for the spread of meningo-
cocci in 4 manner anslogous to the “cloud baby"”
spread of staphylococci (2). Sulfonamide-resistant
strains of meningococci were initially absent, but
accounted for 23 to 30C; of strains isolated in the
Gth through fth week: Group A streptococcus
carrier rates were rather stable and at a low level
during the period of observation. (The excess
cases thown in Fig. | in the final 2 weeks were
associated with noatypable strains.) In the popu-
lation under study, then, there were at least thres

appeared to have a differemt pattern of trans-

These recurring epidemiological features pre-
sented an excellent opportunity for the study of
microbial transmission. The initial studies were
concerned with detection of aerosols of the agents,
which might serve as a source of infection. The
LVS was employed in order to have maximal
sensitivity of detection,

LVS Stupies

In January 1966, during a period when attack
rates were high, attempts were made to sampile air
in the vicinily of ill recruits. A number of patients
were studied individually in a hospital room of
1,440 ft* capacity. Attempts were ade to isolate
adenovirus type 4 and meningococei from throat
gargles and throat swabs, respectively, and from
the collecting fluid of the LVS.
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Fr0. 1. Patiern of a typical ARD outbreak among
anmy recruits.

In one such shudy, the patient was in the room

In 3 min of sampling. & total of 1,785 ft' of air
was drawn through the LVS, and the particulate
eonmmeoﬂectednamlofll)mlo(nm

unit per 277 M of air. The latter unit was a tissue-
culture infective dose employing 1 ml of sampling
fuid as inoculum

Several attempts at mmpling for adenovirus
type 4 in barracks were made in training compa-

when activity was at a peak, and again later aRer
“lights out” when recruits were in bed. Results 1o
date are incomplete. Data on adenovirus type 4
recoveries in two trials, however, are given in
Table t.

Discussion AND CONCLUSIONS

These cxamples indicate that the LVS can pro-
vide hacterial and viml isolations from air col-
lected in Keld situations. Meningococci were
found in a concentration of one viable purticle per
100 fv? of air, whereas with adenoviruses one tissue
culture infective dose was found in 300 to 3,000
fi* of air. Although the results presented above
can oaly be considered as preliminary data, they
do indicate the need for sampling large volumes
of air in studies of naturally produced acrosols. It
is readily apparent that an all glass impinger,
operating at 12.5 liters per min (6), is inadoguate
for collevting such low concentrations. These re-
sults may explain our failure in the past to dewxt
infective particles in cpidemiological sampling
with an all glass impinger (1).

Taste | Results of uir sampling for adenovirus
tupe 4 (n burrack s

. Vol of
T"":' Activ iy ale Recoveny
samped

ki} 1S men making - 6,700 | tissue culture

beds. coughing infective unit
frequently per 920 ft?

n IS men in bed, S M0 1 tissue culture
coughing fre- infective unit
yuently pet 200 N

« Room size, 11 M7 A2,
* Infected Lissue culture afler inoculation of 1
mi of sampler collecting fluid.

The experiments provide some of the informa-
tion that Morton (3) had in mind in 1963 when
he proposed four “postulates” relating to the
epidemniology of airborne infection. They were as
follows: (i) one must demonstrats the presence of
airborne viable infective orgunisms; (ii) one must
measure concentrutions and particle sizes; (iii)
one must demonstrate experimentally that con-
centrations snd particles of this sort can cause
infection; and (iv) one ought to show directly
where the particles have come from. The present
experiments show that the LVS can recover air-
borne, viable organisms at very low concentra.
tions in natural aerosols. These studies have not
demonstrated infectivity for mmn of the organisms
coliected, nor have they proved the source of the
organisms,
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Discussion

O. M. LIDWELL
Central Public Neulih Laberstory, Colindale, Lowhon, Englomd

INTRODUCTION

In any discussion of air sampling niethods, the
practical consequences of the divergent interests
of the participants quickly become apparent,

One group of workers, exemplified by the Mi-
crobiological Research Fatablishment at Porton,
England, and by the Ay and Navy Biological
Laboratories here in the United Stales, are pri-
marily concerned in the sampling of artificially
generated clouds. This ofien involves higher air
concentration, single ipecies of microorganism,
small particle sizes, and relatively litte extrancous

Another, more diffuse group, 10 which I be.
long. is concerned with the mmpling of the air-
borne flors of accupied places and the retation of
this 10 infection and disease in ordinary life,

The aithorne organiums of inwerest in theswe en-
vironments are usually present in small numbers
only, accompanied by much larger numbers of »
wide variety of other species; particle sizes extend
above 20 u equivulent particle diameter, and the
ypical purticle is probably prmcnpallycaw
of dried secretion or cellular debr:

lnwdd&dﬂwem.m.unm-
nical problems invalved have sufficient funda.
mental similarity for me to hope that the topics 1
am going 10 discuss briefly arc of concern to both,

COLLICTION OF THE SAMPLE
Separation of the Particulates from the Air

This is the primary problem of all air sampling.
The physical principles involved are now generally
understood (3), but there are two particular points
worthy of consideration.

First, when looking for a particular species in
high dilution, it is helpful to collect the organismy
into as small an amount of medium as possible.
The level of interest may be as low as one or two
viable cells in 100 f\* of air or more. We have
experimented on two approaches with a view to
sampling for respiratory virus. In conirast to
May's experience (10), we have found it possible
10 recover the great majority of the cells collected
by impingement onto an agar surface by washing
with a small volume of fluid while rubbing with a
glass rod, both with and without previous coating
of the agar surface (6). Alternatively, the airborne
particles have been impinged onto the surface of a
stainless-sieel cylinder which is kept moist by
continual rotation in fluid medium (Fig. 1). A
more complex principle, which has been em-

ployed in some commercial air cleaners (Cyvione
type air cleaners with separuted sir-low—Ro-
tonamic, Farr Co, Los Angeles, ‘Cahf) is to

% efficient, takes

water would be a real asset.

Szt Dammution oF ™ME ParnCLD
Selective impsction, either onto solid or liquid
nndiumhprohblytbebw‘nmwhn_ve.

streams, sometimes in & centrifugal field, have
been employed for dust analysis (14, 19), but not,
iol‘uulknow,rotmmwpnmﬂuhd
10 much sharper size serarations than the im-
paction devices, where the overlap between the
size groups is uncomfortably large. The restricted
working size range is a further limitation to
several designs. In occupied places, microorga.
nisms are commonly associated with particles
whose median equivalent dismeter ix about 12 to
15 u (H1). Such clouds can only be adeguately
sized if the first stage cut-off of the sampler ap-
proaches 20 u or larger,

CoMPOSITION OF THE PARTICLES

This is not often considered as a sampling prob-
lem, but it may often have important epidemiolog-
ical implications. Rubbo and his co-workers (1)
attempted to demonstrate an associalion between
cotion fiber and airborne bacteria n hospital

w
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Fic. 1. “Stamp-licker” air sampler; two s tions at right amgles. The perspex eni. y duct terminates in two slits
1 mm wide by 5 cm long, each with their lower fuces 2 mm above the lop of a siuinless-sieel cylinder 2.5 cm in
diameter. The mati-surfaced cylinders are rotated in polytetrafluoroethylene bushes by an external motor at 6
rev/min and dip into the collecting fiund. The muain body of 1he sampler is fabricated from stainless-steel sheet, and
the entry duct is clamped down ontu Jocating blocks, with a sponge rubber sealing gasket. Directions of air flow

and of rotation of the cylinders are shown by arrows.

wards. Devies and Noble (4) suggested that
Staphylococcus  aureus s often found associ-
ated with skin fragments. Some indication of
the effective disseminating sources of, for ex-
ample, Clostridium welchii might be found along
these lines. Another aspect of the composition of
the airborne particles is the number of viable cells
contained in it. The clumps of cells in the larger
particles of artificially gencrated clouds will often
be dispersed in liquid medium. In this case, com-
parison between colony counts obtained by im-
paction on solid media and the recovery .rom
fluids enables an estimate of the mean number of
viable cells per clump to be obtained. Species,
such as certain streptococci, whose cells do not
separate easily during multiplication, obviously
cannot be examined in this fashion. More gener-
ally, it appears that the viable cells in many, if not
most, naturally occurring pariicles cannot be
casily separated (1), Dispersion by mechanical
methods or by chemical (e.g., enzymatic) action
has been suggested but not adequately explored
(7, 9). Estimation of clump size from the shape of
the dose-survival curve resulting from exposure to
a sterilizing process with z constant chance of cell
death per unit dose increment is essentially
laborious, and a suitable sterilizing process can-
not always be found. Electron bombardment has
been used for staphylococcus-currying particles
(8), but the killing action of this and other radia-
tions is often complex. Knowledge of the clump
size is important in infectivity studies. The dose
may differ substantially from the particle estimate,
and this difference may vary with, for example, the
age of the suspension, as death of cells reduces the
average number of vizble units per particle.

SeLecnive CULTURAL METHODS

The viable cells carried on dry airborne particles
differ from those present in liquid cultures. They
appear to be more resistant 10 the action of ultra-
violet radiation, elthough it is not clear to what
degree this is a property of the cells themselves or
to what degree it depends on the nature of the
matrix in which they are embedded (2). They may
differ in infectivity and virulence (5, 12), and they
may differ in antigenic structure and power 1o
combine with immunofluorescent reagents. More
pertinent here, they are often less able to grow on
selective media (16). How far this relative dis-
ability is affected by a preliminary hold time ina
collecting fluid I do not know. In practice, this
cell defect, whatever its nature or cause may be, is
a severe limitation. Sometimes a useful discrimi-
nation in favor of the species of interest without
significant loss can bc obtained by reduction in
the concentrations of the selectivc agents. An
alternative approach is to grow the organisms to
microcolony size on an unselective medium and
then to replicate onto one or & variety of selective
media (16). The transferred cells are then in their
growth phase and are better able to continue
growth in the inhibitory medium.
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INTRODUCTION

This report describes a number of character-
istics of artificially prepared aerosols containing
coxsackievirus A, type 21, a virus that causes
respiratory illness in man. Studies on natural
acrosols produced by subjects who have been
infected with this virus are also described.
The findings are part of a continuing program of
investigation of the role of aerosols in human
viral respiratory disease conducted as a joint
undertaking by the U.S. Army Biological Center,
Fort Detrick, Frederick, Md., and the Institute of
Allergy and Infectious Diseases, National Insti-
tutes of Health, Bethesda, Md.

The report is divided into two sections. The
first deals with observations on the properties of
laboratory-generated viral aerosols used for
inoculation purposes, and the second covers the
production of viral aerosols by experimentally
infected subjects and the contamination of air in
rooms occupied by them.

The program has availed itself of a large body
of information concerning bacterial aerosols and
was aided by sorme new techniques pertinent to
viral aerosols. The work so far has provided a
sound experimental basis for a broad approach to
the problem of the role of viral aerosols in human

respiratory disease, and the information already
gained has indicated a possible significance for
this mode of dissemination of these infections.

RESULTS

Preparation and Properties of a Small- Particle
Viral Aervsol

Studies with artificially prepared small-particle
aerosols were undertaken to provide better con-
trol of the site of inoculation than was possible
with liquid suspensions instilled into the noes.

Opportunity was also provided to make observa-
tions on virological and physical properties of this
form of virul suspension. The results to date are
limited to findings with coxsackievirus A, type 21,
but the methodology is applicable to agents be-
longing to three other major virus groups: adeno-
viruses, rhinoviruses, and influenza viruses.

An aerosol apparatus originally designed for
use with a bacterial organism (5, 8, 11) and the
Collison atomizer (2, 9) were selected for evalua-
tion. The aerosol was generated from a safety-
tested, tissue culture suspension of virus (4, 10).
The equipment produced a heterogeneously sized,
small-particle acrosol under the conditions in
which it was used. The sampling instrument used
in these studies was the Shipe impinger (16). It
contained 5 to 10 ml of a suitable cell culture
medium that could be used directly in the selected
assay system. The high efficiency of the Shipe
impinger for the collection of virus from these
aerosols has been established. About 50, of the
total virus atomized was recovered.

Preliminary experiments were performed to
determine the relationship between the concentra-
tion of the viral suspension to be sprayed and the
viral concentration of the resulting aerosol. This
informatinon was essential to provide a degree of
control over doses of virus to be adminis‘ered.
Figure 1 shows data collected with coxsackievirus
A-2L. It is apparenit that a direct relationship
exists between the concentration of the virus in
the spray suspensions and that of the aerosol.
With this information, it was possible to estimalte,
within an acceptable range, doses of virus to be
administered to volunteers by appropriate dilu-
tion of the spray suspension. The actual dose
administered was determined at the time of each
inoculation (4).

Another factor of concern with both the experi-
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mental and natural aerosols was the distribution
of virus in aerosols of heterogeneous particle size.
It was important to know whether virus concen-
uation followed the volume distribution of the
aerosol or whether some unknown selective force
caused an unexpected concentration of virus in
particles of one size or another. To answer this
question, the concentrution of virus was measured
in aerosol particles of various size ranges. The
particle-size distribution of the aerosol was de-
termined by direct microscopic measurement, and
yirus was collected in an Andersen sampler (1).
The plates were prepared by pouring a 21-ml base
layer of hard agar and, after this solidified, an
overlay of 6 ml of 12¢; gelatin was added (6).
Theaprservedtoplaceﬂneuhthmrfacenthe
proper level below each sieve plate. After sam-
pling, the gelatin in the plates was liquefied at 37 C
and was removed for virus assay. Figure 2 shows
the results of one of these experiments. As can be
seen, the virus concentration appeared 1o be more
closely related to the volume distribution rather
thun the particle number distribution of the
aerosol. Similar findings (1) have been reported
for bacterial aerosols.

Particle sizing of virus aerosols, both experi-
mental and natural, presented no unique prob-
lems. Standard techniques with use of cascade
impactors, membrane filters, and settling slides
were used without modification (14).

Viral Aerosols Produced by Infected Persons

For present purposes, natural aerosols are
defined as those arising directly or indirectly from
infected volunteers. The events that were con-
sidered to be possible sources of viral aerosols

-

-
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Fi1G. |. Relationship of coxsackievirus A-21 concen-
trutions in spray suspensions and aerosols. Reproduced
by permission from reference (4).
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FiG. 2. Disiribution of coxsackievirus A-2] in an
aerosol heterogeneous in particle size. Reproduced by
permission from reference (4).

Because talking and breathing produced rela-
tively few particles, our studies were concentrated
on the sneeze and cough.

Two procedures were devised to examine the
aerosols produced in coughs and sneezes by in-
fected volunteers. One was used to recover virus
from coughs and sneezes, whereas the second was
of particles in the aerosol.

Recovery of virus from aerosols and droplets
produced by coughs and sneezes was accomp-
lished by having the volunteer sneeze or cough
into a deflated weather balloon (Fig. 3). The
balloons were washed several times to remove as
much talc as possible. They were sterilized while
submerged in buffered saline and then stored ina
refrigerator, Prior to use, the excess fluid was re-
moved and replaced with 10 ml of cell culture
medium. The balloon was attached to a face mask
that provided a tight fit around the nose and
mouth of the volunteer. After the volunteer
sneezed or coughed, the neck of the balloon was
clamped off. By use of a Shipe impinger, the air
phase of the balloon was immediately sampled.
The inlet on the critical orifice was modified from
the usual blunt-end capillary to a funnel shape to
reduce the loss of larger particles (>$ u) by
impaction (12). The balloon was reinflated with
laboratory air, and the wall inside was carefully
rinsed with 10 ml of medium. The impinger fluid
was assayed for virus directly. The wush medium
from the balloon was clarified by centrifugation,
and the supernatant fluid was assayed for virus.
This procedure gave the approximate amount of
total virus in a sneeze or cough, and roughly
defined the airborne component as distinct from
the portion that either impacted on the inner wall
of the balloon or immediately fell out because of
large-particle size.

%
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Fro. 3. Use of a weather balloon for the entrapment
of smeezes and coughs.

Some examples of resuits obtrined by use of
this technique on volunteers infected with cox-
sackievirus A-21 are given in Tables 1, 2, and 3,
These results are presented to illustrate that the
procedure can be used for detecting virus in these
expiratory events. Although the quantities of
virus recovered range from a few TCIDs, to several
thousand, the results cannot be considered in
absolute quantitative terms. There is littie doubt,
however, that virus can be acrosolized in tixe
process of sneezing or coughing, and that, in some
instances, sufficient quantities are expelled which
could account for infection of susceptible indi-
viduals in the environment.

Particle-size analyses were made on sneezes and
coughs collected in a 127-liter stainless-steel cham-
ber. The chamber was shaped as a truncated cone
to minimize impaction of particles on its sides
(Fig. 4). It was equipped at the small end with
a pneumatic tube that tightly fit the facial contour
around the nose and mouth. At the opposite end
of the chamber were scveral sampling ports that
would accommodate impingers, impactors, An-
dersen samplers, and a pacticle-size analyzer (13).
A large weather halloon could be inserted into the
chamber with its mouth open to the outside. This
balloon would inflate as the aerosol was sampled,

BacteErit. REv.

avoiding the dilution of the acrosol with outside
air. Preliminary particle-size analyses showed that
the particle content of room air obscured the
particles produced by the snecze or cough. To
circumvent this problem, the volunteer was placed
in a plastic tent that was continuously purged with
filtered air, as was the chamber. After several
minutes of decp breathing in this environment, the
particles were almost completely removed and
reliable measurernents could be made.

An example of the particle-size distribution of
acrosols from sneezes and coughs, by use of this
equipment, is shown in Table 4. In comparing the
s :eeze and cough from a single volunteer, it may
be noted that the particle-size distributions were
similar. The sneeze produced 18 times more
particles than did the cough. The volume of the
sneeze was about 30 times that of the cough.

Particles above 15 u in diameter presented a
special problem which has not been successfully
solved. Because of their high settling rute and low
concentration, no Attempt was made to enumerate
these purticles,

Air Sampling in the Environs of Infected Volunteers

ARer it was established that the infected human
volunteer did produce airborne virus, it was of
interest to determine whether virus could be re-
covered from the room air surrounding the
subjects. Preliminary cakulations were besed on
the average valume of oral secretions in a snocze,
the expected titer of virus in oral secretions, and
the volume of the room. If volunteers harbored
10¢ TCiDys of virus per milliliter of oral secretions,
sneezed 100 times in a closed room (70,000 titers
in volume), and atomized 5.9 X 10~* ml of secre-
tions with each sneeze, 12,000 liters of air would
have to be sampled to recover 1 TCIDy of virus.
Any biological and physical losses of airborne
particles would tend to increase the volume of air
that must be sampied. It was upparent, therefore,
that devices that sampied 10 to 30 liters of air per
minute were impractical for use in these studies.
This eliminated from consideration virtually every
commonly used sampling device.

The apparatus that was selected for these
studies was a newly developed large-volume
sampler (LVS; designed by Litton Systems, Inc.,
Minneapolis, Minn., under contract with Fort
Detrick) that functioned by electrostatic precipita-
tion (Fig. 5 and 6). It is capable of drawing air
flows up to 10,000 liters per minute. The air
passes through a high-voltage corona that
charges particulate matter, causing it to precipi-
tate on a grounded disc. The disc rotates at 200
to 300 rev/min and is covered with a thin,
flowing film of collecting fluid. The diluent used in

~
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TasLE L. Recovery of coxsackievirus A-21 from coughs of volunteers by use of the balloon technique

TC1D0e of virm .
Volunteer no. Source - - e i ~  Positive tests®
[ L Y | 1 u ' oo»
days* i days days  days ' days : days | days
i Air 0 ' a4 23 ;0 3 100 0!
wall o - o - 2 | % | 0 o' o &
2 Air 90 0 o' 0 ¢ 0 1 0 ! -« 1
Wall 0 o/ o . 0 O ! o ! —
; ! i !
3 Air o ; o o - 0 o i 0 -~ .
Wall 0 ! o 0 X | 0 ' 0 i o !
. i H |
4 Air © ¢ i 0 i 0 0 0 L,
wall o i o ! o | o | o ! o 0 ! /
« Days after exposure.
¢ Number of positive coughs/total tested.
¢ Not tested.
TABLE 2. Shedding of coxsackievirus A.21 by human volunieers
| TCIDw
Volunteer Specimen Posltive/
Bl 3 | . ‘ s . i ? total®
f days | days | daps dys ©  dan
1 Oral secretiond | 32,0004 0 ¢ 100 3,00 | 100 5/s
Cough - ; '
Aire i 90 1] ‘ 0 0 ! 0 1/8
Walls i | ol o 0o 0
Sneeze : ! : i
Air — 0 0 0o . - 2/3
wall - i 0, % 5 0 -
r ! i
b2 Oral secretion | 0 100 ' 3,20 2/3
Cough i !
Air i I 15 0 23
Wall i 0 o 0
Sneeze i } '
Air | | o 0 %0 173
Wall j oo o 80

s In a third volunteer, all specimens were negative (not infected).

* Days after exposure.

« Number of positive specimens/total tested.
4 1CIDw per 0.2 ml of secretion.

* Balloon technique (see text}.

/ Not tested.

¢ Began shedding virus on day §.

our experiments was Eagle’s basal medium con-
taining 20, calf serum, and antibiotics to reduce
bacterial and fungal contamination. About 125
ml of medium was recirculated through the
apparatus. Evaporation over a 3.5 min period
caused a loss of about 259 of the fluid.
Preliminary tests to determine the efficacy of the
sampler were carried out in a room with a volume
of 32,800 liters. A suspension of coxsackievirus

—

A-21 was atomized into the room by a University
of Chicago Toxicity Laboratories (UCTL)
atomizer (15), and the acrosol was circulated by a
15-inch fan directed toward the aerosol stream at
a 90° angle (Fig. 7).

Since most determinations were made on
acrosol concentrations below the threshold of
other sampling devices, there was no base line for
comparison. It was necessary, therefore, 10 caku-
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TasLe 3. Shedding of coxsackievirus A-21 hy human volunteers

i ! Oral secretion 10,000-
' Cough
Air¢ 10
Wall¢ 0
Sneeze
Air ~—t
Wwall —
b4 " Oral secretion
Cough
Air
wall
Sneeze
Air
Wall
Ky Oral secretion
Cough
Air
Wall
Sneeze
Air
Wall

8 8§

TCIiDw

Positive toal®
]
days days

"

|
|
o -
|
i

3
8

58

"
w

0
0
0 0:4
0
0

8°° (=4

24
0 2:4

co o5 oo

8.

8% =&
-00 S0 Sos 2o

—
83
=
M
V]

¢ Days ufter exposure,

» Number of positive specimens ‘total tested.
* TCIDw per 0.2 ml of secretion.

< Balloon technigue (see text).

¢ Not tested.

/ Began shedding virus on day 4.

¢ Gross nasal secretions were expelled by the snecze.

A Began shedding virus on day 6.

late the efficiency of the apparatus from the
amount of virus atomized. Figure 8 shows the
results of these experiments. Recoveries ranged as
low as 0.6¢; to as high as 71¢;, with the vast
majority falling between 1 and 207, It is signifi-
cant that virus was recovered in all experiments in
which the predicted aeraosol concentration was
0.001 tissue culture infectious unit (TCIU) per
liter or greater. [Concentration was estimated by
the dilution method of Fisher and Yates (7).]

In trying to establish the best method for
handling the fluid from the LVS prior to assay, a
number of techniques were employed in an effort
to concentrate the virus and reduce the problem of
conlamingtion. These included both high- and
low-speed centrifugation, sonic disruption, extrac-
tion with trichlorotrifiuoroethane, and sometimes
no treatment at all. Although these procedures
were more of less successful in reducing contami-
nation or reducing the volume of fluid to be
tested, they did not seem to alter the per cent
recovery.

In the interpretation of these recovery values,
several factors must be considered:

(i) The sampling period was based on one turn-
over of room air through the sampler. Since the
efffuent air was returned to the room, the maximal
efficiency would not be expected to exceed 66°,.

(i) No measurement of biological or physical
loss of the aerosol was made. Any losses of this
nature would reduce the maximal per cent re-
covery that would be expected.

(iii) When contamination Jf the celi cultures
occurred, the tubes were climinated from the
assay, and it was noted that a low recovery value
was obtained in these instances.

A second series of experiments was done in a
similar manner, except that 2 tracer, sodium
fluorescein, was incorporated into the virus sus-
pension 10 be atomized, and large concentrations
of virus were used. With these large concentra-
tions of virus, it was possible to make direct com-
parisons between the LVS and the Porton all-
glass impinger (AGI), a common laboratory

roah vM-'munmu';lmlum
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F1G. 4. A stainless-sieel, 127liter chamber for the colieciion af sneeres and coughs.

TanLe 4. Airborne portion of a represemiative
sneeze and a representative cough

| Sareze ’ Cough
P:il_'!irle: —~— i -
iam , N ,
e VL ve
S il iy Sev D
<l 1 800,000 167,000 ' 66,000 13,860
-2 686,000 1,210,000 21,30 37.MM
24 101,000 1,427 000 2,800 19,564
48 16,000 1,800,000 M ™I
1S 1,600 1,270,000 : 3 %248
Totat 1.603,600 S 874,000 90,8318 X0 473

+ Ratio of number of partic!. in a sneeze to
number of particles in a ccup’. vas 17.6:1; the
ratio of volume of a sneeze 10 volume of a cough
was 9.1,

- aom

Fii. 3. Schemartic diagram of the air and liquid flow
gerosol sampler. The LVS was operated (0 8 3.5 systems of rhe lurge-volume air sampler.
min period, whereas the AGl were operated for
1 min (12.5 liters per minute of flow). Based on  in the samplers, recovery rates were vakculated.
the total amount of virus and Ruorescein aero-  Table § shows that the LVS consistently recovered
solized into the room and the kmounts recovered  more fluorescein than the AGl. The virus recovery

—
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Fiu. 6. Phoiograph of a large-volume air sampler.

Tiuseeiieem T
’“‘_f\ ("4 %
LA\ Mo emiver
/o '.'.‘,Ns‘i.
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e
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’ Svapomien
-
ST - ]
I . H i
I ]
= '
Levge Volome - ST LA
Jondle Wonhlow |

Fra. 1. Sumpling arrangement Jor testing the effi-
ciency of the large-volume air sampler.

rates exhibited variability between samples. It was
also significant that the recovery rates of the
samplers were not changed in situations where
sampling was started after the acrosol generator
wag stopped. These results suggest that the LVS isa
highly efficient sampler and that biological in.
activation of the virus did contribute to the low
recoveries in carlier experiments (Fig. 8).

The large-volume sampler was used for the
dclectiono!vwmunairofmoccupiedby
vo'anteers experimentally infected with aerosols
of coxsackievirus A-21. Prior to sampling, the

” L
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Aeranel Cont. W por mge
FiG 8. Recovery of coxsackievirus 4-2] Jrom aero-

sols of vurving concentrutions by use of the lurge volume
air sampler.
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ventilation was turned off for a 2- to 4-hr period.
The room was closed except for entry for the
sampling. During the 2- 10 4-hr period, no restric-
tions were imposed on the volunicers, and routine
activity was normal. The sampier was operated
for a 12-min period, vhich amounted (o :ampling
120,000 liters of air. The room volume was 70,000
liters. It was estimmted that sbout 82'; of the
room air ves smpled by this procedure. The
~unpling fluid was immediately frozen and stored
for subsequent assy in cell cultures.

The results of one experiment in which two
rooms were sampled twice daily for S days are
shown in Table 6. Virus was recovered from $ of
thes 16 sampies wested. Overall recovery rates re-
vesled & distinct relationship between the quan.
tity of virus in secretions and recovery of virus in
theLVS (3).

Discussion

The purpose of these studies was to Ciscribe
procedures employed in studies on the role of
viral serosols in human viral respiratory disease,
The results showed that viral serosols prepared
with the Collison atomizer can be adjusied t0 a
desired content of virus, and that the size distri-
bution of such aerosols coincides to most particles
produced in sneezes and coughs from infected

‘Tase 8. Recovery of coxsackievirns A-21 and
Morescein from room acresoels

Por ceat recor o1y

(20 Conditrons of ampler  — 0
L) ampling S ¥
Virws cein
7 . During spraying LVS 1.2 &
: AGH, 2.5 4
AGl, 60 48
! AGl, 28 4
& After spraying LVS 160 64
' AGl, 0 42
! AGl, 320 W
' AGYlL 165 B
1t After spraying LVS 8 N
AGl 2.8 &
AGI, 0 ¥
AGL, 28 ¥
12 Duning spraying LVS 7.0 65
AGl, 54 &
AGl, jo 82
AGL, 2.3 %
Avg LVS 1075 o6 8
AGI 7 450
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Tanke 6. Recovery of covsackievirus 4-21 from
rienm air by nse of 1he large-volume sampler

Y e of situs by duys alter eapoeure
Room:  complingtim ' .. o

[ 4 3 s 3
iy 7:00 am < 0 188 s 0
10:00 pv 0 0 0o -
No. PO‘“‘\'Q;‘ . 13 2y 23 243
no. tested®
A8 nwaw . N 0 %0 9
10:00 pm 0 . 78 0
No. positive: 1.3 2., 3.3 33 1)
no. tested* f
+ Not done. -

* Number of volunteers having virus-positive
saliva, cough, or snesze, or all thror, over total
in the room.

volunteers, Thus, the convenience and precision of
the technique and its resemblance, at lesst 1 part,
1o natural viral serosols indicate ity puoential
utility for studies of this kind.

Virus was recovered from coughs and sne.-res
by collection in a weather batloon. The disudvin.
tages of this procedure were that only a rough
approximation of sirborme virus could be cb-
tained and that it was not practical to measure the
size of the airborne particles.

1he particle-size studies were best performed in
a rigid, stainless-steel chamber. These were ac-
complished by a combined use of a caxade
impactor and a particle-size analyzer. The larger
particles were not messured by these procedures,
because they did not remain airborne tong encugh
and because they were present in relatively low
cONnCentrations.

The use of a large-volume sampler to detect
virus acrosols in room air proved to be useful, and
the presence of virus in the environmental air of
infected subjects was demonstrated. When these
studies were performed, the apperatus was used
essentially as it was originally designed. It is
conceivable that, with additiona! work and modi-
fications, the LVS can be used for quantitative
determinations of airborne virus in a natural
environment. In this regard, it was of interest 10
find that the grestest number of positive LVS
sampies occurred in the room with patients that
shed the larger amount of virus (3. With due
regard 10 the inefficiency of present recovery
methods, evidence given here and from another
study from this laboratory (4) suggests that
infecied persons may discharge suthicient virus
into their environment to account for airborne
transmission of this disease.

—



S—— PR

L7 GERONE ET AL. Bactemnn. Rev.

The full sigrificance of these studies will not be
realized unil investigations of this natue are
extended to other respiratory virus diseases. By
examining viruses of varying epidemic powential
and comparing swh factors o« infectious dose,
clinical iliness, virus-shedding patteras, airborne
svival, ¢ic. on & quantitative basis, & better
knowledge of the underlying mechanisms of air-
barne transmission of virus will be gained. This
information will be helpful in appronches to
enviconmental control of respiratory disonse.
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Discussion

WILLIAM S. GOCHENOUR, IR.
Walter Reed Army Institute of Research, Washingion, D C.

Gerone and his associates have presented ob-
servations on the production of swmall-particike
virus aerosols with a Collison atomizer in a
maodified Henderson apparatus, information on
the production of viral serosols by persons in-
fected with oxsackievirus A.2!, and daw ac-
quired by largevolume air sampling in the

environs of infected volunteers. Portions of those
studies have been published in greater detal else-
where (1, 2.

From these observations, cerain inferences are
made as to the significance of small particles in
the transmission of naturally occuming discase
due to coxsackievirus A-21, us to the suitability of
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the exposure method for the inoculation of
voluntewrs, and as to the usefuiness of the large-
volume air ampler in demonsirating virus i the
environment of infected persons.

The purposes of large-volume air sampling may
be (wolold. First, one might theoretically detect
airborne agents in one-thousandth the concentra-
tion detextable by convenuoml samplers. Second,

fold variation betwesn estimates of the comen.
tration of a given acroeol and a 20-fold average
variation over the concentrations sampled reduce
the device in ils present state to a qualitative
sampier whose negative resulls would be suspect.

The presented results of comparison of the
Iaraevohmn sampler with the Porton all-glass
impinger raise movre questions than they answer.
Greater than 10-fold ditferences in virus recovery
versus tracer recovery are indicawd for both
samplers, under conditions where tracer recovery
was remarkably consistent These are not com-
patible with the stated accuracy and reproduci-
bility of the virus assmay procedure (standard
deviation, 0.25 log.s TCIDy per mb).

The studies on sneezes and coughs cstablish
two main points. First, the particle size distribu.
tions and particle volume distributions are
markedly unlike that of the aniificially generatad
acrosol used to infect volunteers. Second, no
correlation can be made tetween titer of oral
secretions and the amount of virus in a sneeze or
cough.

The suitability of any method for the inocula-
tion of volunteers by inhalation can be defined 1n
terms of predictability of the dose 10 be adminis-
tered and the site of deposition desired for the
purpase of the experiment being conducted.

Predictability of the dose administered 1o man
is influenced by stabuity of the agent in the spray
suspension and in the airborne parciculate:. gener-
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ated, the uniformity of the aerosol generuted, both
Qualiutively and quantitatively, and by the rate,
manner, and volume of breathing of the text sub-
ject. It is also obviously dependent upon the
accuracy of the assay procedures employed.

The lengthy training required to accustom
volunteers to the highly stylized breathing cycle of
nasal inhalation and oral exhalaiion required for
mask exposures has long teen recognized, With-
out this, marked variation in respiratory rawes and
tidal volumes will materially affect sites of deposi-
tion of airborne particles, yet not be reflected in
the presented doee,

Data have heen presented showing a not un-
rensonable rciationship between the concentra.
tion of coxsackievirus A-21 in spray fuids and in
the aerosol genesated in the device employed. The
tnconstancy of the relationship, as demonstrased
by these data, deserves consideration. As ex-
amples, .erosol concentrations of approaximately
mtcms.pulwwaeobumdwahspnym
pensions with concentrations ranging from 6.9 X
10'* 10 8.2 X 10" TCIDy, per liter, and acrosols

containing approximately 1,000 1C1Dyy per liter
were obtained from suspensions containing 8.6,
9.5, and 10.5 x 10'* 1CIDy, per liter. Convcmly.
from u single spray fluid concentration were
generated serosols containiig less than 100 and
over 1,000 ¢y, per liker Thus, although the
relationship, or so-calied “‘spray factor” may be
uscful in generalized predictions, it does not have
the constancy and precision required for indi-
vidual dose determination. Reliance must still oe
placed upon afier-the-fuct estimation of dases
presented by assessment of samples collected over
the same periods as the volunteer exposures, from
samplers located in immediate proximity to the
exposure port of the acrosol-generating oevice,

Even were the problems of dose predictability
resolved, suitability of an exposure method still
remains dependent upon the purpose of the
experiment. If the objective of a study is to deter-
mine whether or not man may be infected by an
airborne ag°nt in an essentially small-particle
aerosol, the method employed by Gerone and his
arsociates s Quite appropriate. Similarhy, the
capacity of a virus to initiate disease in the lungs
and trucheobronchial tree is susceptible to ex-
amination by this method, the artificially induced
pneumonia and tracheobronchitis with strain
49882 HEK affirmatively answers such # question.
Elucidation of the mechanisms of naturally ac-
quired coxsackievirus A-21 infection and of the
significance of particles of various sizes in natural
trunsmission of disesse is an altogether ditfferent
matter.

Naturally occurring coxsackievirus A 21 illness



