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is an upper respiratory discase. Experimentally
produced upper respiratory illness with this virus
has been achizved by nasopharyngeal inoculation
(3), by deposition of virus on selected sites in the
upper respiratory tract, and by inhalation of
large particle aerosols (4), which are primarily
deposited in the upper respiratory tract.

In a series of experiments, Buckland and his
associates circumvented the problem of precise
location of deposiiion of airhorne particulates by
direct application of coxsackieviris A-21 to
specific locations in the upper respu (tory tract.
Their findings showed the nasal mucoss to be
exquisitely susceptible tc infection, whereas the
oropharynx and nasopharynx were refractory to
drses several orders of magnitude greater. In
subsequent studies, vclunteers were infected with
doses comperable to those directly instilied when
presented in relatively large airborne particles,
virtually all of which might be expected to be
d=posited on the nasal mucosa. These authors
concluded that only particles retained in the upper
respiratory tract are of significance in transmis-
st of naturally occurring disease.

.. attributing production of upper respiratory
diseuse to *he small particles generated with the
Collison atomizer, Gerone and his associates have
not rigorously excluded the contribution of that
portion of the perticles larger than 2 u, which
might be expected 10 be retained 1n the upper
resprratory tract. From analysis of the particle
size spectrum of the aerosol, approximately one-
fifteenth the dose presented might be so retained
(5). This may well be a significant quantity of
virus, of itself capable of initiating infection.

Further experimenta.ion, either by use of
aerosols whose upper respiratory retention is
regligible. or by bvpassing the upper respiratory
tract via an artificial a;rway, are needed if this
matter is to be definitively resolved.

Mosi disappoiring o this reviewer is the lack
of informaticn vresented upon the airborne sa-
bility of coxsackicevirus A-21 under varying cordi-
tions of relative humidiy and temperature. The
observations oi Buckland and his associates indi-

Author’s Comments

I} GERONE, R. B. COUCH, R.

In Col. Gochenour’s discussion of our paper,
severa! points were sade with which we are in
complete agreement. Other issues were raised,
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cate a biological decay rate of 50¢; per min for
virus in small particles and roughly 25¢;, per min
in the larger particles, if decay is linear. Such
values are compatible with droplet infection. Far
greater airborne stability is required for signifi-
cant airborne transmission under ordinary condi-
tions. Valuable information could be obtained by
sequential examination of siatic aerosols with slit
samplers or impingers.

In summary, the authors have described an
aerosol used to induce infection in man. This
discussent believes that further, more critical ex-
aminstion is required to definitively establish the
significance of deep respiratory deposition of
small particles in production of upper respiratory
disease, and hence the appropriateness of the
model for the study of naturally acquired infec-
tion. It is hoped that further studies will clarify
this. Similarly, improvements in high-volume
sampling, combined with knowlege of airborne
stability of this virus, will permit more critical
evaluation of the role of airborne dissemination
in coxsackievirus A-21 upyper respiratory disesse.
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In regard to the large volume air sampler
(LVS), the discussant has outlined its limitations
as being (i) excessive evaporative loss of collecting
fluid, (i) inability to esiimate particle size distri-
bution, and (iii) its failure 1o ‘‘meaningfully
quantitate airborne virus.” The loss of fluid by
evaporation in the LVS has not been a serious
problem. When known concentrations of coxsack-
jevirus A-21 were added 10 the collecting me-
dium and circulated through the LVS for periods
three times longer than the sampling periods de-
scribed in the paper, no virus loss occurred. On
the contrary, when low-concentration aerosols
were sampled, the reduced volume of fluid that
had to be tested served as an advantuge.

The LVS was not designed to measure particle
sizes of the aerosols it samples; furthermore, no
other equipment is available which can analyze
g?nicle size and, yet, handle these large volumes

air.

Under the conditions in which the LVS was
tested, it was found to be a quantitative sampler.
The data in the last figure of the paper were
replotted (Fig. 1a) to show the relationship be-
tween virus concentration recovered and virus
concentration in the room air. It is readily ap-
parent not only that a relationship does exist, but
that there is a direct proportionality between the
amount of airbornc virus in the room and the
quantities recovered in the LVS.

The studies comparing the LVS and all glass
impinger (AGI; Table 5) raised a question in the
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TarLe 1a. Covsackievirus .-21 aerosols used In
volunteer inoculations

Acrosol conca 1logne

Run ' Dilutionof Su;pu‘uioni TCiDee et liter)
Do, inoculum pool “fw"‘c"p" ey, —————— =

Predicted | Actual

| 10-40 8.0 174 2.08
2 10-4» 7.5 1.30 | 038
3 10-44 1.5 .30 | 1.4
4 - 10 7.5 1.0, 1.42
§ t g0 7.5 1.0 | t.42
6§ | 10 7.4 L2

discussant’s mind regarding the variability seen in
virus recoveries and the consistency demonstrated
in the fluorescein recoveries. It should be stated
that two variables were present in the virus deter-
minations which were not present in the fluores-
cein assays. These are: (i) the biological inactiva-
tion of the virus and (ii) the sensitivity of the cell
cultures used in the assay procedure. The four
virus recovery values with the LVS in actua}
TCIDy, ranged from 4.6 to 5.1 logis, and are con-
sistent with the 0.25 log;, standard deviation of
the assay procedure. This standard deviation,
however, cannot be applied to the virus values ob-
tainad with the AGI, becau~e those end points
were calculated by the Fischer-Yates dilution
technique. Despite the limitations imposed by this
assay procedure, the mean recovery in the LVS
and AGI were remarkably similar.

The disc .-t also questioned the predicta-
bility of do .= .uministered to volunteers with the
experimerial aerosols. We agree with his enumer-
ation ui the factors which may influence predicta-
bility. Undue emphasis, however, was placed un a
few points which strayed from the line shown in
Fig. 1 of the manuscript. The maximal deviation
between the predicted and actual determination
was 1.1 log.q, and only 3 of the 27 points plotted
on the graph (! in 9 determinations) were more
than 0.5 log., fiom the predicted values. These
results have been interpreted by the authors as
representing good predictabilily for acrosol inocu-
lations with rhis virus. This can be further sup-
ported by actual figures, shown in Tuble la,
taken from the subsequent volunteer experiments.
Five of the six predicted values were within 0.35
log;e from the actual determinations and four of
these were within 0.15 log,, of the anticipated
concentration.

The two main points that were established by
the studies of sneezes and coughs were: (i) these
expiratory events froduce large numbers of stnall
aerosol particles capable of remaining airborne
for lon~ periods of time, and (ii) sutficient quanti-
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ties of coxsackievirus A-21 are present in these
particles to induce infection in susceptible sub-
Jects, Additionally, it should be noted that most of
the particles produced by sneezes and coughs are
in a size range comparable to those generated by
the Collison atomizer; however, because of the
presence of small numbers of large particles in
sneezey and coughs, the volume distributions of
the matural and experimental aerosols are
different. The distribution of virus according to
number or volume of particles in natural aerosols
not been determined. The occurrence of air-
virys in cough specimens was found to be
statisti related to the quantities of virus in the
and oral secretions (1).

discussant’s observation that the larger
particles in the experimental aerosol may have
imnitiated upper respiratory infection and illness in
the volunteers may be valid, and was recognized
by us in a previous report (2).

On the basis of the discussant’s comments
regarding types of clinical illness produced with
coxsackievirus A-21 infections, additional clarifi-
cation of our findings is necessary. The predomi-
nant clinical response produced by this virus is
upper respiratory iliness, regardless of whether
he infection occurs in natural circumstances or

gi
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follows experimental inoculation by nasal instilla-
tion, large-particle aerosols, or small-particle
aerosols. With one strain (49889 HEK ,), however,
lower respiratory illness was the predominant re-
sponse and occurred only after small-particle
aerosol inoculation. There appears to be no doubt
that the upper respiratory passages are extremely
susceptible to infection with this virus, and we
agree that deposition at this site may be respon-
sible for the consistent finding of upper respira-
tory illness in natural and experimentally induced
disease. Finally, us stated in the previous paper
(1), the question of how this virus is transmitted
in nature has, at the present time, not been
answered in this laboratory or elsewhere,
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INTRODUCTION

The experiments described were designed to
provide information on the infectivity of Vene-
zuelan equine encephalitis (VEE) virus for birds
by the iespiratory route. Laborutory studies by
Chamberiain (2) showed that wild birds, including
pigeons, could be infected with VEE virus by
mosquito bite or by subcutancous (sc) injection of
virus. Overt signs of disease were absent in avian
hosts, but viremia was produced for periods of 1
or 2 days, followed by the appearance of specific
scrum-neutralizing (SN) antibodics. The respira-
tory route of infection with VEE virus has been
suggested previously. In noting that virus occurs
in the nasopharyngeal washings of infected
humans, Olitsky and Casals (10) recognized a
potential for epidemics without insect vectors.
Perhaps the most striking evidence of invasiveness
of VEE virus by the respiratory route was pro-
vided by Slepushkin (11), who reported on infec-
tions in a large group of laboratory personnel
after exposure 1o aerosol~ produced by breakage
of a vial of virus. The susceptibility of birds to
infections by the respiratory route had not been
investigated. However, the possibility that the
respiratory route was involvew with arboviruses
in nature was suggested by Holden (6) in studies
with pheasants and eastern equine encephalitis
(EEE) virus. Cther cases of coutact infection
among hirds by EEE and western equine encepha-
litis viruses were reviewed by Bourke (1).

COMPARATIVE SUSCEPTIBILITY OF Fowr 1O
AEerosoLs of VEE Virus

The selection of an avian host for the subse-
quent studies of response to static aerosols of VEE
virus was preceded by screening a number of
species of fowl. Birds were exposed for 1 min to
aerosols of the Trinidad strain of VEE virus. The

particle size distribution of the clouds was charac-
terized by a mass median diameter of 1.5t10 2.5 u
and a slope of 3.5 probits per log diameter. Those
values indicated that about 60<; of th: cloud
mass was in particles between 1 and 3 x in diam-
eter, After exposure, the birds were isolated by
dosage group in gas-tight cabinets and bled daily
for viremia determinations. Serum neutralization
tests were conducted on host sera collected before
exposure and 21 days alter exposure.

Inciuded in the host range were leghorn
chickens that had previously been shown to re-
spond to an intravenous dose of <10 mouse
intracerebral LDy (MICLDye) units. However,
these birds, like ring-necked pheasants, hybrid
chickens, and Peking ducks, were resistant to
doses of 2,500 to 10,000 MICLDy, inhaled. By
contrast, White Cameau pigeons (3) proved
susceptible. A viremic and serological response
was obtained in 60 to 80< of the birds tested at
animnleddosenslowas 374 MiCLDy, (9). The
marked cut-off in response below this level and
high percentage infected with higher doses are
illustrated in Table 1, with data taken from a num-
ber of experiments. All aerosol exposures were for
1 min only.

In general, viremic levels ranged as high as 10°
MICLD;e per ml of blood with no obvious depend.
ence upon dose, once 2 minimal infective dose
was given. The duration of viremia averaged 3
days, beginning on the Ist or 2nd day after expo-
sure. VEE virus infections in pigeons, as in other
birds (2), did not result in apparent illness or in
histopathology. Such histopathological evidence
of disease as did appear was usually ascribed by
the pathologists to other causes, including agents
of pneumonia, trichomoniasis, and bacterial
meningitis, but even these were rare. During the
course of these studies, no hypersensitivity vas
detected in previously exposed birds. Tests were
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TasLs 1. Response of White Carnean pigeons to
respiratory doses of VEE virus presented in
! min

Doss | No. ol birds R kol
(o Inhaled) | o viremic i e o e
! ve i no.of birds teated

3T 48 ; 4/$
2,91 L 69 ; 8/9
1,90 = s/8 i 4/6
1,39 | a8 ! /7
89 i 3/6 i 3
374 IR z 6/7
138 08 | 0/6
76 0/8 : 0/8

LI LI | 11} ! 0/8

Controls | /24 f 0/24

* Aerosol conditions: 80¢ relative humidity
at 80 F (26.7 C).

* Doses estimated by extrapolation from cloud
concentrations at earlier cloud sges.

conducted for delayed skin reactions after injec-
tion of VEE virus antigen into the margin of the

eye.

Almost without exception, the detection of
viremia in pigeons over a 2-day period was
followed by a significant rise in the titer of SN
antibodies ( >1.0 log increase in SN index). These
same animals were resistant to respiratory
chalienge 3 weeks after the original exposure.
Table 2 illustrates a typical sei of responses to an
initial and 10 a challenge dose of VEE virus. Al-
though not shown, control studies in which non-
responders were later challenged indicated sus-
ceptibility indistinguishable from that of nonmnal
birds.

COMPARISON OF RESPONSES AFTER INHALATION
AND INJECTION oF VEE VIRus

The objective of one series of experiments was
to compare the responses of pigeons to respiratory
and subcutaneous doses of VEE virus (8). The
respiratory dose was 1,349 MICLD;, inhaled; the
subcutanecus dose was 506 MicLDy,. The results
of the experiment are surnmarized in Table 3,
Viremic responses are presented as a function of
day after dosage. Rirds receiving virus by the
respiratory route were not tested beyond day 4
because of previous data indicating that viremias
normally terminated prior to that time. No data
were available to indicate the duration of viremia
after dosage by the sc route. Therefore, blood
samples were collected and assessed for VEE virus
on each of 10 successive days after injection.

Among eight pigeons receiving 1,349 MicLD;, by
the respiratory route, approximately 757, ex-

BACTERIOL. Riv.

hibited virernias that first became evident in blood
samples collected on the 1st or 2nd day after
exposure. In the group injected with 506 MICLD:s
s¢, viremias occurred in all eight birds, and virus
was uniformly found in the blood on the 1st day
after injection, However, the more rapid response
of the injected birds wes not obtained with a
smaller dose. At a dose of about 5 MicLDy,, by the
sc route, only 50¢; were found to be viremic, and
this condition first occivred from 1 to 2 days after
injection. Thus, as the minimal infective dose was
approached by each route. the characteristics of
viremias wer indistinguishable.

The similarity of the serological responses after
infection by each route is illustrated in Fig. 1.
Apparently, once an infection was established, the
rate and extent of appearance of SN antibodies
was independent of the route by which the virus
entered.

An additional criterion for the comparison of
responses by each route of infection was the
detection of virus in the cloaca and in the oral
cavity. These tests were considered to be qualita.
tive only because of the frequent occurrence of
low titers that could not be reliably confirmed.
However, with both the sc and respiratory groups,
it was possible during the period of viremia to
isolate and confirm the presence of VEE virus in
the oral cavity, but not in the cloaca. Subsequent
attempts to isolate virus on days 42, 43, 80, and
81 afer infection was initiated were unsuccessful.
These results add to the concept of a subclinical,
but immunizing, type of infection.

BmRD-10-BIRD TRANSMSSION OF VIRUS

It appeared logicai to investigate cross-infec-
tions between birds, because both the data on
respiratory susceptibility and the demonstration
of virus in the oral cavity suggested the possibility
of contact infections.

A device was fabricated to provide passage of
air from vire: :ic birds to normal animals (8). Two
boxes of about 3-ft* capacity were interconnected
by a 3-inch duct through which air Hlowed at about
12 liters per min. To insure that arthropods would
not pass from infected birds in one box to normal
birds in a second, a 60-mesh screen was placed in
the duct.

Six birds were infected by head exposure to
static aerosols of VEE virus. These animals were
placed in one box, and six normal birds were
placed in the second. The birds remained in the
enclosures for 3 weeks, except for short periods
during the first 10 days when blood samples were
collected daily. One of six normal birds developed
specific viremia on lys 9 and 10 of the 10-day
test period. Considering that viremia and oral
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Tasre X Response of plgeons 1o respirutory and
subcutaneous doses of VEE virus

Respiratory grou” i Injected group®
t 7 Co-ﬁmcd Viremic . Confirmed
jon [ oral swab ! i arsl swad
la m pnmct&::l) ! jeolate (lo F":':W v hohl:h:.u
f \oul) ' touh) toal)
1 38 i . 88
2 578 I ; 68
3 S8 1 6r
4 2/8 | I
s No data 1 S V2 R Pl
7-10 No data | 0T

* The respiratory group inhaled 1,399 MICLDy
in { min.

»The injected group received 06 MICLDw
subcutaneously.

virus were apparent among exposed birds, the
potential of cross-infection among pigeons ap-
peared to be low. It might be noted that additional

ities 10 detect cross-infections were
afforded by placing normal animals in holding
cabinets with viremic hosts. All such tests were
negative.

Ermct or Exposure TiME ON RESPONSE TO
INFECTION

One possible explanation for the lack of cross.
infections was an effect ofexposure time, i.c., that
dose-response data from a 1 - min exposure could
not be extrapolated for the interpretation of
effects when the same doses were given over
extended periods of time. One might assume in
this case that the passage of virus through the
duct mechanism would not be in numbers equal
to the minimal infective dose per minute that was
noted in controlled aerosol irials. If, then, one
were to postulate that infection does not occur
unless a specific rate of expocure is achieved,
regardless of the total dosc presented, the lack of
cross-infections could be explained. A system was
developed (8) to permit exposure of a group of

pigeons to acrosols at @ dose rate less than the
minimal infective dose per minute. With pro-
longed exposure, however, a total dose far in
excess of the minimal infective dosz could be
inhaled. The scheme employed is illustrated in
Fig. 2. After dissemination of virus, the aerosol
chamber was mechanically purged for a period of
20 min. The remaining aerosol was then assessed,
and subseyuently was allowed to undergo biologi-
cal decay untl the concentration approuched the
minimal level for estimation of viral content. At
this time, the aerosol was again sampled for esti-

mation of viral concentration, Further cloud
aging occurred 10 the extent necessary to yield
desired doses. The level of infective virus during
exposures was estimated by extrapolation from
the line established by the two assays. Justifica-
tion for the procedure was given by earlier work
which indicated that biological decay was linear,
and cspimtory infectivity of VEE virus, for
guinea pigs, was consistent over the cloud ages of
interest to this study.

The results of five experiments in which birds
were exposed to aerosois for extended periods of
time are presented in Table 4. Periods of exposure,
total inhaled doses, and dooses in the first minute
of exposure were varied. In four of five experi.
ments, birds were given towal doses over periods
of 25 to 180 min that far exceeded the infective
doses discussed previously for 1-min exposures.
In only onz experiment did pigeons generally
respond with viremia and production of SN anti-
bodies. In that test, 6,037 socLDy, were inhaled
over 60 min, but, more important, the dose in the
Ist min of exposure was 304 MICLD,, inhaled. This
value was within the minimal infective dose range
established in 1-min exposure trials. Note that in
the test where the 1st min dose was 124 MICLDy
inhaled, about three times the minimal infective
dose was accumulated in the first $ min of expo-
sure. By the end of 60 min in that trial, 10 to 20
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FiG. 1. Results of newtralization tests aguinst
Venezuelan equine encephalitis virus by seru collected
from White Curneuu pigeons ul vurious perinds afier
infection. Syminds: O = binds developed viremia after
respiratory daosage; A = hinds did not develop viremiu
after respiratory dosage; O = birds developed viremia
after dosage by ihe subcutaneous route; ® = binds
served us environmental controls amd were not viremic.
The apen square and cirle to the lefi of the vertcal
uxes should be read as being superimposed on the tri-
angle on that axis.
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times the minimal infective dose had been ac-
cunulated, and yet viremias and SN antibodics
did not occur. It thus appeared from these data
that infection was dependent upon rate of expo-
sure and not total dose.

It was of interest t0 test pigeons for eifects of
extended exposure in terms of respofise to subse-
quent challenge. Accordingly, the dose-response
curve was re.estimated by exposure of birds that
had not shown viremis or neutralizing antibody
formation after exposure to a total dose of 2,934
MICLDy inhitled over a 60-min period. The results
indicated that the previous experience with virus
had no detectable influence on the subsequent
disoasc response to infective doses. Birds were
viremi after an inhaled dose of 589 sacLD,, and,
as expected, failed to respond 0 19 MICLDy,.

EFFECT OF ANTIMICROBIAL DRuGs ON
SuscermuiTy

It is of interest, both epidemiologically and
academically, to detect mechanisms that alter the
normal dose-response relationship of virus and
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FIG. 2. Aerasol concentrution of Venezuelan equine
encephalitis virus as a function of age. Concentrations
are in 1esms of doses per minkte for White Carneau
pigeons expressed as MICLD,, units. The open circles
indicate aerosol concemirations estimated by sampling.
The solid line indicates the periods of matural clowd total
decay; the dotied line indicates a period of mechanical
purging. The hatched area illustrutes the dosage inhaled
by pigeans during a 60-min vxposure. Bands ubove amd
beivw the apen circles indicate 95C; confidence limits.
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Tant 4. Responses of White Carnean pigeons tn
respiraiory doses of VEE vieus presented over

extended perionds
: - vivemie | lgeal
Total dose “Marimal dose VT 4
(uicime; inbaled: - permin e rwemse
total} tewaly
17 in 60 min . Minute . 0/5 . 0/4
1,236 in 180 min st /s 0/4
2,9M in 60 min 2 U 2/18
4,344 in 60 min 124 08 | 0/6
6,037 in 25 min k1 S 72 L mn
« Aerosol conditions: ¥07;. relative humidity

st 80 F.

host. More specifically, it was of interest to detect
factors which altered the rate process indicated
above. Such a mechanian was suspected when a
group of birds responded with viremia and forma-
tion of neutralizing antibodies to what appeared
o bun abnormally low dose. This m had

Chas. Pfizer and Co,, Inc., New York, NY)lnd
HepZide (mﬂmnde Metck and Co, Inc,
Rnhuy,NJ.)htlufeedforZweehprhwthe
test. To test for a possible reiationship between
the drugs and susceptibility to VEE virus, 15
birds were held for 2 weeks without supplement,
10 bérds received Cosa-terramycin in the drinking

svater at a dosuge of 400 mg per gal of water, and

$ birds received Cosa-terramycin plus HepZide at
a dosage of 800 mg per gal for 2 weeks. All birds
were then exposed to a total inhaled dose of 2,934
MICLDy units over 8 60-min period. The highest
dose per min was 22 MICLDy, Units inhaled, or
about one-tenth the usual infective dose. Of the
untreated birds, 13¢, developed viremia and
neutralizing antibodies, 407; of the Cosa-terra-
mycin-trested birds responde.l, and 60 of the
birds receiving Coss-terramycin plus HepZide re-
sponded. The results of a second test in which
oxytetracycline alone was included in the drinking
water (200 mg per gal) of birds for 2 wecks prior
to exposure to VEE virus aerosols gave ditferent
results. There was no viremic response among
cight birds to total doses of €48 MiCLDy, inhaled
ower 60 min with 1s..min doses of 27 MICLDy
inhaled. In this case, susceptibility was not in.
creased by antibiotic treatment. Tt is possible that
the effects noted here are complex and will re-
quire extensive investigation for a full definition.

ConcLusions anD  DiscussioN
The principal findings of these studies may be
summarized as follows.

W
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(i) VEE virus can infect avian hosts through the
lower respiratory tract, although marked species
differences occur. The minimal infective dose for
White Carneau pigeons was between 138 and 374
MICLDyy Units inhaled in not more than a 1-min
period. Infection was characterized by viremin
ovwr a 2- to 3-day period, virus in the oral
cavity during the viremic period, and production
of neutralizing and protective antibodies. Far
higher concentrations of virus were usually
tolerated without viremic or serologicul response
if inhaled at a rate less than 374 sacLD,, per min.
The full potential of this resistance mechanism in
terms of duration of effectiveness is not known.
This phenomenon, however, is possibly involved
in natural resistance to cross-infections between
birds. Further, the possible implication of the rawe
process for successful serogenic immunization
should not be overiooked.

(ii) Tremtment of pigeons with Com-terramycin
and HepZide, or Coss-terramycin alone for 2
weeks prior to exposure 1o viral aerosols altered a
normal resistance mechanism associated with
respiratory challenge. With such troatment, birds
became susceptible to a dosage rate | log lower
than that normally seen.

(iii) Subcutaneous injection of 5 MKCLDy Of
virus into pigeons resulted in infections which
could not be distinguished from those which
followed respiratory exposure to 374 MICLDy,
inhaled. Compurisons were based on level and
duration of viremia, level and duration of neu-
tralizing antibodies, and occurrence of virus in
the oral cavity. In view of the similarity of re-
sponses, it is reasonable to assume that the sites of
infection were the same regardless of route. Thus,
the difference in minimal infective doses was not a
function of requirements of the infection sites,
but, rather, a function of factors which inhibit
arrival at such sites.

A fraction of the difference was due to incom-
plete retention in the respiratory system. On the
basis of data presented by Hatch and Gross (5)
for mammals, the particle size range einployed in
these studies would yield retention of 25 to 50¢,
of inhaled particies in the lower respiratory sys-
tem or about 100 to 200 MICLDy. The precise
amount of inhaled dose which was retained, how-
ever, is not known. Haiwch and Gross point out a
number of factors that atfect retention of aerosol
particles, including tidal volume, breathing fre-
quency, particle size, and species of host. These
variables have been contrelled (o the maximal
extent in our aerosol studies to permit valid,
though relative, estimates of treatment relation-
ships. The precise etfects of each factor on reten-
tion in pgeons are not known, however, and thus

comparisons of responses by route have limita-
wons.

A component uf the remaining difference in
eifective doses by the two routes would appear to
be nonspecific resistance ussociated with the
respiratory sysiem. Resisiance of the pigeon
u-mVEEvmbythemmtoty route wis
considered from the standpoint of virus-induced
and host-induced mechanisms. In the case of the
{ormer, autointerference was a distinct possibility
because of the test procedures. Where graded
doses, as in dose-response studies or in extended
rxmemunh.muhnvedbyclwdum
the acrosols will contain increasing proportions
of dead virus. Thus, effects of decreasing dosages
which might be ascribed to the host could be due
to interference, because the percentage of inactive
virus increases with decreasing amounts of active
virus. This was not a problem, however, as shown
by a study in which birds were given a large dose
of inactive virus in aerosol form. Following this
procedure, |1-min exposures were made to viral
serosols at two concentrations for dose-response
estimation. The birds responded to 513 but not to
19 MICLDy, inhaled, suggesting that inactive virus
was ineffective in preventing infection.

The host-associated mechanisms of nonspecific
resistanve are not known, but might include
phagocytosis, antiviral substances present in the
lower respiratory tract (3), or physical removal by
the proteinaceous fluid film of the alveolar mem-
brane and the mucous blanket which begins in
the respiratory bronchioles (5). Whatever the
system, it must be compatible with the rapid rate
of viral inhibition indicated in these experiments.

The mechanism associated with the reduction
of the nonspecific resistance rate by drugs is also
not clear. One may postulate direct antagonism of
the drugs towards a protective substance or
mechanism, or u withdrawal of a substance or
mechanism due to the preseswe of effective
drugs. One interesting passibility is that the anti-
biotik may eliminate gram-negative endotoxin
producers of the intestinal tract. According to
Ho (7) and Stinebring and Youngner (12), endo-
toxins induce tlye formation of interferon or cause
the release of preformed interferon in rabbits and
mice, and thus may indirectly affect general resist-
anve of the host to viruses. A sinular and additive
effect could be attributed to nithiazide in those
birds in which trichomonads existed and possibly
stmulated nonspecific viral inhibitors. In brief,
the drugs employed may have eliminaled orga-
nisms or their products which induced or re-
leased active interferon. This proposal 1s purely
speculative, however., and must be examined
experimentally.

Bacterion. Rav.
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Discussion

WILLIAM 8. GOCHENOUR, JR.
Walicr Ry ed Arins Instciute of Research, Washing on, D.C.

Dr. Miller has presented some intriguing ob-
servations on the response of white Carneau
pigeons to irborne Venezuelan equine enceph-
alitis (VEE) virus.

Infection by subcutaneous and by respiratocy
inoculation was benign. Not surprising are the
relatively brief viremias, prompt antibody re-
sponses, and resisiance to reinfection.

Despite demonstration of virus in the oral
cavily of infected birds, airborne bird-to-bird
transnussion was demonsirated to be a rare oc-
currence, perhaps best explained by the size of the
minimal sirborne infecting dose and the poor
aeroso)- gencrating capacity of the bird itself.

The response of thye pigeons to graded acute
doses of airborne VEE is quite unlike that of
mammals exposed to the virulent virus. It does
resemble, in some respects, the responses of mice
and of monkeys to airbome attenuated VEE (1).
In rhesus monkeys, un abrupt threshold of infec-
ticn is manifest at approximately 1,000 guinea
pig intraperitoneal 507 infectious doses
(GPIFID,,), with no infections occurring below
this point, and consistent infection above this
level. This, to a4 degree, is comparable to the
abrupt cutofl in the pigeons at a level of approxi-

_

mately 374 MiCLDy,. On the other hand, the con-
tinuing partial response in groups of birds at
doses ranging up to 10 times this dose is re-
markably similar to the partial response of mice
over a 2-log range of exposure 10 the atienuated
virus.

To me, the most intriguiig obeervations re
ported are the resistance of the pigeons to infec-
tions when exposed to large Jdoses of virus pre-
sented at rates less than one 1Dy, per minute. No
parallel in mammals is known to the author. In-
deed, in mice exposed to virulent VEE at the rate
of 20 wiLDy, per minute (2), the respiralory LDy
was 27 MK Dy presented, a value in consonance
with those obtained in short exposure times.

Additional data obtained by Miller, but not
presented in his paper, substantiate the validity
of extrapolation of the linear decay of VEE in the
system used It does not appear rcasonable to
challenge the validity of the dose estimation in
these studies.

A slighuly different type of expenment might
eliminate some factors inherent in the studies
described. The role of decaying, as against dead,
virus might he eliminated from coasideration if
the doses were presented at the same rates with a
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ir to
estimation of the doae presented mhef thnn

It is desirable 10 extend these studies of the
significance of doss mate to other hosts and to
other airborne infections wherein the minimal

respiratory doee is a value larger than 10
pressnted. Miller has added yet
another variable, dose rate, to be entered into

}%
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the complex equation dexcribing host agent in.
teraction in airborne infection.

Litemaruns Civap

1. Kuging, R W, W. D Sawvir, ano W. 8. Goone-
NoUR, Jr. 1962, Infection with serosolised at.
ununed Veneruclan Equine Encephalomyelitis

Am. J. Myg. 78:347-1%0.

3 Kuene. R W anp W S Govanoue, Jr. 1961
A 1lit umpkr for collecting T-) h.c!enopinu
and Venczuclan cquine encephalomyelitis virus.
{l. Studies with Venezuelan eyuine sicephalo-
my«itis virus. Appl. Microhiol 9:106~107.



Bactymunendt At Rivhwe Sopr, 1968
Copyaght © 198b  Amerhan Saiety For M robrology

Yol M) No b
Pontedim 8 S 4

Physiological Responses of Airborne Bacteria to Shifts
in Relative Humidity

M. T. HATCH and R L. DIMMICK
Navel Bivlogical Laboratory | School of Public Mealth, University of California, Berkeley, Culifiniu

INTRODUCTION

Duat. Atristt TRANSPORT APPACATUS . .

APFPLIEE INTYRSRETATIONS

Hit RETICAL INTHRPRETATHONS
SUMMARY

Limtraniwe Crid

L
597
60|
&0|
602
602

Most information currently uveilable on the
behavior of airborne cells has beer. collected by
investigators studying acrosols held in static en.
vironments Welis and Riley (15), for example,
showed that survival of hacteria was markedly
influenced by humidity and temperature, and that
the effes ts varied between bactesial species. Death
of airborne tacteria has heen obeerved to increase
with a rise in humidity (2, 17), but contrary find-
ings have also been reported (6, 16). Maximal
death rates were found betwoen 30 and 60°; rela-
tive hunudity (RH), and death has been reported
lw ocvur it more than one rate (3). There are more
1ocent reports of multiple-stage death rates (12,
13, 14).

Few reports have been published, however,
describing possible experimental techniques for
subjecting microorganisms in air to shifis in RH,
although it is well understood that such shifts do
occur in natural airborne environments. Brown
(1) regulated moisture in static chambers with
salt solutions and sprayed waler to produce in-
termediate changes. Hemmes (9) reported similar
experiments with shilts in RH produced by spray-
ing water into the seroso! chamber. One may also
effectively produce limited rehydration of air-
bome particles by permitting the incoming air of
the atomizet (0 be at a higher humidity level than
that of the final humudity condition (12). The
principle of the adiabalic expansion of a gas kas
been used successfully by Druett (persomal com-
munication), who found that a rapid decrease in
viability occurred if the expansion raised the
humudity sufficienily to cause moisture condense -
tion onto the particles. No effect was observed at
low relative hunudities. (ther unreported experni-
ments have apparently been performed. as dis-
cussed by Wolfe cited in 81, wherein pressure
changes were produced within an aerosol Jham-

v—

ber. A change in temperature would effect a
change in RH, although the task of asribing
noted biological effects to humidity alone would
be difficult.

Our purpose in studying the effects of sudden
shiflls in RH on airborne bacteria already equi-
librated to one humidity condition was twofold:
first, we were interested in applying laboratory
finding= to natural environmcnis where tempera.
ture and humidity are constantly changing; and
second, we were interested in possible death
mechlmsms-nonng offects of shifts on subse-
qQuent biological behavior might furnish us with
additionatl clues > such mechanisms. It is the
purpose of this paper 10 report our findings and
to discuss some of the implications of our results.

DuaL Azrosol TRANSPORT APPARATUS

We achieved an abrupt thift of hunidity in an
air stream by diluting it with a second air stream
at a different humidity: air temperature was held
constant at 21 C. Oriy a brief description of the
equipment and methodology will be made, since
details have been previously reported (8). A 45-1t
(13.7-meter) duct, 6 inches (15.2 cm) in diameter,
was inserted 2 ft (61 cm) into another 45-ft duct,
8 inches (20.3 cm) in diameter. Each duct was
equipped with numerous sampling ports. The
point of juncture, where mixing of two air streams
occutred, was called the confluence point. Lincar
air flow through both ducts was equal, the transit
time per duct was about 5.7 min; total aerosol
time was about 11.3 min. The cakulated dilution
of the primary air stream at the confluence point
was 0.56, or approximately 50 Hunudity could
either he increased or decreased by the dilution
effect Figures 1 and 2 illustrate the apparatus

Bacteria were sprayed into the pnmary air
streem Concentration of paruculate matter was

»7
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FiG. ). Schematic diagrum of the dynamic aerosol trunsport upparatus. PC, primary aerosol chamber; DC,
diluted aerosol chamber: A. refiux-type Wells' atomizer: AC, atomization chamber; MC, mixing chamber for
conditioning of uir; D, Lectrodryer; P, pressure regulators; F, filier; S P, sampiing ports; H, humidifying chamber;
DT, dry -bulb thermometer: WT, wei-bulh thermometer; @ valve: W, rotometer.

bite. 2. Lateral view of the dyvnamic aerosol transport apparatus and ancillury equipment  PC_ primary aerosol
clumber: DC . dituted cerosol chamber: S P, surpling pert; CP coutrol panel,; LA, light scatter apparatis.
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measured by forward-angle light scatter, and
biological ussay wus made on samples collected
either by it sumplers or impingers. Unless noted
otherwise, we cooled 21.5-hr cultures to 4 C and
then sprayed them from a reflux:ng atomzer,
wherein the temperature usually increased to 15 C.

Figure 3 shows a hypothetical example, typical
of observed resuits, for the purpose of defining
parameters. The physical decay always followed
first-order kinetics. The measured concentration
of particles in the primary air stream immediately
before dilution, compared with that in the second-
ary stream immediately after dilution (ie., the
apparent dilution ratio, ADR), was asually
slightly higher than 0.56; sections A and B of
Table 1 list some observed mean ADR values.
Analysis of variance of three sets, 20 runs for each
condition of shifi-up, shift-down, or no shift, and
disregarding other variables, indicated a 95¢;
confidence interval of +0.01 for all sets; differ-
ences between these three sets exceeded the 0.1 7
level of signiticance. These data were interpreted
as indicating that the particles either increased or
decreased in volume as a function of shift in RH.
For example, if particles decrease in size, they
scatter less light; therefore, the apparent dilution
seems 10 increuse and the ADR becomes smaller
than without a shift in RH, and vice versa.

Since physical decay in the duct system was
small and consistent, we refer to the sum of physi-
cal and biologicul loss as biological decay. The
latter was always greater than physical decay
and, in the primary air stream, usually followed
first-order kinetics: “taiting” sometimes acer= -2
after a hun.dity «Hift but for comparative pur-
poses we assummed first-order kinetics in all in-
stances. Usually the biological loss, or biological
dilution ratio (BDR), as a result of dilution at the
confluence point, corresponded to the ADR (Fig.
3); important exceptions are noted below. Bio-
logical loss observed under the final conditions,
as compired with loss under the initin] condition,
was defined as the dynamic-humidity-death
(DHD) ratio (Fig. 3). I ny» change occurred, the
theoretical ratio was 1.00; less than this number
indicated enhanced death, and a number larger
than 1.00 indicated that death provess had de-
creased as 4 result of the shift. The mean DHD of
21 aerosols subjected to no shift in RH was 1.04
with a 95, confidence interval of +0.05. We as-
sume fiom this that DHD ratios greater than 1.10
or less than 0.90 are significant.

Serratia marcescens grown in, and sprayed
from, dilute Trypticase Soy Broth (BBL) evinced
an increased death rate (sorbed death, 11) when
the RH was shifted from low 10 high values, but
this effect was decreased if cells were sprayed

Inmitigl Hurnity Conditwr,  Final Humidity Condition

log Scare

*l

Sury

0 5.7 1.3
Aerosol time minutes

FI1G. 3. Theoretical behavior of bacteria aerosolized
in the Dual Aerosol Trunsport Apparutus. There are two
distinct intervals of buth bindogical wd physical loss,
und there is loss caused by dilution. The theoreticul di-
lution ratio, based vt the geometry of the system, is 0.56.
The apparent dilution ratio (ADR), measured by light-
scatter, wus upproximalely 0 59. A shift wp in humidity
increased the ADR, whereas = =7 ‘una decreused it.
i ' Dwdogicdl (uss accutrel -t ke Conytuence point,
then the biological dilution ratio (BDR} was apy roxi-
mately equal 10 the ADR. We have frequenily observed
the BDR 10 be as much as 10 iimes the ADR. The initial
hiclogical loss divided by the final biological loss ks
been defined as the dynamic-humidity ~death (DHD)
ratio. In the upper example, with no chunge in kumidity,
the DHD rutio is approximately 1.00. In the lower,
hypothetical example, where the change in humiity is
unspecified, the DHD ratio shown is 0.77, indicating
that the change was detrimentul 10 survivel. We have
accasionally observed DHD rutios greater than 1.00.

from a temperaturecontrolled, nonrefluxing
(TCNR) atomizer at 4 C (seclion A, Table 1).

No sorbed death was noted (section B, Table
1) when S. marcescens was grown and sprayed
in a chemically defined medium (3). Initially,
there appeared to be a “toxic” effect of dilute
Trypticase Soy Broth, because the DHD ratio
was low (section C, Table 1) when cells were
grown in chemically defined medium and resus.-
rended in dilute Trypticase Soy Broth medium.
It is of interest to note, however, that sorbed
death was eliminated at humidity values above

[
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TaABLE 1. Summary of results vbtained when airhorne bacteria were suhjected 10 shigts in relarive humidity

i Per cent

" relative humidity
Pettinent tast conditions® { 7“’""""'"’ ) ‘\lll‘l’;k“'" ::"LI‘{
| Initial Final
Serratia marcescens i
(A) Grown and sprayed in dilute Trypticase Soy Broth | 24 $1 ADR 0.61 on
(DTS) s s ADRO.S9 097
} 24 47« F 0.8
P90 s7 ADR 0.8 1.10
(B) Grown and sprayed in chemically defined medium = 27 37 ADRO.60 1.10
(CDM) ] s1 ADR 0.57 1.08
] 72 . ADRO.S2 1.10
! .
(C) Grown in CDM, resuspended and sprayed in DTS 2 5 0.62
» 72 1.00
b2 55 1.00
Atomizer Auid at 21 C S S —=
Atomizer at 21 C with | mg:ml of chloramphen- | 2% = $53 0.91
icol (
| '
(D) Grown in DTS, resuspended and sprayed in CDM ‘ 28 $2 0.90
(E) Grown in CDM and stored at 4 C for noted times, | : :
then resuspended in DTS at 4 C for 30 min and | ' i
sprayed Initial loss*
{0 hr) L B 5 e, 0.75
( hn) M 52 o, 0.86
(5! hr) P 52 ', 1.20
(7 hr) § 224 52 21, 0.5
Pasteur lla pestis Al122 i
(F) Grown in Heart Infusion Broth . B 46 BDR 0.28 0.4
28 b] BDR 0.59 1.00
) 2% BDR 0.70 130
1 8 61 BDR 0.16 1)

« Refluxing atomizer; fluid chilled to 4 C before spraying, unless otherwise noted.

® See Fig. 1.

¢ Sprayed with modified, nonrefluxing atomizer with temperature control at 4 C.
< Single cxperiment; all other data are mean value of three or more acrosols.

¢ No survivors after shift in humidity.

59¢; RH, and when cells were sprayed from the
TCNR atomizer at 4 C, the DHD ratio was 1.00.
If cells were grown in dilute Trypticase Soy
Broth and sprayed from chemically defined
medium (section D, Table 1), the DHD ratio was
higher than above; hence, dilute Trypticase Soy
Broth was not toxic. Further evidence for non-
toxicity is shown in section C, Table 1; cells
g1own in chemically defined medium and sprayed
from dilute Tiyplicase Soy Broth at room tem-
perature were so sensitive to sorbed death that no
viable cells were recovered from the second duct,
but the addition < | mg/ml of chioramphenicol
10 a similar suspensiun practically eliminated the
detrimental effects of sorbed water.

The latter effect might be considered a protec-
tive one, but a similar result was obtained when
cells were grown in chemically defined medium
and storcd at 4 C for various times before being
added to dilute Trypticase Soy Broth to be
sprayed (section E, Table 1). Storage in the cold
for 5.5 hr changed the DHD ratio from 0.75 w0
1.20; additional storage causcd the DHD ratio
to decrease to 0.53. This decrease was more ap-
parent than real, however, because of the marked
change in initial loss that occurred as a result of
the cold storage period (see Table 1); the final
biological decay, as a result of the 7-hr storage
period, was less than that of the final decay ot
cells stored for 5.5 hr and equivalent to the fina)
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decay of cells grown and sprayed in chemically
defined medium.

Pusteurelic  pestis A1122 was grown and
spruyed in Heart Infusion Broth (Difco). A
though this species exhibited sorbed death similar
to 8. murcescens, there were three distinct dif-
ferences between the species (section F, Table 1):
(i) thete was a change in death rate as a result of
a shift.down in RH, a phenomenon we never ob-
served wilth S. marcescens; (i) the DHD ratio asa
result of this change was 3.40, i.e,, the death rate
decreased markedly rather than increasing, (iii)
instantancous death (i.e., the rate was too rapid
to mesasure) often occurred after humidity shifts
(note last BDR, section F, Tabie 1). Also, pre-
liminary evidence indicated instances of dis-
sonance (3), or dilution shock, and a dependence
on both constituents in, and tempernture of, the
sampling medium. For example, in one experi-
ment in which plates, befcre being incubated, were
chilled for 2 hr after the sample from an aerosol
was inoculated, a twofold increase in colony
numbers was found over the number on plates
incubated immediately. In the same experiment,
the addition of 11; whole blood to the medium
caused a fourfold increase in colony numbers.
Whole blood did not increase the number of
colonies produced by unstressed populations.
The actual extent of these increases varied with
acrosol age.

APPLIED INTERPRETATIONS

These findings show that changes in RH do in-
fAucnre subsequent suriviv.! of airborne bactera.
The evidence indicates that this effect might be
applied to air-sterilization processes. For example,
air conditioning equipment might be cycled to
lower the air contamination of public places, such
as hospilals, schools, institutions, et:. (5). The
study has not indicated specific or generally ap-
plicable RH changes, or rates of changes, that
might be most lethal, nor is there direct evidence
that surval after a shift in RH is different than
it woul . . +ve been in the second condition with-
out a cnange. There is, however, presumptive
evidence for this, in that we never observed S.
marcescens cels to die as rapidly at 53¢; RH as
they did when shifted from 25 to 537, RH (sec-
tion C, Table 1). The spray temperatuic in this
instance was more equivalent to natural condi-
tions (21 C) than in other experiments (410 15 C).
Further, little more than 10¢; of airbome P.
pestis cells survived a shift-down in humidity
from 87 to 61¢, RH, although the ceath rates
before and aner the shift were observed 1o be
identical (section F, Table 1).

The difficulty of finding interpretations mean-

ingful to natural situaiic—. lws in the ubvious
dependence of airborne vehavior on the history
of environment of the culture before acrosoliza-
ton. Goodlow and leonard (7) previously
pointed out the impoitance of such conditions.
Rigid standardization in an effort 10 attain repli-
cabhility does not aid the interpretation, because
we usuully do not know the cultural history of
bacteria found in nawure.

THEORETICAL INTERPRETATIONS

There are additional ditficulties influencing our
attempts to interpret Lhese data from a theorcticat
viewpoint. We can justifiably point out some pre-
viously suspected mechanisms that either are not
applicable or act only indirectly. Dehydration
alone does not kill cells, otherwise freeze-dried
cells would not survive as they do (4). Moreover,
Hess (10), in 2 most imporiant contribution,
showed that little or no loss of viability occurred
at any RH tested if cells were held airborne in
oxygen-free chambers. Our data show that rehy-
dration can cause death; interpreted broadly,
these facts imply that part of the obeerved death
nay be caused by the act of sampling. In some
instances, additional colonies arose when sam-
pling plates were cooled before they were incubated
or when nutrients not required by unstressed cells
were added. Smcecellsrupturedbyounouc
shock are unlikely to repair such damage, osmotic
shock cannot be solely responsible for death. In
fact, we may reasonably suggest that no currently
used assay i< accurate for cells injured by aero-
soliation.

From these data we theorize that airborne cells
may be metabolically active. Substances such as
chioramphenicol, or conditions such as low tem-
perature that decrease metabolic functions, tend
to increase survival capacity. Dehydration un-
doubtedly decreases metabolic functions, but
probably in a manner that leads to an imbelanced
but slowly readjustable condition. Cells sampled
before readjustment dic as a result of further im-
balance unless provided with a situation where
additional slow change, or repair, can take place.
Cells normally exist in a variety of “states” be-
cause of the division cycle and differences in
microenvironments. Therefore, individual cellu-
lar ruponsnm to acrosolization vught to vary,
and this is apparently what happened in our
studies.

The evidence indicates that no single struc-
tural injury (eg., hydrogen bond breskage,
deoxyribonucleic acid denatuiation) can account
for all death observed and thiat measured behavior
(colony formation) is highly dependent on func-
tional activities of the cell
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SuMMARY

In summary, the aerobiologist places a bio-
logical system, the bacteria, in a hostile and ill-
defined cnvironment, the atmosphere, for the
purpose of studying air-bacterium interactions.
Measurement of this interaction is in terms of
survival. Survival has been shown to depend not
only on physicochemical reactions of the somatic,
structu:al components of the cell, but also on
those functional, physiological, dynamic proper-
ties of all living systems, termed adaptability or
responsiveness. The problem, whether onc is
assaying infectivity o is searching for clues
pertinent to death mechanisms, is to separate the
two effects.
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Discussion

WALTER R. LEIF
Naval Bidlogical Luborutory, Berkeley, Colifornia

In the experiments which Dr. Haich has de-
scribed, the immediate effect of an abrupt change
in relative humidity on an airborne microorgan-
ism was expressed as a deviation from the ex-
pected reduction in asrosol concentration due to
the dilution by the additional air introduced at the
confluence point. The biological dilution ratio,
based on samples, was compared with the ap-
parent dilution ratio based upon light scatter
measurements. The biological loss observed

during the 5.7-min aerosol transit time in the
second half of the apparatus was compared with
the equivalent loss observed in the first half, and
was expressed as the dynamic humidity death
ratio.

Regarding the immediate effects of an abrupt
change in relative humidity on airborne microor-
gunisms, one might suggest that not only are the
etfects dependent upon the direction and magni-
tude of the change but, perhaps, also upon the

Bactsrior. Rav.
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rate of change of relutive humidity. If, in the ap-
paratus described, one assumee thal the acrosol
from the first tube mixes perfectly with the addi-
tional air introduced at the confluence point und
that temperuture is constant throighout, one
wonders what tir~e is required to achieve uniform
relative humidity in the mixed aerosol beyond the
confluence point. With adequate mixing, the
equilibration time is probably rather short and
dependent upon the diffusion rate of water vapor.
One could perhaps assume that the small
wirtborne particles conwining microorganisms
come to equilibrium with their micro-environ-
ment at a rate greater than that at which the en-
vironment is changing. Undoubtedly the equi-
libration rate of the airborne microorganisms
with their environment would be influenced by
the nature of the material in the particle deposited
by evaporation of the suspending fluid from which
the micruorganisms were originally aiomized.
Other factors such as strain of a given species
and the age of a culture and its metubolic state, as
influenced by temperaturs or chemical composi-
tion of the suspending fluid, also have been shown
to affect the behavior of airborne microorganisms
subjected to an additional stress such as a change
in relative humidity.

A differing biological loss observed during the
initial and final $.7-min aerosol trunsit periods
was identified by Dr. Hatch as the dynamic
humidity death ratio and was based upon the

assumption that first order kinetics were followed
during the initial and final acrosol transit petiods.
Assuming that a simple exponen | decay does
occur, one coukd as readily cxpress the biological
loss as a decay rate, which could perhaps be useful
in predicting biological loss for time periods other
than those obtained in this apparatus. In addi-
tion, by computing decay rates, one could sepa-
rate the physical and total joss, as measured by
light scatter and samipling, respectively, (o obtain
a true biological decay rate. In using light scaiter
measurements to indicate particulate coacentra-
tion of an aerosol, one must be aware of the fact
that the light scattered from a sample of the
acrosol is not restricted (0 purticles carrying

iCTOOrgaNisMa.

The employment of a mixed a¢rosol containing
the test organism and a tracer such as Bacillus
subtilis spores is suggested, since, from the test
organism-tracer ratio, one can obtain viability
data independent of sampler efficiency and the
extent of serosol dilution. To eliminate the in-
fluence of a possible biologicu! loss of the tracer,
one could employ radioactively agged microor-
SanisTs as a nonviable tracer.

Such tracer techniques would also be of as-
sistance in elucidating the “wiling” or deviations
from an exponential decay rate which have some-
times been observed after a change in relative
humidity.
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INTRODUCTION

In studics of the <. of atmospheric pol-
lutants on health, the busic aspects that must be
considered are: the direct damage due to acute
and chronic exposure, the role of a pre-existing
dismee on susceptibility to acute and chronic
exposures, snd the effects of acute and chronic
exposures on resistance to secondary stresses such
as respiratory infection.

Air pollutants exert their effect by contact be-
tween the pollutant and the body, normally at the
surface of skin and exposed membranes. The
crtent of damage is r-lated to the poliutan'’s
phsicochuni: AV propuitiny, it concentration,
and the duration of exposure.

For caample, among the physicochemical
properties, solubility is important. The part of
the respiratory system upoh which a pollutant
may act depends on solubility, A gas of low solu-
bility, such as nitrogen dioxide, penctrates inlo
the lower respiratory tract and exerts its efiect in
this portion of the respirtory system.

The severity of the tissue response is usially
the product of the concentration of the pollutant
and the duration of the exposure. Although very
low concentrations can sometimes be inhaled for
long periods of time vrithout causing any obsery-
able effects, inhalation of the same ttal amount
of the gus over a short perio’ of time ocr as a
singie breath can result in severe tissue damage
and toxic response (14).

The cffects of gaseous air pollutants on the
membraneous surfaces of the respiratory system
arc of special interest from the standpoint of re-
sistance 1o respiratory infection. An irritant gas

reaching the epithelium of the traches or the
bronchi :an paralyze cilia, altvr mucus flow, -ﬁ‘eu
phagocytic activily, and in severe exposures de-
stroy the surface layers of the epithelial lining.
These functions comstitute the major defense
mechanisms and play an important role in respira-
tory infections.

Nitrogen dioxide is one of the most abundunt
atmospheric contaminants in many communitics.
1t is emitted in hr'c qulmilies in the exhausts of
automotive engines and is a by -product of nat-
ural gas combustion (26). In recent years, it has
been increasinglv recognized that exposure to
oxides of nitrogen {nitrosen dioxide and nitric
oxide) can occur in a wide variety of situations.
Dangerous accumulations of nitric oxide and
nitrogen dioxide can occur, for example, in agri-
cultural silos (17), in enclosed mineshafls after
detonation of explosives (3), and in industrial
piocesses requiring the handling of nitric acid
(7 A rime interval of a few hours afier acute
exposure usually elapses before symptoms de-
velo,: {20). Afer this interval, acute pulmonary
edema, cvanosis, severe dyspnea, and broncho-
pocumonia characteristically develop. When not
immediately fotal, the acute episode may be fol-
iowed by the development of broncniolitis
obliterans, which may cause desth during the
next few wecks (17) or may lead to persistent
abnormalities in airflow.

Tin the past, he effect of air pollutants on re
sistance to infection has been studied from two
viewpoints, namely, epidemiology and animal
experimentation. The discussion in this paper will
be limited primarily to the effect of acute and

o4
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chronic exposures 10 the air poliulant nitrogen
dioxide on resistance 10 infection produced by
respirutory challenge with airhormne Klvbsielba
preumonioe.

Erncr of Acune Exeusuns

The methods used for acute exposure of experi-
mental animals to nitrogen dioxide and for
respiratory chatlenge with aerosols of K. pmeu-
monige have been described in detail in previous
publications (21, 22).

Briefly, K. paeumoniae type A, strain A.D, was
used. It was isolated on Blood Agar Base (Difco)
from the heart of an intruperitoncally injected
mouse. Stock cultures were prepared on Blood
Agar Base in Roux flasks. Alcr 24 hr at J7C, the
growth was harvested in a minimal amount of
sterile distilied water and frozen in glass vials
containing 2 ml each. For aerosolimtion, the
stock culture was regrown on Blood Agar Bause,
harvesied, and diluted 1o 10° organisms per milli.
liter in sterile water.

The aerosol chamber was a 200 liter plustic
container which was inserted into a microbiologi-
cal safety hood. A modified Univenity of Chicago
Toxicity Laboratory atomizer was used 0 pro-
duce the serosol. The liquid culture was fed from
s 50-ml syringe, the plunger of which was acti-
vated by a revolving threaded rod propelied by a
l.rev/min  synchronous electric motor, The
atomizer delivered 0.4 mi of culture mixed in 32.5
liters per min of air ino the chamber. The
chamber nir was maintained st 73 2 2Cand 80 &
$¢. relative humidity (RH®

Amhmexpoud for 10 min 10 the bec.
terial acrosol. in particle size of 1 10 S . After the
exposure, acrosol production was stopped, and
the animals were air-washed for 15 min.

The source of nitrogen dioxide was a gas
cylinder conuining 10,000 ppm of nitrogen
dioxide in air. The flow of the gas was messured
on passage from the cylinder to a mixing chamber
where it was further diluted with filtered air. For
acute exposures, the nitrogen dioxide-air mixiure
was introduced into a 3.5-it? glass aquarium. For
chronic exposure, a walk-in type chamber was
used

Two basic experimental provedures were em-
ployed with the use of mice in groups of 10 and
hamsters in groups of 6. To determine the effect
of pre-exposure to nitrogen dioxide on resistance,
experimental animals were exposed to the gas for
a 2.hr period before the challenge with the infec-
tious acrosol. To study the effect of nitrogen
dioxide on the course of the infection, animals
challenged with K. peeumonice were exposed for
2 hr to the gas. The animals were observed for 14

Tanis 1 Mortality of Swiss athing mice e posed
Jor 2 Ar 10 nitroggen diosude | he Aefore infec-
tioms challeage
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10 1980 w0 108 ) <008
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days after serosol challenge, during which time
mocrtality and survival time data were recorded.
Autopsies were performed on all animals at the
time of death, and randomly selected lung tissues
wete subjected to histopathological examination.
Blood-agar plates were streaked with heart blood
to confirm K. puewmonice ay the cause of death.
Animals surviving the 14.day obeervation period
were scrificed and examined in the same way.

In all experiments, control groups of animals
were exposed either (o nitrogen dioxide or 10 the
infectious agent, simultrneously with the experi-
mental animals. Accordingly, results could be
compared on the hasis of individual test expo-
sures or could be pooled for statistical analysis.
The mortality and the survival data were analysed
satistinally by the 1 test. Significancs is reported
at # <018, There wais no deaths in any of the
animals exposed to mitrogen dioxide only. The
moruality in the animals chalienged with K.
Peewmonior was only approximately 40°;.

Swiss Albino Mice

The effect of & 2-hr exposure to nitrogen dioxide
on resistance of Swiss albino mice to infection has
been reported in detail in previous publications
(8, 9 and will be discussed here only briefly.
Table | summarizes the data on the effect of
nitrogen dioxide in concentiations ranging from
1.5 10 25 ppm. The time interval between the
termination of the nitrogen dioxide exposur: and
the infectious challenge was 1 hr or less. Mice
not exposed 10 the gas but challenged with X.
pneumoniae serosol simultaneously with the ex.
perimental mice served as controls.

Based on the results shown in Table I, a
threshold value was determined at which the ex.
posure to nitrogen dioxide reduces the resistance
of Swiss albino mice to respiratory infection. The
threshoid is approximately 3 ppm.

0t iy
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Fro. 1. Morality mites correctad fin comiond mor.
Wity in mice expased for 3 Ae 10 varikus comoentrations
of NO, prior 10 chndlenge with 1pectums agent

The acute exposure appeurcd (0 prodice an
all or-none response. There was no effect at 2.3
ppm, a complete effect at 3.5 ppm, and a minimal
effect at higher concentrations. The mean survival
time of the infected controls, cakulated on the
basis of a muximal l4-day survival, was 11.1
days. The survival time was not affected by ex.
posure (o nitrogen dioxide concentrations of up to
2.5 ppm, but it was reduced to 3.5 day» at con.
centrations ranging from 3.9 to 25 ppm.

No deaths occurred in the mice exposed o
nitrogen dioxide only, irrespective of the concen:
trations used. In mice exposed t0 § ppm or more,
the lungs were congested to various degrees, and
the veirw and capillaries of the lungs were dilated.
Concentrations of less than $ ppm produced
little, if any, damage.

For the histoputhological exummnations, the
mice were sacrilfived within | hr after the termina.
tion of exposure 10 nitrogen dioxide. On the few
occasions when the sucrifice was deluyed for 24
or 48 hr, puthologwal tindings were reduced or
abeent. Thus. it was of interest to determine
wheiher the cifect of acute exposure to nitrogen
dioxide on resistance to infection is transiton .
To study this parameter, the timc interval between
the termination of the exposure to nitrogen
dioxide and the infectious challenge was extended
from 1 he to 6 and 27 hr. The daw in Fig. | show
that the decrease In resistance was nol permanent
and disappeared within 27 hr after t*¢ termina-
tion of the nitrogen dioxide exposure. The per-
sistene of the etfect was not influenced by the
concentrations of gas used within the 5 w0 2§
ppm rmnge. It can be assumed. therefore, that
nitrogen dioxide produces a temporary damage to

Bactinnn Ry
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the defense mechanisms; this damage disappoars
within 24 hr.

Conventrations of 2.3 or 23 ppm were used to
study the effect of a 2.hr exposure to nitrogen
dioxide on mortality of previously infected nuce.
The mortality increased from 30, an the control
mice to 1007, in the mie exposed 10 25 ppm of
nitrogen dioxide. At 2.5 ppm, there was no signii-
cant ditference in mortality between control and
exposed mice. Delay ing the exposure to nitrogen
dioxide for & or 23 hr after the infectious chal.
lenge did not significantly alter the mortality
increase in mice exposed ta 28 ppm (Tabke 2).

Inbred Mice

Ircreased immunity due to genetically condi-
tiohed natural recistynce may manifest itself s
resistance to 1nvasion by bacterin or as increased
ability to produce hacterinl antibodies. In studies
of acute toxiity of oxides of nitrogen, Gray and
co-workens (1)) owerved appreciable vanations
in the response of rats oblained from different
sources. An cxposute ditference of 40 ppm wus
required to produce an 1.0, in groups of ruts from
two ditferent scurces In studies of chronic ex-
posures, Wugner et al. (28) found no effect that
cld be attrituted 10 the mitrogen dioxide ex-
posures, and .hercfore struin difference among
HLA, C.:BL: 6, and CAF, Jax mice were not
observed.

The eifect of a 2-kir exposure to 8 ppm of
nitrogen dioxide on resistance to respiratory in-
fection was determuned 1n BDF,, BALB.c,
C..BL ¢, and LAF, mice. Groups of mice from
cach inbred sirain were exposed s mulwneously
with Swiss albwno Webster struin mice to nitrogen
dioxide, und either before or after this exposure
were challenged with airborne K. prewmoniae.
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c Signiticant (P <« 008, change due tu NOQ, exposury
t Signiticant P < 0.08) change from Swiss albino mice

The interval between these two treatments was
1| hr or iess.

Table 3 summarizes the resulls obtained on
the hasis of a minimum of eight replicate ex-
posures. The data can be considere! from two
standpoints. One relates (0 strain differences in
resistunce to the infection per sc; the other, to
eifects of exposure to nitrogen dioxide on re-
sistance.

BDF, and C,:BL ‘¢ mive were more resistant 0
the infextion than the other two strains, as meas-
ured by mortality. The mean survival times of the
W0 more resistant strains were 12.2 and 120
days, respectively. Compared with the 10.9Y mean
survival time of the Swiss albino mice, this in.
crease was stutisticelly signiticant (P <0.0$). The
other two inl:red struins showed mortalities and
mean survival times similar to those of the Swics
alhino mice.

Fxposure to nitrogen dioxide followed by in-
fectious challenge significantly increased mor-
tality in the Swiss albino, BALB, ¢, and CBL. ¢
mice. The increases due te the exposure were
596, 300, and 9.9, respectively. The monal:ty
of BDF, and LAF, mice also increased to 29.1 and
25.07,, respectively, but the differences were not
significant. The LAF, data, however, must be con-
sidered with caution. In this group of experiments,
only u small increase in mortality was observed
upon eaposure to nitrogen dioxide of the Swiss
altuno mice challenged at the same time as the
LAFn mice.

Exposure (o nitrogen Jioxide prior to infectious
challenge increased mortality in all five struins.
‘The increase was significant in all but the C:BL. ¢
strain.

The duta suggest that mouse strain ditferences
are of importance 1n resistance (0 infection pro-
duced by K. paeumoniaoe. The damage produced
by nitrogen dioxide, on the other hand, 1s not

Famir 4 Mortality of hamsters caposed for 2 e
1o nurogen diovide | br Before infectives

challengs
Murtality deaths Wargli
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closely rcla!ed 1o strain differences. la wil in-
stances, mice exposed to nitrogen dioxide esther
before or alter the infectious challenge showed
increased mortality. The S ppm of nitrogen di
oxide did not produce any significant damage to
the respiratory system, as determined by histo-
pathological examination of the lungs.

Hamsters

Golden hamsters iave a high nutural resistance
10 K. paewmonive infection imitiated by the re-
spiratory route. Inhaled respiratory doses as high
as 0,000 organisms produced only 12‘, mor-
ality in our studies: of 690 hamatcers challenged
with the infectious agent, 82 died The samwe chal-
lenge dose repeatedly produced (007, mortahty
in Swiss alhino mice used as controls.

A 2.hr exposure 10 high levels of nitrogen
dioxide terminated 1 hr prior to infevtious chat-
lenge signiticantly altered the reustance of ham
sters. As shown in Table 4, concentrahions ring-
ing from $ to 2% ppm caused some increase in
mortality, but it was not significant. Concentra
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tions ranging from 35 to 65 ppm increased mor-
tality significantly; the morulity of the control
group was 9.67;, but this increased to 44.77; in
the exposed group.

Exposure to nitrogen dioxide apparently is a
significant factor in hamsters’ resistance to re-
spiratory infection by K. pneumoniae. The 10-fold
increase in nitrogen dioxide required to produce
this effect in hamsters, as compared with mice,
cannot be explained at present. It can be related
only pertially to the differences in body weights
and respiratory volumes of these two species.
However, the all-or-none response and the
absence of a graded dose response are similar in
the two species.

Squirrel Monkeys

Ircreased mortality was observed in  pre-
liminary studies with squirrel monkeys exposed
for 2 hr to approximately 40 ppm of nitrogen
dioxide followed by respiratory challenge. Three
groups of monkeys were included in the experi-
ments: one challenged with airborne K. preu-
moniae only, onc exposed to nitrogen dioxide
only, and one exposed to nitrogen dioxide and
within 1 hr challenged with the infectious agent.
Deaths occurred only in the last group; of the
five monkeys exposed to both stresses, three died.

EFFECT OF RLTENTION OF BACTERIA
IN Luncs

The response of the respiratory system to in-
fectinus agents involves the activation of such
grass defense mechanisms as cough, alterations in
the respiratory functions, phagocytosis, mucus
flow, and alterations in ciliary activity.

Under normal conditions, inhaled bacteria are
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deposited upon mucus, which, through ciliary
action, is constantly moved from the deeper part
of the lung toward the larynx. Thus, ciliary mova-
ment combined with mucus secretion normally
prevents an accumulation of particles in the
tracheobronchial tree,

This defense mechanism against invasion by
bacteria can be altered. Drying, for example,
markedly impairs the mobility and the effective.
ness of ciliary actions. Trritant gases, such as
ozone, sulfur dioxid:, ammonia, and nitrogen
dioxide, have beer: reported to interfere with
ciliary movement (2, 6, 15). Thus, one parameter
that can be utilized io determine the toxicity or
the effect of irritant gases is their action on the
ciliated epithelium of the respiratory tract.

The cole of phagocytosis as a clearance mech-
anism of inhaled dust particles is well recognized.
Defense against bacterial infection in the lung is
similar 1o defense against dusts. In both cases,
alveolar macrophages play a key role in the
clearance (16). Green and Kass (11) impaired
pulmonary clearance mechanisms in mice by 8
variety of stresses: hypoxia, cold, corticosteroid
injection, and ethyl alcohol intoxication. The
inhibition of clearance depended on the type and
the extent of the treatment and on the bacterial
species being cleared.

To study the effect of nitrogen dioxide on
clearance of bacteria by the lower respiratory
tract, K. pneumoniae was used as the infectious
agent. Swiss albino mice and hamsters were ex-
posed for 2 hr 10 nitrogen dioxide in concentra-
tions ranging from § to 50 ppm. Within 1 hr
after the exposure, they were challenged with the
infectious aerosol. Groups of animals were
sacrificed im: wediately after the infectious chal-
lenge. The lungs were removed aseptically from
each animal, homogenized in sterile saline, and
cultured quantitatively. The initial counts were
assumed to be 1009, recovery. Control animals
as wel! as animals exposed to the nitrogen dioxide
were sacrificed at 1, 3, §, 6, 7, and 8 hr after the
combined treatment. The mean number of bac-
teria present in the lungs of each group of animals
was plotted against the time elapsed after the
infectious challenge.

Figure 2 shows the data obtained in mice. Re-
coveries of K. pmeumoniae from the lungs of
mice exceeding 100¢; are not shown in the
figures. However, they were used in construction
of the recovery curves. The mean recovery of
bacteria from the lungs of control mice challenged
only with the infectious aerso! showed a similar
pattern in three replicate tests. The bacterial popu-
lation was markedly reduced (a range of 65 to
907, was observed) during the first 5 to 6 hr after
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100 R T 717 of that in controls, irrespective of the ni-
sl 1! —T trogen dioxide concentration.

/ While the increased mortality in animals ex-
ol o J posed to nitrogen dioxide can in part be explained
ro}- by damage to the ciliary activity and the phago-
o cytic activity, the lower recovery of inhaled

L bacteria from the lungs of animals exposed to

£ *r CONTROL nitrogen dioxide cannot be ascribed to this type

g o} of damage. Also, because of the absence of ap-

& - 3PP preciable pulronary edema in animals exposed
or ——— 35PPM to nittogen dioxide, a dilution effect can be dis-
20}— SCPPM counted. Three lheoretipal exp!smtions are
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Fi. 3 Recovery of Klebsiella pneumoniae from
lungs of hamsters exposed 1o NO,.

challenge. Thereafter, the population increased
and reached the initial concentration eaflter 6 to
8 hr.

In mice exposed 10 § ppm of nitrcgen dioxide,
the 100¢; concentration was reached within 5.5
hr. In mice exposed to 25 ppm, the bacterial
population decrezsed during the 1st hr and in-
creased thereafler; the 1007, concentration was
reached within 3.3 hr. In mice exposed to 50 ppm,
the 1009, concentration was reached in 2.3 hr. A
4 to 6-log increase in concentration of K. preu-
moniae occurred in mice 24 hr after the infectious
challenge, irrespoctive of the previous treatment.

Figure 3 shows that similar results were ob-
tained in hamsters. In control hamsters not ex-
posed to nitrogen dioxide, gradual reduction of
bacteria occurred during the first S hr, and the
initial concentration point was reached afier 7.3
hr. In hamsters exposed to § ppm, this 100<;
point was observed after 6.4 hr, and in those ex-
posed to 35 ppm, after 2.9 hr.

In the experiments, mice or hamsters exposed
to nitrogen dioxide 1 hr before infection were
challenged with the infectious aerosol simul-
1aneously with control animals not exposed to the
gas. Both groups of animals were thus exposed
to the same quantity of K. pnreumoniae. However,
as shown in Table §, the initial recoveries of K.
pneumoniae from Jungs varied widely. In all in-
stances, fewer organisms were recovered from the
animals exposed to nitrogen dioxide. In hamsters,
the decrease in organisms appears to be related
to the concentration of nitrogen dioxide. At §
ppm, the recovery was 75% of that in the con-
trols; at 35 ppm, 58¢%; and at 50 ppm, 447.
However, experiments were not conducted to
determine the statistical significance of this rela-
tion. In mi.c. the recovery was approximately

amounts of r ‘rogen dioxide are usuaily required
to produce any effects on bacteria. Another ex-
planation is that a protective film forms in the
respiratory system as a result of inhalation of the
gas; this film would make the recovery of bacteria
from the lung tissue more difficult. The third
possibility is that the respirstory functions are
modified by inhalation of nitrogen dioxide.

Our studies in squirrel monkeys showed that
exposure to nitrogen dioxide increased the respira-
tory rate and decreased the tidal volume. Al-
thcugh the animal was breathing more frequently,
the breathing was shallow. Thus, it is possible
that the bacteria do not penetrate into the alveoli
in the same quantitics as in normal animals.

The tidal volume of & monkey exposed for 2 hr
to nitrogen dioxide is shown in Fig. 4. The
mouakey was placed in a restraining chair, a mask
was fastened to its face, and it was exposed to
filtered air for 30 min. Without any interruption,
35 ppm of nitrogen dioxide was introduced into
the air, and the respiratory functions were meas-
ured with a spirometer and a dual-channel re.
corder. After the exposure, the tidal volume was
approximately 729, of the initial value.

Errect on Lacic DEMYDROGENASE
(J.DH) IsceNZYMES
The LDH enzyme system plays a principal role
in the glycolytic cycle for the conversion of stored

TaBLe 5. Retention of Klebsiella pneumoriae in
tungs of mice and hamsters

No. of organisms/g of lung tissoe

NOy i " - —
X Emtl | C l .
; Namrors | bamaters | Conteol j Expt mice
H ! . —— - —
"~ i
s ‘ 3,948 | 2,966 | 3.366 ’ 2.45
25 ‘ 1 1.8 | 1.092
3s 7.84 | 4253 | -- —
0 ‘ 7042 | 122 | LY 883
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F1a. 4. Mean tidal volumes of monkey exposed to 35 ppm of NOs.

energy. Recently, the enzyme has been separated

i into five components defined
as LDH isoenzymes (29). Discases, such as
cardiac infarction (30), hepatitis (25), and cancer
(23), produce abnormal serum and tissue iso-
enzyme patterns that are indicative of the tissues
affected.

Exploratory studies were conducted to deter-
mine whether exposure to nitrogen dioxide and
infection with K. pnesmoniae produce an atypical
LDH isoenzyme pattern in serum or selected
tissues and whether the pattern is indicative of
the resuiting pathology. The limited number of
animals (four) used per point did not permit an
exhaustive analysis of the data. However, the
differences obtained are large enough to suggest
trends and to form the base for additional ex-
perimentation. Hamsters were exposed to 5 and
35 ppm of nitrogen dioxide for 2 hr and ex-
amined frequently over a 72-hr period.

Heart tissue was removed from each hamster;
the LDH enzyme was extracted and resolved
into isoenzyme components. Approximately 1 hr
after expoture, in either group the enzymatic
activity of iscenzymes 1 and 2 was reduced and
remained depressed for approximately 1 day.
Correspondingly, the isoenzyme activity in bands
4 and $5 increased. This period of altered iso-
enzyme activity coincides with the period of
maximal susceptibility to respiratory infection
after exposure to nitrogen dioxide. Hamsters
subjected to infectious challenge unly did not
experience these alterations.

The livers were removed and the LDH iso-
enzyme was extracted. Although there was a
large variability among the hamsters in a group,
the overall trend was clear. Hamsters exposed to
5 or 35 ppm sh-- d a decrease of approximately
50" in band 1 and 2 isoenzyme activity S hr after
exposure.

Exploratory studies were also conducted with
squirrel monkeys. One monkey was exposed to 35
ppm for 2 hr and subsequently was infected in-
travenously with K. pmeumoniae. The LDH ac-
tivity in the lung tissue increased 5-fold 24 hr
after exposure. The increase in activity was ac-
companied by a marked and disproportionate
increase in the LDH activity in bands 4 and §.

Two monkeys exposed to 50 ppm of nitrogen
dioxide and to K. pneumoniae aerosol displayed
similar isoenzyme alterations. Upon autopsy, the
lung tissue appeared gray, with patches of marked
reddish congestion clearly demarcated from the
gray areas. Tissue sections from both gray and
red areas showed much interstitial and intralveo-
lar edema, with congestion and cellular infiltra-
tion. Tissue excised from each of these areas
produced abnormal isoenzyme patterns, each
very different fiom the other. The red area pro-
duced one major isoenzyme band, band 5, with
considerably reduced activity in the remaining
isoenzyme fractions.

Current theories suggest that the LDH mole-
cule is a tetrameric peptide molecule and that the
synthesis of the molecule is controlled by two
genes (5). One gene is responsible for the synthe-
sis of LDH isoenzyme 1 and one for the synthesis
of LDH isoenzyme 5. The three remaining iso-
enzZymes are merely combinations of isoenzymes
1 and 5. Cahn, Kaplan, and associates (5) sug-
gest that LDH isoenzyme 1 is associated with cells
undergoing aerobic metabolism and LDH iso-
enzyme S with cells functioning anaerobically.
Brody and Engel (4) have demonstrated that
LDH activity is associated with the mitochondrial
membrane and is readily dissociated when the
tissue is manipulated during fixation, Therefore,
rupture of the cellular membrane (cell death)
would be indicated by an increase in serum LDH
activity.
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Altered metabolism induced by stress may be
related to increased enzyme activity and altered
isoenzyme ratios. Recently, Vesell (27) has pub-
lished contradictory 12sults. Studies conducted
with nucleated red blood cells and normal red
blood cells devoid of a nucleus indicated that
LDH isoenzyme band § is located in the nucleus,
and isoenzymes 1, 2,and 3 are located in the cyto-
plasm. Vesell therefore takes exception to the
theories regarding the relationship of aerobic.
anaergbic metabolism to isoenzymes 1 and $.

The preliminary data acquired to date do not
permit interpretation of the cellular mechanisms
involved. Nevertheless. it is apparent that altera-
tion of the isoenzyme ratios is related to pa-
thology, and may ultimately provide information
regarding altered cellular metabolism induced by
the nitrogen dioxide and infectious challenge
siress.

EFfrFecT OF CHRONIC EXPOSURE

Exposure to low levels of pollutants over ex-
tended periods of time are a threat to heavily
populated communities. Air pollution surveys
indicate a maximal concentration of 3.5 ppm of
nitrogen dioxide. Daily variations in the concen-
tration of nitrogen dioxide in a polluted atmos-
phere result from varying emission rates, wind
velocity and direction, height of inversion layer,
etc. The average 8-hr levels of oxides of nitrogen
in one urban area on days with significant air
pollution ranged from 0.1 to 0.5 ppm (26).

Several investigators have reported on the effect
of chronic and intermittent exposures to nitrogen
dioxide. Ronzani (24) concluded that repeated
daily exposures to 100 ppm had no distinct
acute effect in animels. Gray et al. (12) exposed
rats t0 9 to 14 ppm for 4 hr per duy, § days per
week, for 6 weeks. They observed an inflamma-
tory condition spread throughout the entire re-
spiratory tract. The same authors (13) found no
evidence of pathology in rats, guines pigs, and
mice exposed daily for 6 months to 4 ppm.

Wagner et al. (28) exposed dogs, guinea pigs,
rabbits, rats, hamsters, and mice to 1, 5, and 25
ppm for periods up to 18 months. At no exposure
level did changes in body weight, hematological
value, or biochemical index vary significantly
from the control data. The respiratory functions
in exposed rabbits were equivalent to those in
the controls, with the exception of the 25-ppm
group, which indicated a slight and transitory
elevation in mean oxygen consumption. Detailed
histological examination of tissues of animals
sacrificed at various time intervals presented no
evidence that nitrogen dioxide had any morpho-
logical effect. Their studies with a strain of mice

TasLe 6. Effect of continuous exposure 10 0.5 ppm
of nitrogen dioxide on mortality of mice chal-
lenged with Klehsiella puewmoniae

i Mortality (deaths, total)

NOs exposure ;'*‘ "“’—“» —_ P
B e
Tdays | 187/280 189/280 1.0 |
14 days : 81/180 92/180 136 |
| month ; 26/60 M/60 309
2months | 68,100 78/100 14.7 l
I months | 64/100 92/100  43.7 | <0.08
6 months | 24/0  44/50 833 ‘ <0.001
Y months | 38/ 49/ 289! <0.001

susceptible t0 spontanecus pulmonary tumor sug-
gested & possible tumorigenic accelerating capac-
ity of nitrogen dioxide.

In our studies, Swiss albino mice were exposed
continuously, 24 hr per day, to 0.5 ppm of ni.
trogen dioxide. Three times a week, the mice
were removed from the chamber for approxi-
mately 1 hr for maintenance and feeding. After
various periods of nitrogen dioxide exposure, the
mice were challenged with the aerosol of X,
Ppreumoniae and maintained in a clean air atmos-
phere for 14 days after the challenge. Control
animals were of the same age as the experimental
mice, and were treated identically with the ex-.
ception of the nitrogen dioxide exposure. The
data in Table 6 show an increase in susceptibility
to infection after 3 months of exposure to the gas.
Some degree of linearity was obeerved when the
arc transformed differences in mortalities were
ploited against the duration of exposure to
nitrogen dioxide (Fig. $).

The effect of continuous and intermittent ex-
posure t0 0.5 ppm of nitrogen dioxide over a
30-day period was investigated. After 30 days of
coatinuous exposure, Swiss albino mice were
challenged by the respiratory route with air-
bome K. pneumonice. The deaths were recorded
during the next 14-day holding period at ambient
atmosphere. For intermittent exposure, mice
were exposed to 0.5 ppm for 6 hr a day, S days a
week, for a total of 30 days before the infectious
challenge. The data summarized in Table 7 show
the significant mortality increase due to the inter-
mittent exposure,

Exposure of Swiss albinc mice to 1.5 ppm of
nitrogen dioxide for periods ianging from 2 hr
to 3 months prior to the infectious challenge re-
sulted in mortality shown in Table 8. The in-
crease in mortality was significant after exposures
of 8 hr or longer. A corresponding reduction in

e o
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TaaLe 7. Effect of contimoms and inte-mittent ex-
posure 1o 0.5 ppm of nitrogen dioy:ide for 30

TasLe 8. Effect of continuous exposure 1o 1.5 ppm
of nitrogen dioxide on martality of mice chal-
lenged with Kiebsiella pneumoniae

days on mortality of infected mice

; Mortality i
NOx exposure ‘ - . Change Q vival
! Teaths’ ! Per | time
| tomal cent |
! R
Continuous ! . '
Controls .... .. 32,80 | 40.0 : '10.8
Experimental ; .
group. ... . 79/140 ! 56.4 1 41,0 ' 10.2
Intermittent ' |
Controls . ... . 22/60 | 36.6 | 12.2
Experimental ‘ !
group. ...... .. 57/80 [ 71.3 948 9.2

« Significant at P <005.

the survival time occurred in all groups except
the one exposed to nitrogen dioxide for 2 hr.

Exposure of infected mice to 1.5 ppm of ni-
trogen dioxide after the infectious challenge also
increased mortality. The mortality in the control
group challenged with the infectious agent only
was 45¢;. Aft:  xposure to nitrogen dioxide for
2, 8, or 24 hr, i1« mortality rates were 80.0, 88.3
and 73.3¢;, respectively. The respective increases
in mortality were 77.8, 96.2, and 62.99%, all three
values being significant.

The significance of pre-exposure to nitrogen
dioxide is further illustrated in Fig. 6. Three
groups of mice were used. The one serving a- :he

Mortality ideaths/total) |
NOy exposure |- — - : Change
t::"::ﬁ Expl group |
A
2he 4590 : 5190 ! 13.4
8 hr 45,790 ' 6790 48.8
24 hr 45/90 .90 kY )
7 d.’s 20/40 28/90 i 40.0¢
14 days 17/40 9/40 | 1294
90 days 23/50 /100 | 52.3

* Signiticant at P <0.05.

control was challenged with K. pneumoniae
aerosol and maintained in clean air after the in-
fection. The second was infected and placcd ini-
mediately after the challenge in an atmosphere of
1.5 ppm of nitrogen dioxide. The third was ex-
posed to nitrogen dioxide for 24 hr, challenged,
and returned to the 1.5-ppm atmosphere. Al.
though the mortality of both groups exposed to
nitrogen dioxide was higher than that of the con-
trol group, mice exposed to the gas both before
and after the infectious challenge died fuster, and
ultimately the mortality in this group was the
highest. The mortality at the end of the 30-day
holding period was 58.3¢7 for controls, 78.3%,
for mice exposed to nitrogen dioxide after the in-

L__________________
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Fi1G. 6. Effect of pre-exposure of mice 1o nitrogen
dinxide on resistunce 1o Klebsiella prewmonioe.

fectious challenge, and 98.3¢; for mice exposed
10 nitrogen dnoxndebothbdomandaﬁerthem-
fectious challenge.

ErrECT OF AGE

The effect of age on resistance to K. paeiwnoniae
infection was investigated. Young mice 6 1o 8
weeks old and weighing 20 + 2 g, mice 6 months
old and weighing 32 = 2 g, and mice 9 months
old aml weighing 39 + 2 g were maintained at
ambient atmosphere and were challenged sinwl-
taneously with the infectious agent. Deaths were
recorded for 14 days after the challenge. No sig-
nificant differences were obeserved in the mor-
tality rates among these groups. The mortality of
the 6-month-old mice was 48.0; the 9-month-oid
mice, 34.27;; and the 6 10 S-week-old mice,
52.5%,.

Discussion AND ConcLusions

The effects of expowre to nitrogen dioxide on
man and on animals are confined slmost ex-
clusively to the respiratory tract. With increasing
dosa'e.mepmwasivceﬂ‘ectsoflhispsm:
odor perception, nasal irritation, difficulty in
breathing, acute respiratory irritation, edema,
and desth. Experimental and epldenuolooal
data pertaining to nitrogen dioxide effects in man
are sparse, especially in the low concentiation
Jevel found in community air pollution.

In most specics of laboratory animals, concen-
trations of nitrogen dioxide above 200 ppm pro-
duce death even after a single 5- (0 15-min ex-
posure. Continuous 30- 1o 60-min exposures 10
100 to 200 ppm or 8-hr exposures to S0 ppm also
produce death. Intermittent exposures of less than
50 ppm, on the other hand, are not fatal. Thus, it
appears that the existence of a recovery period
reduces mortality.

Lower concentrations, 10 to 20 ppm, produce
pathological changes in the lungs. Continuous
exposures to 5 or 10 ppm result in changes in the
bronchial epithelium; lower concentrations pro-
duce only minor changes. Freeman and Hayden
(10) observed minor changes in the bronchial
epithelium after continuous exposure to 4 ppm
for 20 weeks. Balchum et al. (1) showed that 2x.
posure of guinea pigs to 5 ppm produced minor
pulmonary changes and demonstrated the de-
velopment of circulating substances capable of
agglutinating normal lung proteins.

The work reported in this paper suggests a
more sensitive indicator of biological effects of
nitrogen dioxide, namely, a synergistic effect or
secondary effect, demonstrrted by reduction in
resistance to infection. A single 2-hr exposure
of Swiss albino Webster strain mice or of inbred
mice to 3.5 ppm of nitrogen dioxide before oc
after respiratory challenge with serosol of X.
prewmonioe significantly increased mortality. To
produce the same effect in hamaters and squirrel
monkeys, 35 ppm was required during the 2-hr
exposure period. The effect of the single 2-hr
exposure was not persistent, and & return to
normal resistance to the irfection was observed
within 24 hr after the exposure to nitrogen

Continuous exposures to 0.5 ppm for 3 months
or longer as well as intermitient daily exposures
oi:er'aw-dny period produced the same effect

mice.

Exploratory studies conducted to define the
mechanisms responsible for the increased sus-
ceplibility to infection suggest that exposure to
nitrogen dioxide permits better colonization of
bacteria in the lungs of mice and hamaters.

Exposure to 25 to 2° ppm of nitrogen dioxide
affected the pulmonary function in squirrel
monkeys. Similar obeervations in guines pigs
were reported by Murphy et al. (19). The re-
spiratory rate increased and the tidal volume de-
creased in guinea pigs exposed to 5.2 and 13.0
ppm of nitrogen dioxide. The time of onset of
the respiratory changes was inversely related to
the concentration of the inhaled gas. When the
guinea pigs were returned to clean air, the pul-
monary function gradually returned to the pre-
exposure level.
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Extrapolation of the effects of nitrogen dioxide
on resistance 1o XK. paewmoniae infection of man,
or that due to other species of pathogenic miro-
organisms, can be speculative only. However,
the work is significant in pointing to possible
relationships between air poliutants and changes
in resistance to respiratory infection,
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INTRODUCTION

Repuumthehmnm,manuymw
Musegay (8), contain numerous examples of
alterations in the properties of arboviruses as a
result of their passage in various host systems.
Countless other observations of thic type o-
doubtedly have been made but not repo:.ed.
Early accounts of alterations in virulence of

yellow virus (YFV) as a result of propega-
tion in vitro hnveheu\dmﬂbedbyuwd
Theiler, and Ricci (6) and by Theiler and Smith

(11). Studies by Theiler and his associates led to
the isolation and eventual use of the well-known
17-D strain for human vaccination. A more de-
tailed description of the development of various
attenuated straing of YFV may be found in a
review by Theiler (10). More recently, Hallaver
(1) reported losses in virulence of the 17-D strain
for mice and of the Asibi strain for monkeys after
passage in KB cell culures, Following this,
Schindler and Hallaver (9) described additional
losses in the viscerotropism of Asibi strain
variants obtained after prolonged passage in KB
cells. Theae authors also reported the isolation
from human cell lines of a 17-D viral substrain
whose virulence for monkeys was reduced to a
degree that has apparently not been found in an -
other 17-D strains. Hardy (2) demonstrated at-
tenuation of the Asibi strain for monkeys with
viral isolates obtained after serial passage in Hela
cells. In keeping with the general subject of this
symposium, we should like to present some ob-
servations on changes in the properties of yellow

umﬁmmmmmu&

perimental

information on the behavior of airborne virus
that previously had undergons routine passages
in cell culture in the laboratory. Information of
this kind has broad applications not only for the
viral geneticist hut for those who are engaged in
the problems of laboratory safety. To carry out a
meaningful study, it was recogniaed that a com-

needed. The results will show that the dominant
characteristic of virus that was serially passed in
cell culture was its decline in virulence. Other
proj *rties that were also found to change ap-
poared to vary in parallel with the Joss in viru-
lence. ltmpfobnblethusomeofnue
ahcrations may have resulied in, or at least
contributed to, the decline in capability of the
virus to induce lethal infections.

EXPERIMENTAL APPROACH

Two years ago at Fort Detrick, Hardy (2)
demonstated that his strain of yellow fever
virus, which was ordinarily noncytopathic in cell
culture and lethal for monkeys, induced cell lysis
and became attenuated for these animals after
six serial passages in Hela cells. Subsequently,
results reported by Miller et al. (7) indicated the
feasibility of pafomun. studies on serosolized
yellow fever virus after it had proliferated in HelLa

61S
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TasLe |. Properties of 1vpical und alypical yellow fever virus populations obtained afier ovie and 1hree
serial passages in Hela cells

Tuet in ! |

Per et reavery

| ey of " i Monkey lethality
e+ B (2 e T T
ope) Al o RH o My, Rt
i i ! :
' !
Tyt 11 §  Negative | 4.2 | 467 | Lathalart0
: | : ‘ © MICLD,,
ATy-1* 8.1 3 Positive 9.7 : 2.2 ! Lethal st 10 _
: L MKCLD,e
Ty.¥ 88 ¥ - Positive 9.8 N3 Nonlethat at
. | >30.5 miLn,.
Aty-3 6.9 3 Negative 19.7 . 12.3 Nonietha! at O

H ! : MICLOe

« Relative humidity.

* “Typical'’ viral population, representative of harvests obtained in {1 of 12 experiments.

* “Atypical’”’ viral population, represeatative of a harvest obtained in | of 12 experiments.

4 “Typical” viral population, repressntative of harvasts obtained in four of six experiments.
¢ “Atypical® viral population, represcatative of harvests obtained in two of six expetiments.

{
il
¢
i

Recovery of “Typical" ond " Acypical’ First- and
Third-Passage Viral Populations

During the course of our first series of siudies,
viral products that were prepared in the same or
similar manner during either one or three passagos
did not repeatediy demonstrate the same prop-
erties. In other words, although the majority of
viral populations behaved in a typical fashion, in-
frequent atypical populations could be recovered.
These proved to be fortuitous events, because this
not only allowed for an assessment of the dif-
ferences between typical one- and three-pessage

harvests, but, by studying the incidence of varia-
tion among properties of typical and atypical viral
populations ptepared at the same passage level,
we were able to gein some insight into possible
niationships that existed among individual
ganstic markers. Of considerable interest was the
indication that certain of the properties that were
eacountered in vitro could be correlated with
properties displayed by the virus in acrosols.
Exampies are shown in Table 1.

It can be seen that typicsl first-passage prep-
srations possessad titers of approximately 10’
MICLDy that were obtained on day S in the ab-
snce of cell lysis. This preparation showed
maximal stability during acrosolisation at 50°%
relative humidity (RH) and was lethal for mon-
kays by the respiratory route. In contrast, typical
third-passage preparations, repressnied in the
third column, possessed titers of 107 MiCLDyy (OF
grealer) that were obtained on day 3 attended by
cell lysis. The viral recoveries obtained st 30<;
RH were significantly lower (P <35%) than those
obtained at 80¢; RH. These preparstions were
not lethal for monkeys by the respiratory route.
In column two, properties of an atypicsl fust-
passage proparution are shown. A 1-log increase
in titer to 10° MicLDy was obtained at day 3,
accompanied by cell lysis. This preparation was
significantly less stable (P <35%) at 505, RH
than at 80<; RH, but it was lethal for monkeys.
Atypical third-passage preparations showed
maximal titers of about 10’ MICLDy, at day 3 and
did not induce cell lysis. This virss was not ap-
preciably affected by changes in RH, although
the overall viral recoveries appeared slightly de-
creased, and it was not lethal for monkeys.

————— e ——
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Tasie 2. Summary of changes in properties of yellow fever virns (Asibi strapn) in Hela cell cultures

Maximat Day of
elacell prepn wutr. ml dog. 1 matimal  Cytopathic effevt® et at v, R "";::"'::":“:" Vitus
utet in Hela colls liter ¥

Orc pausage 6974 s
8or > 1)
Three passages 6870 A
8or> 3

Negaltive Resistant Negative

Positive Sensitive ; Negative
Negative Resistant Positive
Positive Semitive Positive

» Cell rounding, increase in density, and detachment from glass.
s Effect of scrosnlization on virus at 30, relative humidity,

« By exposure 10 infected acrosols.
Comparison of Viral Properties Afier First and
Third Passage

Some of the properties that wers established for
the various viral harvess appeared to be closely

paseage preparations gave the greatest indication
of genetic inswbility, we concentrated our experi-
mental effort chiefly on characterizing the proper-
ties of viral harvests of this type.

FURTHER STUDES ON VAL POPULATIONS AFTER
Onas Passaoe IN Hela Cauus

Studies on virulence were expanded to include
a comparison between rates of infectivity after
adminisiration of virys by the intraperitoneal (ip)
as well ss the respiratory route. To accomplish

Tame ) Reaponse of monkeys to yellow fever virus
given by intraperitonval or respiratory routes
after one passage in Nela cells

C O Lemalty | lebectivig®
Irse (uxcidew) - : :
Ree® : io* | Rep , g
20 6.6¢ .
0 66
5.0 38 0¥
40 Ve 11
0s 01 01}
04 3/6 2/3
0.08 NT* l —
0. : T4 i 172

« Virus administered by respiratory route.

* Virus administered by intraperitoneal route.

* Infective without lethality; resistant to a
multiple lethal challenge dosc of mousa beain seed
given intrapetitoncally.

< Number of monkeys affected per number
treated with virus.

¢ Not tested,

this, graded doees of the same viral preparation
isolsted from Hela cells were administered to
monkeys by either route; survivors were chal-
lengad ip 21 days Iater with 8 multipie lethal dose
of a mouse brain virus seed 10 determine whether
the original administration of virus had sub-
clinically infectod the animals. The first series of
tests with this experimental protocol was carried
out with first-passage material to obtain base-line
information with which to compare the third-
passage preparations (0 be reported later.

Properties of Pre- and Postaerosolised Populations
After One Passage |

The results of these tests are represented in

Table 3. Doses given by the respiratory route

represent average values from several experi-

ments. They show that doses of epproximately 50

MICLDye given by either route were lethal for the

le
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by the {act that three monkeys that failed to suc-
cumb to respiratory doses ranging from 1 to 10
also failed 10 resist the ip challenge with
s multiple lethal dose of suckling mouse brain
virus. Thus, the dose that was necessary to infect
be very close if not identical to the

dose nacessary 10 causs a lethal illness.
Two of three monkeys resisted a lethal chal-
lenge of virus after they survived a dose of 0.4

E

FunrtHir STUDIES ON ViRAL POPULATIONS AFTER
Muinre Pazsacs N Hela Cous

Scheme of Tests

The next seriea of experiments was directed
toward elucidating the characteristics of viral
populations that arose after multiple serial pas-
sages in Hela calls. Results of tests 0.1 two prep.
arations obtained after three serial passages in
Hela cells and one other afier seven pasiages
will be presented. The following test scheme was
deovised for each viral harvest. After inoculation
of the virus in culture, that is to say, during
preparation of the third- or seventh-passage
harvests, samples were obtained from the culture
and titrated duily for 6 days postinoculation to
establish the maximal titer and the time post-
inoculation of its occurrence. During that time,
the cell sheet was examined microscopically for
evidence of cell lyzis. Both supernatant Muid and
the cels were harvested at or near the time of
maximal viral yields, and the material was frozen
in glass ampoules. A few days later, » sampie of
this virnl material was titrated intracerebrally in
mice and by the ip route in monkeys. Then the
preparation was aerosolized at 50 and 807 RH.
T e amount of virus that could be recovered in

ye acrosol and the extent to which the property
o lethality for monkeys was decreused after the
virus wus airborme were determined. Values for

Bactanit. Riv.

the formct were oblained by plotting recovery
valucs at intervals during the 60-min period fol-
lowing serosolization.

Virulence for monkeys was ascertained by ex-
posing these animals at various intervals afler
rendering the agent airhorne. Differences in
dosage were oblained by exposing the monkeys
to clouds of various ages, the older the cloud the
smaller the dose. Impinger fluids were coilected
at intervals corresponding to 1hose during which
the monkeys were exposed, and these samples
were injected ip into monkeys in such a manner
tnat the same theoretical viral dose wus adminis.
tered to duplicate monkeys by either the respira-
tory or ip route. As in previous experiments, any
monkey that survived the administration of the
viral preparations by either route was challenged
21 days later with a multiple lethal dose of a
mouse brain virus seed. Two uninfected control
monkeys also were challenged in the same man.
ner. The data presented in Table 4 show the
results obtained with one Lhird-passage prepars-
tion.

Properties of Pre- and Posteerosolized
Third-Passage Viral Populations

In Table 4, the data are divided into two main
sections. On the lefit are the results of injecting
monkeys intrapetitoneally with a third-passage
Hela cell preparation prior 1o its aerosolization.
The most striking feature of these data is the lack
of a clear<ut end point in the lethality pattern.
Doses ranging from J 1o 3,000 MLy, were lethal
for one-hall of the monkeys tested. All survivors
were resistant to a muluple lethal dose of virus
given 21 days later as an ip challenge. Two other
monkeyr that were originally injected with 0.3
MICLDye evidently were infected subclinically,
since they also ruiisted the lethal challenge. The
dose of 0.03 MiLD,, apparently failed to infect
the monkeys.

On the right side of Table 4 are the results of
sdministering aerotolized virus to monkeys.
Shown are the doses expressed as the number of
MXCLD4, the RH employed during serosolization
of the virus, the lethality and infectivity resulting
from exposing the monkeys to aerosolized virus
and the lethality and infectivity of the impinger
fluid into which the various viral doses were col-
fected posiaerosolization.

These data show once again that a clesrcut
end point in the lethality pattern did not occur
with either route; this was especially evident in
monkeys exposed by the respiratory route.
Moteover, there was no consistent difference in
the incidence of lethality at 30 and 80<, RH.
This corresponds to the lack of any difference
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Tanit 3 Response of monkeys to yellow fever virus given by intraperitoneal or 1ecpiratory routes after
three serial passages in Mela cells

Preacruenliorsto

Inteajenitoncal

Tdene WICED! — - — Duse + wicLDw)
Leri® Inf*
.om 1Y (] 2,44 98
o 12 11
0 12 1t 210-%4
] )2 1
LU 02 22 12-3
aom (1N} n
1-<1

Pintaeronlisation

Respuratory Inirajactitonesl

! RH %) - - — - - - - -
; T Lath Int Leth ; Inf
L 12 11 02 1.2
L\ 1:2 143 1.2 11
0 1/2 1) 22 —
80 22 12 11
0 2.2 12 |8 ]
1] 1.2 t 0?2 2:2
s0 0.2 02 0:2 1:2
0 12 1t 02 2,2

+ Lethal for monkess

¢ Infective without lethality ; resistant to a multiple lcthat challenge dose of mouse brain seed given

inteaperitonestly .

+ Number of monkeys affected per number tre~ted with virus.

TanLt 8. Response of mo:tkeve 1o yellow fever virus given by intraperitoneal or respiratory routes afrer
three sertul passages in Vela celly

Prraerosntizatoy Pottic rosolisston

1ot rapentoneal Renyuratony Iatraperitoaeal
Do whiipsr - =~ T Do ivlBw) RIS - e — -
Lew® nt Leth Int Leth | Iu
0,000 32 - 2.50-1,2w 90 02 22 2.2 -

«.om 02 11 80 0:2 22 22
0 12 i ne 4 0 02 22 02 | 22
0 12 11 0 12 141 2:2 —
$ 02 22 16 0 ;02 2:2 02 | 22
0.3 0: 22 0 | 02 2.2 1:2 ] 1A
0.08 02 02 2-< 0 ; 02 0:2 G2 0.2
o | 02 2.2 0.2 | 272

+ Lethal for monkeys.

* Infective without lethality ; resistant to a multiple lethal chalienge dose of mouse brain seed given

intraperitoncally.

+ Number of monkeys alfecicd per number treated with virus.

between the per cent viral recoveries that were
obtained at either humidity. Despite this, how-
ever, the RH effect might have becn an influenc-
ing factor in the incidence of nonlethal infections
in monkeys. For example, in the lowest dose
range, no animals became infected when exposed
to acrosols at 50, RH. At 8uC; RH, however,
one of two monkeys succumbad, and the survivor
was resistant (o the lethal challenge. After inject-
ing impinger fluids hy the ip route, a slight in-
crease may have occurred in the incidence of in-
fectivity at 807 RH. Additional cvidence of this
is shown in data presenied in Table $.

In Table S, the results of tests -7ith a »econd
third-passage preparation are shown. As with

the previous findings, ants on the left side of the
table obisined with preaerosolized virus show
once again the lack uf a clearcut cad point in
the lethality pattern. On the right side of the
table, it can be seen, in contrast to the previous
third-passage preparation, that no appreciable
lethality was obtained by the respiratory route.
Some lethality was found, iowever, after injecting
the impinger fluids by the ip route; the lethality
that occurred with the ip route appeared 0 be
more pronounced at the 802, RH. Similarly, the
incidence of infectivity was greater with very low
doses of this viral preparation afier it was serd-
solized at 807 RH and administered by either
route than when it was derosolized at 307, RH.




SR P (B O+ e

620 HEARN ET AL.

BacTERIOL. REV.

TaBLE 6. Response of monkeys to yellow fever virus given by intraperitoneul or respiratory routes after
seven sertal passages in Hela cells

Postaerosolization

Intraperitonea: ] Respiratory " Intraperitoneal

Dose (M1cLDs0) ‘ Dose (M1CLDsw) RH() - - — - v = -
Lew* | Inf i Leth inf Leth ~ Inf

i
700,000 052 i 2/2 | 2,108-1,198 ' S 0-2 2:2 0:2 272
70,000 NT«  NT | o 02 2 02 22
7,000 0/2 ; 2/2 ; 21793 0 02 2/2 02 @ 272
700 NT . NT ! 80 0.2 2/2 . 0/ [ 11
b, 0/2 : 2/2 . 124 50 0:2 22 . 02 ¢ 272
7 NT | NT | 80 0.2 2/2 0/2 - 272
0.7 0,2 272 i 1-<1 50 02 0s2 0/1 1/1
0.07 NT t NT ‘ 80 02 2/2 0/2 2,2
0.007 0/2 0/2 '

i

s Lethal for monkeys.

* Infective without lethality; resistant to a multiple lethal challenge dose of mouse brain seed given

intraperitoneally.

¢ Number of monkeys affectc 1 per number treated with virus.

4 Not tested.

TABLE 7. Number of NICLDyo necessary to produce infectivity with or without lethality after pussage in

Hela cells
Preserosolization . i Postaerosolization

Passage o . Intraperitoneal [ RH (%) Respiratory Intraperitoneal
Leth® " Iaf ' i Leth Ini Leth Int
1st ‘ 0.04 004 ' 50 5 s NT NT
80 3 5 NT NT
3rd (1) a 0.3 %0 3 3 3 <1
i 80 <l <1 210 <1
3rd (1) 50 05 : % >1,23 6 >1,29 . <l
: i %0 210 <1 12 <1
7th > 700,000 0.7 50 >2,108 12 >2,108 i
‘ [ >1,098 <l >1,8 <l

¢ Lethal for monkeys.

¢ Infective without lethality; resistant to a multiple lethal challenge dose of mouse brain seed given

intraperitoneally.

Properties of Pre- and Postaerosolized
Sevenih-Passage Viral Population

The final test was carried out with a seventh-
passage preparation, which resulted from a con-
tinuation of serial passages from the first of the
third-passage harvests. Results of this test shown
in Table 6 revealed that an increase in the at-
tenuation of the virus had occurred; no lethality
was encountered with either the pre- or post-
aerosolized viral preparations. The incidence of
infectivity, as shown by immunity to the lethal
challenge, however, did not appear to have de-
clined.

Comparison of Properties of Viral Populations
After Multiple Passage in HeLa Cells

In Table 7, we have summarily compared the
main points of interest of the three viral prepara-
tions. All of the values are expressed us the
minimal number of MICLD,, that were shown to
have induced either a lethal or nonlethal infection
in monkeys. The data show that the pre- and post-
aerosolized first-passage Hela cell preparation
proved to be a comparatively efficient inducer of
letholity, although somewhat more virus ap-
peared to be necessary to infect monkeys by the
respiratory route than by the ip route. There did

u
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not appear 1o be a significant difference between
the viral response to either RH.

The first of the third-passage Hel i cell iarvests
showed a decreased level of lethalit: for monkeys
when administered by either routc. As the data in
Table 4 had indicated previously, the assessment
of the virulence of this preperation was greatly
influenced by an apparent interference phenome-
non that was expressed as a partial inability of
this virus to cause lethality over a wide range of
doses. Since the first-passage preparation did not
display this phenomenon during its lethal effect
in monkeys, it is tentatively concluded that the
behavior of the third-passage harvest in this case
indicates a weakening of the virulence character
as a result of serial passage in Hela cells. In-
formation derived from other multiple-passage
preparations clearly sapports this view. The
second of the third-passage preparations con-
tained virus possessing a level of virulence that
had declined to the extent that it failed to produce
lethality by the respiratory route; moreover, it
had markedly declined in its efficiency in pro-
ducing lethal illness by the ip route. After seven
passages, all traces of lethality for monkeys had
vanished from the viral harvest. In all of the viral
preparations, the loss in lethality was not ac-
companied by a loss in the capability of the virus
to immunize the animals.

DiscussSioN AND SUMMARY

Manifestation of the viral “RH" marker was
more subtle than expected in the two third-pas-
sage and seventh-passage preparations. In prior
tests with this virus in our laboratory (4), the
effect of RH was readily evident in experimental
data showing that statistically significant de-
creases in viral recoveries were encountered upon
aerosolization at 307, RH. This was similarly
found to be the case with recovery values for
airborne Colorado tick fever, vesicular stomatitis,
neurovaccinia, and encephaiomyaocarditis viruses
as reported by Watkins et al. {(12). In the present
results, the initial recovery values were not as
high as those previously encountered in our lab-
oratory, and it became necessary to use other
criteria to demonstrate any difference that may
have occurred as a result of aerosolization at 50
and 80% RH. In cases in which conditions were
such that differences could be demonstrated,
serially passed virus aerosolized at 0. RH was
the least active.

The first of the third-passage preparations
provided, at first glance, what might appear to be
an exception to this. The dose of 210 MikLD;, of
the impinger fluid at 80, RH shown in Table 7
as that necessary to produce lethal illness in

AEROSOLIZED YELLOW FEVER VIRUS 621

monkeys by the ip route is higher thaa that
sary to produce lethal iliness at S0
factors appear to have
Tbeﬂmisﬂmtllemofzmmu.buwu

i
it
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high humidities were necessary to sustain even
some semblance of lethality. Passage of the virus
in cell culture, however, did not appreciably re-
duce the ability of the virus to induce an im-
munity in these animals.

From a genetic viewpoint, it is of considerable
significance that the third-passage preparations
were highly unstable. It is not surprising, there-
fore, that many of these viral populations pos-
sessed properties that varied to some extent from
each other, not only in their degree of attenua-
tion, but also in their response to 509 RH, and
in their ability to cause a cytopathic effect in cell
culture. In 8 previous publication (4), we noted
that atypical first-passage and atypical third-
passage viral populations that had been studied
up to that time shared no properties with each
other. This was unexpected, since both of these
presumably represented viral forms that were
intermediate to the virulent, aerosol-stable form
and the attenuated aerosol-unstable form.
Studies on third-passage populations that were
reco: ered and studied since then have supported
the view that these viral populations do represent
truly intermediate forms. Furthermore, the data
indicate that when a sufficient number of these
unstable viral populations were examined, atypi-
cal intermediate forms that shared some of their
properties with each other could be revealed.
The genetic determinants for the viral properties
that we have examined, therefore, are probably
in close relationship to one another but obviously
not linked.

The results of these studies raise the question
of whether viral isolates of reduced virulence
may be commonly acquired after passage in cell
cultures. Viral mutants with either lowered

)
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virulence or decreased stability, or both, might
be easily selected in an in vitro system. The use of
such mutant populations could reduce the danger
of airborne contamination of laboratory workers,
experimental animals, and other viral or cell cul-
ture materials. Venezuelan equine encephalo-
myelitis virus, another arbovirus, has been shown
to lose its virulence in vivo as a result of its serial
passige in vitro (3, 5). The question of whether
this applies 10 other arboviruses can be deter-
mined only after an adeguate number of suitable
tests have been performed.
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Discussion

K. C. WINKLER
Faculty of Medicine, Rijksuniversiteit te Utrecht, Utrecht, Netherlauds

Your supposition that a Dutch bacteriologist
would have more experience of yellow fields of
tulips than of yellow fever is absolutely correct.
It is thus with great respect that I have read the
careful and laborious experiments of Dr. Hearn
on which he certainly is to be complimented.

Dr. Hearn described variations in yellow fever
virus after passage in HeLa cells: (i) variation in
growth rate, growth capacity, and the appearance
of cytopathic effects; (ii} attenuation of virulence
for monkeys; and (iii) variation in aerosol sta-
bility. These correlations are obvious and im-
portant. The Hela cultures were passed at high
multiplicity so that mixed populations were
studied. Consequently, the bulk of the particles

in the atypical first passage (aTy 1) might well
have lost the lethality for monkeys, but the popu-
lation might still contain a few per cent of virulent
perticles. Again, the difference between the Ty 3
and aTy 3 might be due to interference or a von
Magnus phenomenon. Thus, though the popula-
tions seem unstable, the variants might be quite
stable genetically. Admittedly, yellow fever
virology is very difficult, but, unless these variants
are isolated from single plagues or passed at
limiting dilutions, it is difficult to discuss these
variations in terms of genetic markers. I sincercly
hope that Dr. Hearn will find opportunity in the
future to work in this direction.

The aerosol work is again of the highest level.

—
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The monkeys were exposed to aerosols of differ-
ent ages. The dose was expressed in terms of
MICLDy,. (Let us hope this unit is constant before
and after HeLa passage or acrosolization.) This
means that, especially at lower doses, the monkeys
receive & few viable particles and very many
inactivated particles. Whether these inactivated
particles still contain active ribonucleic acid is not
known. It might well be then that the large num-
ber of inactivated particles in these experiments
produced some kind of interference. The addi-
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tional attenuation by serosolization itself (Table
5) might also point in this direction. It would be
interesting t0 know what happened when mon-
keys were exposed to various doses of aerosols of
the same age.

All thin, of course, detracts nothing from the
fact that an important step has been taken in the
direction of immunization with an avirulent
yellow fever virus. In this connection, it would
be important to know whether this virus could
multiply in mosquitoes.
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(M). distomper (11), tuberculosis (7, 20), tu-
laremia (9), measles (15, 21, 25), Venemelan
equine encephalitis (29), and influenza (28, 30).

laremia and Venezuelan equine encephalitis (16)
alo has been effective in experimental animals.
Russian investigators (1-3) have reported highly
effective immunization of animals and man ex-

The vaccines employed in the above studies
consisted mainly of viable attenuated organisms
ot their spores. Our studies were concerned with
the immunological response following inhalation
of a soluble antigen-tetanus toxoid. Tetanus
toxoid is universally accepted as an effective im-
munizing antigen. Experience during World War
11, when active immunization with this vaccine
was first employed on a large scale for American
and British forces, attests to its almost complete
effectiveness in preventing tetanus (26). Although
the initial conventional course of three doses pro-
vides long-lasting immunity (possibly for 10 years
or more), reinforcing doses are invaluable for
maintaining the titer of circulating antitoxin.

Studies in the USSR (23) have shown that
aerogenic administration of diphtheria toxoid to
experimental animals or man is an effective revac-
cination procedure afier subcutaneous vaccina-
tion. A marked and prolonged rise in antitoxin
titer was seen in guinea pigs and rabbits adminis-
tered an aerosol booster of fluid toxoid 5.5 and 3
months after subcutaneous inoculation with
uluminum hydroxide-adsorbed diphtheria toxoid
(Table 1). The experiments were conducted in a

600-liter chamber. Purified concentrated toxoid
with & potency of 2,100 units per ml was dis-
penedbynnmohmoc!nnlahmmforso

By increasing the cloud concentration with
mdemllynmzedwithuluuoundmn
30-liter chamber, *hc Rustian scientists reduced
thepuiodofmlexpowm(ﬁ)..\mﬁon
in aerosol-exposure time from 30 min to 10 to 26
min had no effect upon the antibody response in
guinea pigs administered an aerocsol booster 3 to
4 months after sybcutaneous inoculation with 6
units of adsorbed diphtheria toxoid (Table 2). A
marked increase in antitoxin titer also was re-
ported to occur in guines pigs even after an ex-
posure period of 1 to 2 min. A member of their
laboratory staff was reported to have shown a
marked rise in antitoxin titer after inhalation of
diphtheria toxoid for § min.

Acrosol revaccination of children after primary
subcutansous inoculation also has been reported
to be effective (24); undue systemic reactions were
not observed. On the other hand, an allergic re-
action was reported to have occurred in exposed
adults. Concentrated dry toxoid given only as a
primary dose or as a booster after subcutaneous
vaccination was reported to produce increased
antibody titers in rabbits and man (1).

AZROSOL VACCINATION WITH TETANUS
Toxom

Our current aerosol vaccination studies with
fluid tetanus toxoid were performed with Hartley
strain guinea pigs. Young adult guinea pigs of
both sexes, weighing 300 to 470 g, were exposed
to predetermined respiratory doses of fluid toxoid
in groups of five to eight animals. The aerosol
chamber consisted of an approximately 300-liter
plastic hood installed within a biological safety
hood. Purified concentrated fluid tetanus toxoid
with a potency of 2,405 limit of flocculation (Lf)
units per ml was sprayed with & Univessity of

624
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Tasre 1. Reimmunization by inkalation of diphikeria toxoid with an exposure time of 60 min®

i ‘ Subcutaneous immuni- '
; i ation {
! No. of l I&?utlhtw
Animah | 9O ! :
onimals | ¢ satomand
T N st | rimeualion
’ ‘ i after .
| i jmecus inoculation
i : unils unils ‘mi -.—.‘;:—-4
Guinea : :
pigs .. 10 ;30 2.64 5.8
Rebbits. | 7 {30 1L%2 3

Mean satitoxin titens runits ‘ml) after
h iastion by inhalath

. . st various
Mean antitozin « times
tivers before - I o
Ube reimmn- Weeks . Months
; | 2 3 4/ 62 ¢
e £ —_— ——— — ——
wadlyiml :
03 74 ‘ns is2 M 13482
0.682 BIY. 14 84S S N

» Data from Muromstev et al. (23).

TasiLt 2. Retmmunization by inkelation of diphtheria 10x0ld with different exposure times

i i i I /
R Voo s ather veimmi ia
; : i by inhalation
. | Interval}  Mean | Exposure
Growp of i.\q.d{-—————u.—;; mlun't:l‘oql tUme for ! - . -
e P e Y Wels i M
: ‘Dose 1 manth i i -
LT eatiation | BRI AR
S P, . — e e e
, wmits | wmita/mi | momths | waits/mi | win ; | 5 i
Fint. . 8 |€ 14 3 1ol  |7n.2/m7015 € | 9.1
Second. .| 9 [6 ' 1.24 | 3 | 0.9 0 i93.793.2 88193 18.1
Third and l 1 ! i { ;
fourth.. j 11 |6 | 116 4 | 097 | 10-20 33.2] 114.2} 6.6 | 215 |

¢ Data from Muromstev et al. (23).

Chicago Touxicity Laboratory-type atomizer. The
vaccine contained no preservatives and was ob-
tained through the courtesy of Eli Lilly & Co.
The fluid vaccine was fed 10 the atomizer by a
50-ml syringe, actuated with s motor-driven
piston delivering 0.4 ml/min. Filtered air was
supplied to primary and secondary inlets of the
atomizer at a flow rate of approximately 1 Y/
min.

A particle discrimination device, a British
preimpinger, was used in the sampler system to
obtain information on the particle diameter of
fluid toxoid clouds. The preimpinger was fitted
to s standard all-glass impinger (AG1.30) to
select particles with diameters equal t0 or less
than § u in the collecting fluid. Physiological
saline, the collecting fluid, was assayed for toxoid
concentration by the flocculation test. Tetanus
flocculating serum was furnished by the Division
of Biologics Standards, National Institutes of
Health. The respiratory dose was calkculated as
the product of the aerosol concentration, minute
volume of respiration (27), and duration of ex-
posure. Precalculated respiratory doses were
administered by varying the duration of aerosol
exposure.

TAsLE 3. Primary antibody response 5 weeks after
aerosol or sbcwtaneous vaccimation with fluid
tetanus toxoid and survival 14 days after subcuta-
neous challenge with tetanus toxin

Primary vaccination ; Hemaggiutination tiver : SUCTival ltar

N i

l : i ]

; Dow ' Gromet- (Servisl pee

Route | Wds | ric mean ) ::5 cent

———— o ———— —— ——— —— v —
Repiratory & - 4 . <1030 L7 W42

100 0 19 0 <10-1.9% 4213 2.7

joase 200 10640 {71} 88

{19 3% <10-2,%0 378 3T.s

| e 1 <10-1,70 47 87
Subcutansous 9 1,188  300-4.900 66 100.0

15 4,600  600-19,200 6,6 100.0

¢ Calkculated respiratory dose (%1 L{); <%-» particles.

PRIMARY AEROSOL. VACCINATION AND
CHALLENGE
The primary antibody response of guines pigs
after inhalation of various doses of aerosolized
fluid tetanus toxoid (particles <5 u) and survival
data taken after subcutaneous toxic challenge are

_
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Tastz 4. Serum Aemagghutination titer and survival
of aerosol-voccinated guinea plgs after sub-
culaneons challenge with tetamus toxin

Sarvival after challenge
Hemagpiutination titer
W Por cent
<160 )7 10.3
> 160- <640 L)) 62.5
>640 1/ l 100.0

summarized in Table 3. The duration of aerosol
exposure varied from 20 to 80 min. Control
animals were vaccinated with fluid toxoid by the
subcutaneous route. Biood samples foe serological
analysis were obtained by cardiac puncture S
wesks after vaccination, and the guines pigs were
chalienged 1 week later with 10 guinea pig MLD
of wetanus toxin administered by the subcutaneous
route. The results demonstrated that mean serum
antibody titers, measured by the passive hemag-
ghitination (HA) procedure (31), were lower
after inhalation of toxoid than after subcutaneous
inoculation with comparable doses of fuid toxoid.

A moan srum HA titer of approximately 526
or greater was protective against subcutaneous
challenge with 10 MLD of tetanus toxin. The re-
lationship between HA titer of aerosol-vac-
cinated guinea pigs and survival aler toxic
challenge is summarised in Table 4. Guines pigs

Bacrent. Rav.

vaccinated by the subcutaneous route had titers
ranging from 300 to 19,200 and did not succumb
to the toxic challenge dose (Table 3).

One posasible contributing factor to the range
of antibody responses following aerosoi vaccina-
tion (Tadle 3) may be variations in the breathing
capacity or pattern of individua! guinea pigs.
Since minute volume of respiration was not de-
termined for the individual guinea pigs aad is
based on a reference value, variations may be
expectad 10 occur in the actual inhaled dose. It is
unlikely, however, that the irregularities in anti-
body response could te attributed wholly to dif-
ferences in breathing. The response seen with
respiratory doses of 13 and 19 L{ units certainly
shouid have been eliminated at 32 Lf units if this
were the only explanation.

The position of the animals in the aerosol
chamber in relation to the atomizer did not ap-
pear to m&mdnlntlbodympotm Cloud
samples, obained throughout the aerosol ex-

posure period, were Quite uniform in toxoid con-
camndon.udmmimdbytheﬂwcuhumm.
Other factors which can influence the efficiency of
serosol immunization are discussed below.

AIROOL RIVACCINATION

Results from experiments to evaluate the
secondary antibody response following inhalation
of atomized fluid tetanus toxoid are summarized
in Tables 5 and 6. Guinea pigs were bled for HA

TABR 5. Secondary antibody response with serosol booster 6 weeks wfter inkalation of fuid tetanus toxoid

Rupintory doss L) Hemaggiutination titer
—T1"""| Nod Detar e
lw guinen mination ‘ Weeks after booster
Primary .1y W Prebooster® _
1 s 10
8 6 14 | Mear® © 3,808 5,009 953
Range <10~1,280 10-256,000 <10-128,000 10-48,000
6 14 ? | Meant 176 9,696 9,79 3, ™
Range 10-1,920 <10-192,000 | 1,280-384,000 400-32,000
14 [} 7 | Meant 732 188,968 31,051 7,463
Range 10-12,800 | 12,MM0-1,024,000 | 4,000-192,000 | 2 ,000-48,000
! Weeks after primary
. 1 n 16
i 0 4 [ Meant | 8 74 235 132
Range 160-2, 56/) l <10-2,400 <10-9,600 <10-1,920
21 0 4 | Mean 80 , 293 280 140
! Range | <10-5120 | <10-25,600 | <10-16,000 | <10-4,000

¢ At S weeks after primary vaccination.
* Geometric mean.
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F1G. |. Serum hemagpiutinating antibody response
i guinea pigs after vaccination series with fiuid tetams
toxoid adwinisiered by the respiratory route.

antibody 5 weeks afler the primary vaccination
and 1, $, and 10 weeks after the aeroeo! booster.

Asrosol revaccination of guinea pigs sensitized
initially by the respiratory routs resulted in an
snhancement of the HA antibody response
(Table 5). The range of titers indicates, however,
that adequate sensitization was not achieved in
all animals. A few guinea pigs showed essentially
no serum antibody response afles either primary
or secondary seroeol stimuiation. However, when
sensitization was adequate, a marked enhance-
ment of the anlibody response occurred in all
guinea pigs after secondary aerosol exposure to
tetanus toxoid. This is seen with animals ad-
ministered a primary respiratory dose of 14 Lf
units, followed by an serosol booster with 5 Lf
units of toxoid. The conirol guinea pigs received
respiratory doses approximately equal to the
total doses employed in the revaccination studies.

Acrosol revaccination of guinea pigs inoculated
initially by the subcutaneous route with a stand-
ard dose of either flid toxoid or alum-precipi-
tated toxoid (Table 6) was more effective than
respiratory-respiratory vaccination. In this case,
adequate sensitization of all guinca pigs was
achieved prior to the aerosol booster. The re-
sponse was superiof in animals receiving the
alum-precipitated toxoid preparation as the
primary sensitizing dose.

In another experiment, the HA antibody re-
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Fio. 2. Serwm hemaggiutinating antibody response
in guineu pigs after vaccination series with fluid tetanus
toxoid administered by combinations of subcutaneous
and respiratory rowies.

sponse was followed over a period of approxi-
mately 8 months, with amall groups of guinea
pigs revaccinated by the serosol route after a
combination of vaccine treatments with fluid
tetanus toxoid. The mean serum HA antibody
response was measured at various intervals with
pairs of guinea pigs revaccinated 3 and 28 weeks

The mean serum HA antibody response afier
a vaccination series of three respiratory doses of
fluid toxoid is summarized in Fig. 1. Although
the response was minimal 3 weeks after primary
inhalation of 4 or 8 Lf units of fluid toxoid, re-
vaccination by the respiratory route resulted in a
marked enhancement of the antibody response
after secondary and tertiary stimulations. The
mean titer prior to the tertiary respiratory booster
was 4,280 for both groups. After tertiary inhala-
tion of vaccine, the titers of the individual guinea
pigs were >192,000. The total calculated res-
piratory dose for both groups was approximately
20 L units. A subsequent challenge to one guinea
pig from each subgroup with 10 MLD of tetanus
toxin administered by the subcutancous route did
not result in signs of tetanus or death during a
14.-day observation period. Unfortunately, one
guinea pig from each group died from the intra-
cardial bleeding procedure prior to the toxic
challenge.
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Figure 2 summarizes the mean serum HA
antibody response afler respiratoty revaccination
of guines pigs (nitially veccinated by the sub-
culansous-subcutansous or Subcutansous-respi-
ratory routes with fluid toxoid. The total doss
administered in these experiments was approxi-
mately 23 Lf units The antibody response was
enhanced in all three groups of animals after
secondary and tertinry stimulations by a com-
bination of subcutaneous and respiratory treat.

PARTICLE-S1ZE  RELATIONSHIP

aerobiology during the past iwo decades.

Recont studies by several investigators (6, 13,
22) indicate that the critical diameter of particles
for deep lung deposition and retention is 1 to 5 4.
Hatch (13) reported that deposition of inhaled
particles in the respiratory spaces of the lung
occurs with the highest probability with particles
1 to 2 4 in diameter (gravity settlement) and with
those in the subsmicroscopic region below 0.2 u
(precipitation by diffusion). Particles larger than
5 4 may not reach the respiratory bronchioles and
alveoli; most between 0.25 and 0.5 4 may be
exhaled.

AEROSOL VACCINATION WITH TETANUS TOXOID
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Tasie 7. Absoluie recovery of sodium Muorescein.
tetanus toxaid cluwd particles a1 varions
relative humidities (RI

- A I e —
G- AN TN RIE sl-w: R
[ ] X .
16 58 +04 63 4£0) 3y 1)
8 177232195 1) 176 + 40
4 91 30 89 205 BS + 17
e 23204 31 £04 26+ 06
} 27x210.1.6 203 13202
0.8 24210 035203 03201
028 29%1.2 070} 02 % 0.}
Total 429 x 3.0 08 + 1.8 V8 x 37
No. of 4 7 s
trials

by approximately $¢.. the daw are
grouped arbitrarily into three humidity ranges.

The data presented in Table 7, expressed as the
mean absolute recovery of sodium fluorescein,
suggest higher recoveries of particies less than

N
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TasLa 8. Cumwietive recavery of sodium Muorescein.
tetanns toxold clond particles a1 various

: Recovery i5)
:
m“l:e:' Lt atem e el w
- " 2 ]
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» :
" Mesa 9.0 100 0 100 o
. Mean 812 1Y) 24
Range® MMOWI4 783091 SO mp
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Raage® M 9317 M 6406 203409
2 Meoan b X e L}
Pange® 17.3M.9 7.7-20% $1-20)
' Muas 2.4 (¥ ] s
Range* 13 1-277 090121 @0-12)
0.8 Méan 13.4 27 1.7
Mange* - $.7-18.) 0062 0039
0.2 Man 4 1.3 © 0.4
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‘Vnhnnnﬁsmmfu|hamdm
maa, with vorl acron h lithes for each parile
sloe.

2 u in diameter at humidities below 70<;. The
mme data, expressed as curmulative per cent re-
covery in Table 8, indicate a similar trend toward
recovery of smaller particies at humidities below

WWtomldtodwwofilmmml

Ins pnliminnry communication (33), we re-
ported that, afier inhalation of 9 or 13 L{ units
of 1oxoid, three of eight and six of seven guinea
pigs. respectively, survived a challenge of 10
MLD of tetanus touin given subcutancously 6
weeks after the primary vaccination. The mean
HA titers were 71 and 278 for the 9- and 15.Lf
doses, respectively, S weeks after vaccination.
The primary antibody responses at § weeks from
these and subsequent serosol immaunizations are
summarized according to relative humidities
above and below 707, in Table 9. The data sug-
gest a possible relationship between particle-size
distribution of toxoid as a function of relative
humidity and degree of immunological response.
Unul additional trials are conducted at lower
humidities, however, the results are not conclu.
sive

Ome of the critical parameters that requires
further investigation is the antigenic stability
of aerosolized tetanus toxoid at various relutive
humidity ranges. The problem of aerosol decay is
less acute in a conunuously generated aerosol
than 1n a static serosol. As indicated earlier,

Bactouoe. Rpv.

Taris 9. Relationship between relative humidities
chove amd below N, and primary aniibody
responses 3 weeks afier inhalation of variows
duses of Puid tetanus toxoid

ke Ilemaggintination tiver
Relative m:id . ool . ~ -
humidity geines . er
BAge ‘“" P etric Rangr cem
[TV L mean >R

" % 9 12 77 <101,
18 17 M <10-12 800
b 1] L} 199

61-70 9 M m
(M 15 73

0 13 L] <10 5,120 8.7

* Calculated respiratory dose (22 LI units).

Tasts 10. Antigentcity of aerosolized tetams
toxoid administered subcwianeously

bm"l‘ba titer

l'nl' 3 weeks & weoks

* Sebke-  Ne. of

Fluid tetanws
tARQOUS m
troud e (L1 pigs

Acrosoi' .8 3 <10 1,280 8,776
Stock 7.3 ] <10 1,846 7.241°
Stock 50 3 <0 1,016 5,120
Stock 2.3 3 <o 3B 1,089

* Weeks after primary vaccination.

¢ AGIH X0 samplei <84 particles: collectied in
physiological saline

* One guinea pig lost from group.

tetanus toxoid clouds were quite uniform in their
flocculating  capacity throughout aerosol ex-
posure. Memn nominal per cent reccveries of
toxoid as determined from AGI-30 samplers
were 7.6 and 6.6 for humidity ranges from 61
to 70; and 71 10 80'., respectively. The loss
of tetanus toxoid immunogenicity was not sig-
nificant when guinea pigs were inoculated sub-
cutaneously with aerosolized toxoid miterial
collected at a relative humidity of approximately
857;. The antibody response was compurable to
that achieved in guines pigs inoculated subcutane-
ously with equivalent concentraiions of siock
fluid toxoid (Table 10).

Many other factors should be considered in
relating aerodynamic particle size to degree of
penetration and retention in the lungs. The
breathing patiern and capacity of the experi-
mental animal at the time of aerosol exposure may
be influenced by such conditions as excilabilty
and stress. The physical and chemical nature of




Var. X, 1966

the serosolized material and its composition
considerably influence its passage down the
respiratory tree during inspirstion. The interac-
tion of small and large particies in a heterogene-
ous aerosol may determine the particle-size
diameter during the passage of an aeroso! through
the respumory tract.

Since air in the lungs is nearly saturated with
water vapor, particles sensitive to humidity may
incremse in size immediaely afier reaching tne
nostrils or traches, where the relative humidity
is above 9075 (8). The activity or function of the
mucociliary system in the upper respiratory
tract munt be considered in determining the
fate of an inhaled foreign particle (4, 6). How-
ever, in contrast 1o a particulate substance, sol-
uble material would heupchdwbeaboothod
rapidly from most surfuces within the respirs-
tory tract, thercby obviating the necessity of other
physiological processss (6). These and other fac-
tors, such as electroatatic charge on the particle
and on the body of the experimental animal (22),
play a vital role in the effectivencss of penetra-
tion and retention of particles in the respiratory
tract.

The preliminary data presented, from studies
still in progress, serve only (0 emphasize the
potential of immunization by inhalation of a
nonviable soluble antigen. That effective primary
immunization of guinea pigs can be achieved by
scrosol viccination is evident. An aerosol booster
after either primary respimtory or primary sub-
cutaneous vaccination appesrs to be an effec-
tive reimmunization proudun Attempts to
relate cbimpmms in the inwnune response to
particle-size  distribution of serosolized fluid
tetanus toxoid resulted in data that, aithough

not conclutive, provide a working basis for more
deﬁmuve studies relating serodynamic particle
sire 10 degree of immunological response. As
indicated by Lamanna (17), definitive studies
are tacking on the mechanisms of permeability
of respiratory tracl tissue to substances of high
molecular weight.

Of obvious comern during the guinea pig
immunization studies was the possible induction
of hypersensitivity in the animals by adminis.
tration of toroid by the respiratory route. The
guinea pig is especially prone to development of
the hypersensitive state. Untoward reactions
were not observed after primary aerosol vaccina.
tion with flud oxoid or sher secondary aerosol
trestment in combination with aerosol or sub-
cutsneous vaccinstion procedures. However,
guinea pigs receiving two subcutaneous doses of
alum-precipitated toxoid at an interval of 3
weeks. followed by u lertiary aerosol booster

AERUSOL YACCINATION WITH TETANUS TOXOID
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with fluid toxoid 26 weeks later, developed signs
resembling anaphylaxis, resulting in Jeath of
some of the animals. The imporant considers-
tion here which requires closer and further evalu-
ation is the dosage, interval, and frequency of
vaccinations

Summany anD ConcLusion

The method of serosol vaccination might
confer superior protection against pathogenic
whoee ritural portal ql‘emry is

rethod of immunization
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Discussion

H. C. BARTLEMA

Medical Biological Laboratary of the National Defense Research Organization,
Rijswijk, The Netheriands

Itwas clearly shown by Dr. Yamashiroya that
inhalation of purified tetanus toxoid will induce a
well-marked primary immune response in the
guinea pig, and that the secondary response fol-
lowing toxoid inhalation by a primed animal is
even better. Dr. Yamashiroya’s resulls seem to
indicate that the relative humidity, by affecting
the particle size distribution of the aerosol,
may influence its immunogenic effectivity. It
should be observed that the size distribution of
droplet nucle is mainly determined by the con-
centration of the spray solution, and it would
seem worthwhile to study comperatively the
immune responses of guinea pigs in Dr. Yama-
shiroya's experimental model by varying the
concentration of ihe sprayed toxoid solution
inversely to the period of exposure.

Site of deposition, in relation to particle size,
is generully assumed to be an important factor in
determining the infective or immunizing effects
of inhaled aerosols (3, 5). However, various other
factors, in addition to influences on the retention
and site of deposition of the particles, as properly
referred to by Dr. Yamashiroya, may affect the
mechanisins underlying the immune respofise
afier the inhalation of antigens.

In & study on aerosol immunization against
tetanus, we have investigated the effect of adding
bacterial adjuvants to the toxoid spray solution.
Groups of 20 mice were exposed in a modified
Henderson apparatus (7) to the immunizing
aerosols, sprayed with a Collison nebulizer from
solutions containing 7,000 to 10,000 limit of
flocculation (Lf) units of toxoid per milliliter.
It should be admitted that, in comparison with
guinea pigs, mice are less suitable for immuniza-
tion stwdies with unabsorbed fluid tetanus toxoid,
the results being rather irreproducible (1). A
further disadventage is caused by the fact that
it is hardly feasible to follow the serum antibody
level over a prolonged period of time in individual
animals. as was done by Dr. Yamashiroya in
guinea pigs. Nonetheless, in our experimental
model, we were able 10 demonstrate that the
primary immune response following toxoid
inhalation is strikingly enhanced by the addition
of certain bacterial adjuvants.

Immune responses were evaluated, 3 weeks
after immunization, by subcutaneous challenge
with %0 mouse LDy of toxin, and by antitoxin
titrations in the pooled sera of small groups of
animals. All sera were titrated in vitro by the in-

scribed by Stavitsky (10) ; in addition, a number of
sera were also titrated in vivo by the mouse pro-
tection test on a 0.001 antitoxin unit (AU) level.
Toxoid aerosols were samyled in liquid impingers

TasLe 1. Primary immune response of mice 3 weeks
after administration of plain tetamus toxoid
by aerosol or by subcutaneous injection

! Antitonic

. Survivors
Route of adenizistration | Dose (L) | S99 | Tar
. !  ine
Aerosol 1.2 | 0/ . ND

L 20-4 l 1/20 | ND
; 4048 ' 116+ <10
Subcutaneous 0s - 1/0 128
injection 1.0 ' 20/20 - ND
2.0 ' /0 ¢ 30

« Number of survivors/number challenged.

¢ Hemagglutination titrations of pooled sera of
four animals from each group; ND, not deter-
mined.

TaBLE 2. Immune response of mice 3 weeks after
repeated administration of plain tetanus toxoid
by various combinations of inkalation and sub-
cutaneous injection

i | Susnr:n‘wn i H.‘A anvi-
First dose (L) ' Secoad dose (L) ' ° 0408 e

10-12 (R) | 10-12 (R) 5 1/20 ! ND
0.5 () | 10-12 (R) t16/|6 | 4,000
0.5 (b © 0.5 (D | 16/16 |4,000
10-12 (R) — o | ND
05 (B | — | 11/20 128

+ Doses given 3 weeks apart.

* Number of survivors/number challenged.

¢ HA titrations of pooled sera of four animals
from each group. ND, not determined; (R),
given by the respiratory route; (I), given by in-
jection.

and evaluated by indirect hemagglutination in-
hibition tests (10). Inhalation doses were esti-
mated from cloud sample assays, periods of ex-
posure, and mouse respiratory volumes as de-
fined by Guyton (4).

ONRAT

direct hemagglutination (HA) technique, as de- The results of a series of experiments with s
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atrosols of plain toxoid are presented in Table
1. In preliminary tests, the 509, protective dose
by subcutaneous injection had been found to be
in the order of 1 Lf; therefore, control animals
were given toxoid by the subcutancous route in
doses ranging from 0.5 to 2.0 Lf. The figures
clearly demonstrate that under these experimental
conditions almost no immune respoase is elicited
iz mice by a single inhalation of plain toxoid at
dosages up to 40 Lf. On the other hand, » single
{njection of a doaeumlluosu'md;m
partial protection.

Resuits obtained with acrosol treatment in
two doses given 3 weeks apart are presented in
Table 2. Also shown are the effects of a booster
treatment by aerosol in comparison with that
of an injection. It is seen that inhalation of plain
toxoid on two occasions did not induce a better

TasLs 3. Immune response of mice 3 weeks after
single or repeated administration of a mixture of
tetanus toxold and Bordetella pertussis cells by
aerosol or by subcutaneous injection

Antitoxic serum
titer®

Suni

. Secoad dose

First doss (L0 e s‘;lln.y:.nwa .
challenget| £ | tat

W |

t
16 (R) — 11516, 18 ND
0.5 (I) | 13/16 | ND | ND
16 (R) |16 (n), 16/16 116,000 1.15 AU
0.5 (I) | 0.5 I} | 16/16 | 8,000 0.80 AU

® Doass given 3 wesks apart.

* Number of survivors/number challenged.

¢ Tirrations of pooled sern of four animals from cach group;
ND, gt deternsimad (R), given by the respiratory route; (I),
given by injection.

i

immune response than did a single inhalation.
However, when given as a booster to mice al-
ready primed by injection, the toxoid inhalation
provoked & marked anamnestic reaction, similar
to that induced by a booster injection.

The strong potentiating effect of a bacterial
adjuvant on the immunizing activity of inhaled
toxoid is illustrated by the data shown in Table
1. Killed Bordetella pertussis, an effective adju-
vant (9), was mixed with the plain toxoid solu-
tion to a concentratic.u of approximately 4 x 10
organisms per milliliter. Control animals re-
ceived adequate doses of the same mixtures by
injection. Since no figures are available for the
retention of the components of the inhaled mix-
ture, a comparison of the dosages used for im-
munization by the respiratory route and by in-
jection cannot be made. Nonetheless, it is evi-
dent that toxoid given by aerosol together with
B. pertussis cells conferred a significant degree
of immunity (compare Tables 1 and 2), and that,
at the given doses, both the primary and second-
ary immune responses were not inferior to those

f injection.

It has been shown by others (2) that, in stimu-
lating the antibody response to protein antigens,
B. pertussis extracts may be as active as whole-
cell preparations. To investigate the effect of
such an extract on the immunogenicity of the
inhaled toxoid, additional experiments were
carried out. Two fractions, which had been
derived from B. pertussis in the procedure for the
preparation of a soluble pertussis vaccine at the
National Institute of Public Health, Utrecht (6),
were tested. According to data provided by the
laboratory for vaccine production of the Na-
tional Institute of Public Health, one of these

TaaLe 4. Immune response of mice 3 weeks after single or repeated administration of mixtures of tetanus
toxoid and Bordetella pertussis preparations by aerosol

. ’ Antitosic serum titer*
Mixtare Firet dose (L) | Second dose (L* | Syrvivon § daze _ -
Hemagglutination | Mousc test
T+C 8-10 — . 177.) ND ! ND
T+1 8-10 - 20/0 | ND : ND
T+ 11 8-10 — 16/0 ND ! ND
T+C 8-10 8-10 100 | 3wo0 ! RAU
T+1 8-10 8-10 10/10 ! 160,000 ! 32 AU
T+ 8-10 8-10 i 10/10 ! 80,000 ‘ 8 AU
TPL 16-20 | — f 0/10 ND ND
TP 16-20 | 16-20 ‘ 0/ ND | ND

* Doses given 3 weeks apart.
' Number of survivors/number challenged.

¢ Titrations of pooled sera of 10 animals from each group; ND, not determined; T + C, toxoid +
whole cells; T + I, toxoid + extract; T + II, toxoid + cell wall debris; T Pl., plain toxoid.

N
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fractions, the soluble extract, exhibiied nearly
all the biological activity contained in the original
cell suspension, in terms of immunizing potency
and histamine-sensitizing factor. In the other
fraction, cotuisting of cell wall debris, no such
biological activity could be discovered. As can
be seen from the data summarized in Table 4,
the extract did indeed show an adjuvant activity
similar to that of the whole-cell preparation.

be an active adjuvant. A further analysis of these
fractions will be needed to determine the factors
responsible for the observed adjuvant effects.

From these expetriments, as compared with
those of Dr. Yamashiroya, it may be concluded
that mice show a much weaker immune response
to inhaled plain tetanus toxoid than do guines
pigs. This may be associated with a lower degree
of cellular reactions, in terms of phagocytic activ-
ity and lymphoid hyperplasia. Such a difference
between mice and guinea pigs has also been
observed by Henderson in his studies on the in-
fectious processes developing after inhalation of
certain becterial pathogens (8). The highly poten-
tiating effect of B. pertussis preparations in aero-
sol vaccination of mice has been clearly demon-
strated in our experimental model. The histo-
logical changes in the respiratory tract and
adjacent lymphoid tissues of the mouse, asso-
ciated with this adjuvant effect, are being studied.
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the bite of an infected tick and less frequently
abrasions in the skin contaminated with
infected tick feces or tissue juices.

Recent studies indicate that aerosols of arthro-
pod organisms, under certain conditions, can
lead to disease (10, 20, 21, 24, 25). To our knowl-
edge, human infection due to aerosol exposure
to Ricketisia ricketisii has not been documented.
Rocky Mountain spotted fever of man has char.
acteristic features which are remarkably similar
to those of monkeys injected with infectious mate-
rial (1, 27). It remained for experimental studies
to determine whether the portal of entry of the
infectious agent alters the characteristics of the
disease, its pathology, and the response to
prophylactic and therapeutic measures. It is the
purpose of this paper to describe the results ob-
served in monkeys challenged with R. rickettsii
by the re<piratory route.

RespoNSE OF NORMAL MONKEYS TO PRIMARY
CHALLENGE

Clinical Aspects
During the course of these studies (17}, rhesus
and cynomoigus monkeys were exposed in a
model 3 Henderson apparatus (7, 15) to aerosols
of the R1 strain (13) of R. ricketsii propagated in

the yolk sac of developing chick embryos (23).
Assuming that the respiratory volume was about
1 liter (4) and that about 507; of the particles
were retained (6), the monkeys received chal-
lenges varying from lSto0,000yolkmm..
Clinically obvious disease was observed in 36 of
60 (93.3,) rhesus monkeys, and 42 of 56 (75.05;)
died of spccxﬁc infection 7 to 24 days postchal-
lenge; 38 of 56 (67. 94%) exhibited rash.

Clinical findings in the 36 rhesus monkeys
that become ill after challenge are summarized
in Table 1. Fever was observed in all; rectal
ternperatures of 105 to 106 F (40.6 to 411 C)
were common. Monkeys usually became febrile
5 10 7 days after exposure and 1 10 2 days before
appearance of other symptoms. Monkeys usually
survived if their fever did not persist for more than
2 or 3 days.

Lethargy, anorexia, and weakness were first
observed from the 6th to 9th postexposure day
(PED). Monkeys sat quictly with heads hanging
and arms clasped about the body and were no-
ticeably weak when removed from the cage. In
monkeys that eventually died, symptoms became
progressively worse during the next few days.
Animals would not respond to stimuli, did not
resist handling, and could not rise from a lying
position. Monkeys usually were in coma for 12
to 24 hr prior to death. Terminally, the pupils
were dilated and nonreactive, and patellar re-
flexes were absent. Respirations were usually
deep, abdominal, and at the rate of 4 to 6 per
min. The body was cold on palpation, and the
rectul temperature was less than 100 F (37.8 C).
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Tampt |, Clinical findings in 36 rhesus monkeys
after respiraiory challenge with
Rickettsia rickettsie

TasLs 2. Distridution and time of appearance of
rash in 38 rhesus monkeys o frer respiratary
challenge with Rickeltsia ricketlsit

.,
Chinical finding® ! i::’«:‘: Per ceat

t heys [
Fever. . ... 36 | 100.0
Chills or tremors o 8 143
Lethargy, snorexia, weakness. . | 56 | 100.0

Heart sounds leas intense and ' !
muffed 83| a6
Respiratory signse. . . S 120 214
Dehydration . ... 9 ' 16.1
Diarrhes .. ... ... . oo 3y 54
Rash .. .. Ceieie...., 38 l 67.9
Peripheral necrosis. ..... ... ' 9 | 16.1

~ Data from Saslaw etal. (17). i

* Delirium, 2; prutitis (general), 2; epistaxis, |;
hemorrhagic rhinitis, 2; purulent nasal exudate,
1; serous conjunctivitis, 1; suppurative conjunc-
tivitis, ]; suppurative inflammation of rash, 1.

« Dyipnea, 10; rhles, 4; friction rubs, 3; per-
cussion duliness, 2; coughing, 1; sneezing, 1.

The carlie t death occurred on the 7th PED, and
one monkey died on the 8th day; 29 of 42 (69.1<7)
died on the 9th through 12th PED, and 11 of 42
(26.2<;) survived beyond the 12th day. The me-.
dian survival time was 11 days, and the mean,
123 days.

The course of the illness in 14 surviving mon-.
keys was highly variable. One monkey became
acutely ill and was comatose for about 24 hr,
but eventually recovered, whereas three monkeys
showed only mild lethargy and anorexia. Inter-
mediate gradations of disease were observed in
the remaining 10 animals. Surviving monkeys
usually were febrile for 5 1o 7 days and ill for 7
to 10 days.

Heart sounds became less intense and muffled
with, or shortly after, onset of acute iliness,
and this condition persisted until death of the
anima! or until recovery was definite.

Only 12 of $6 {21.4¢7) monkeys showed res-
piratory symptoms. Dyipnea was obeerved,
respectively, in five, two, and three animals dur-
ing the early, acute, and late stages of the infec-
tion. Similarly, ritles were detected in two, one,
and one during these stages. The infrequency and
irregularity with which respiratory signs were
observed suggest that primary rickettsial pneu-
monia was not established afier aerosol challenge,
although serous pneumonitis was observed,
microscopically, at autopsy (sec below).

Rash, similar to that seen in man, was ob-
served in 38 of 56 (67.9%) rhesus monkeys that
became ill, and usually appeared 9 to 13 days

- ol e

R | T e

Thighs. . ... 27 ( n.s 1n.
Legs, below knees 18 1 474 11.5
Feet.. ... ........ $ 1.2 15.4
Fece ....... ... 2 . 579 11.7
Ears .......... .. 24 63.2 12.7
Ams... . . ... ... 13 M2 1.7
Hands. .. ... .... 4 10.5 15.3
Geaitalia. . ..... .. 14 3.8 e

Pubic, perineal,

perianal areas 9 237 .7
Back ..... .. . 6 15.8 10.9
Tail ...... ... . . 7 18.4 1.1
Totel.. .. ... .. ... 33 100.0 1.1

* Data from Saslaw et al. (17).

after challenge. Only 13 of 23 (56.5¢.) animals
that died before the 12th day exhibited rash,
whereas 18 of 19 (94.7¢;) succumbing on the 12th
day or later showed skin manifestations. In
nonfatal infections, 7 of 14 showed skin lesions.
Rash was observed most frequently on the ex-
tremities and head, as shown in Table 2, but the
anatomical area first affected was variable (17).

Peripheral necrotis was observed 13 to 24
days after challenge in 9 of 56 (16.1°;) rhesus
monkeys (Table 1). The ears were affected in all
nine, and two also had necrosiz of the fingertips.
Six of the nine had recovered and were otherwise
normal when necrosis was first observed. The
remaining three died 18 to 22 days after exposure.

Mortality in monkeys exposed to aerosols of
R. rickesisii was dose-dependent to a limited
degree only (Table 3). One of four monkeys
retaining 1.5 vsLDye exhibited typical symptoms
and rash and died on the 15th PED, whereas the
remaining three animals showed no symptoms or
laboratory evidence of infection. All of six mon-
keys retaining 4 to 6 YsLDg, were infected, and
five of six died. However, alihough all of seven
monkeys retaining 11 ysip,, became ill. only
three died. In other experiments involving 24
monkeys and retained doses ranging from 67 to
450 YLDy, there was little or no relationship
between retained dose and mortality. This poor
correlation between mortality and the number of
rickettsiae retained during exposure is shown by
the fact that, with varying Joses of less than 2,
20 to 200, 200 to 500, and niore than S0 ysLDs,
9 of 17 (5297;), 6 of 10 (60.07)), 13 of 14

L———-——________
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TamE 3. Relationshlp between retained dose,
morbidity, and mortality in rhesus monkeys after
aerosol exposmre to Ricketisia ricketssil

BacTnior. Rav.

Tasis 4. Laboratory findings in 56 riesus monkeys
after rezpiratory challenge with Rickettsia

Yiow retained i Meckidity Morlality

1.8 1 1/4 1/4+

4 l 22 . 2/2

s 2/2 2/2

6 | 272 : 1/2

1 i m : an

6 | 12 1/2
107 i 22 i 1/2
138 272 i 1/2
156 ! 22 %2
191 . 2/2 172
308 ! m 67
133 N 77 f 2
Ml | /2 /2
k7 v3 i 171 1/1
450 1 2/2 2/2
588 V7 172
6% ‘ /2 2/2
1,013 i 22 : 172
2,478 2/2 2/2
2,748 ; 3/3 1/3
3,210 : 2/2 2/2
3,390 : 2/2 2/2
7,950 272 1/2
9,000 ‘ 272 2/2
Total . 36/60 42/60

* Number ill/iotal number exposed.

(92.9<7), and 14 of 19 (73.7¢) animals, respec-
nvely. experienced fatal infection.

the other hand, the incubmtion period
ieemcd to be inversely related to dose. For ex-.
ample, the means of the days on which monkeys
became febrile after receiving less than 20, 20
to 200, 200 to 500, and more than 500 ysiD,
were 8.7, 64, 6.2, and 5.5 days, respectively.
Similarly, the means of the days on which rash
was first observed in animals in the four dose
groups were 126, 11.2, 11.1, and 10.] days,
respectively.

Only eight cynomolgus monkeys were utilized
in these studies. Two and six cynomolgus mon-
keys received 468 and 1,013 ySLD,,, respectively.
All 8 died at 10 1o 13 days posichallenge. The
acute, rapidly fatal process noted in cynomolgus
monkeys was similar to that observed in rhesus
monkeys receiving similar doses.

Laboratory Aspecis

Laboratory findings in rhesus monkeys ex-
posed to aerosols of R. rickertsii included positive
C-reactive protein (CRP) reactions, a rather
dramatic left shift irr neutrophils with or without
leukocytosis, anemia, ricketisemia, and the

rickettsip

No. of
Flading moa-  Per cent

keys
Positive CRP. . . . 100.0
Leukocytosis. . . R X 41.1
Left shift in differential. . . 58 98.2
Decreass in hematocrit. ...... .. 0 7.8
Decrease in hemoglobin........ .~ 4 = 83.7

* Data from Saslaw et al. (17).

Tast 8. Irolation of ricketisiae from peripheral
Slood of monkeys after respiraiory challenge
with Rk-luvmk ricketisit

", (No.of | No.ol Per cent
- nn-phdm-l_"m

1-3 17 0 0.0

6 1 1

? 8 L}

] 1 i

9 5 k]

10 2 | 2

1l 2
Total, 6-11 days 20 14 7.0
12-18 10 2 2.0

* Data from Saslaw et al. (17).

appearance of OX-19 agglutinins and comple-
ment-fixing antibodies. CRP usually was first
Jetected om the first day of fever, ie, 1 to 3 days
prior to appearance of other symptoms All of 56
monkeys that became ill exhibited positive CRP
reactions (Table 4). CRP tests were positive
until death in fatal infections and became nega-
tive 1 to 3 days after clinical improvement was
noted in survivors. The left shift in the differen-
tial count was also apparent 1 to 3 days before
onset of iliness in all of 56 monkeys, except for
1 that became only mildly ill. Anemia was ob-
served regularly in acutely ill animals 1 to 3
days after appearance of symptoms (Table &),
but normal values were restored about 1 week
after clinical improvement.

Rickettsemia was readily demonstrable 6 to 11
days postchallenge. A tota! of 47 blood samples
taken from 10 monkeys at 1 to 18 days after ex-
posure were inoculated into guinea pigs. As
shown in Table 5, none of 17 samples obtained
! to S days after challenge yielded rickettsiac,
whereas 14 of 20 (70.0;) samples drawn on the
6th through 11th days produced typical symp-
toms, febrile response, and complemeani-fixing

f
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TABLE 6. Antibody response of monkeys surviving
infection after respiratory chaillenge with
Rickensia rickettsi®

Complement-fizing OX-19 Aﬁlut&nuon
er

antibody titer
No.n: — B

'};;;mn»mt.zun,m [7)
2 . - W™ B - 160 2
L . I T
4 I -- 180 B8 20 &0
s - .60 ! ®m el =
6 ' - 60 8 : -, 10 2
7 0~ M0 | W - e
8 - 30,8 - 10 W
9 ' -- 60 14 . 5! 160 ) 14
10 - — 30 4 - = -
n - ;03 s . 160 | 14
12 - 132 s, o 4
13— 10 B — 0|4
M~ 18— 04
s, — 60| an,~| 0 2

! |
* Dats from Saslaw ct al. (17).

» Mean, 21.5 days.
¢ Mean, 16.8 days.

antibodies in guinea pigs. Only 2 of 10 samples
taken after the 11th day yielded R. rickertsii.

Homogenntes of tissues taken at autopsy
from 13 monkeys with fatal infection were also
inoculated into guines pigs. R. rickensii was
isolated, respectively, from spleen, liver, kidney,
lung, and brain of 9 of 13,6 of 10,6 of 7, 6 of 8,
and $ of 6 animals. Rickettsine were recovered
from heart blood in only une of five monkeys,
although they were isolated from other tissues
from all five.

All monkeys surviving long enough to allow
serial serological studies showed significant
rises in complement-fixing antibody titers (Table
6), with peak titers at 14 to 35 days (mean, 23.5
days) postichallenge. In contrast, only 10 of 14
showed significant titer changes in the Weil-
Felix agglutination test, with peak titers 14 to
21 days (mean, 16.8 days) afier challenge.

Pathology

Gross and microscopic pathology in monkeys
dying after exposure to aerosols of R. rickertsii
were similar to those observed in monkeys in-
fected ty other than the respiratory route (11).
The lungs consistently showed patchy serous
pneumonitis, which was characterized by septul
widening associated with serous exudation and
swelling and proliferation of capillary endothelial
cells. Obvious pneumonia was not observed.
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Thus, aithough the respiratory tract was the
portal of entry, the pathological findings were
consistent with the clinical observation that pul.
monary involvement was not a major factor in
the outcome of the disease. Severe lesions of the
skin, ears, and nasal septae were characterized
by vascular thrombosis and necrosis. Other
findings included pericardial effusion, localized
myocardial capillaritis, glomerulitis and inter-
tubular capillaritis, endarteritis of the pulmonary
vessels, fatty degeneration of the liver, and sple-
nomegaly with lymphoid depletion for the first
2 weeks, followed by regeneration. Congestion
of the tunica albuginea was a frequent lesion,
as was congestion or hemorrhage, or both, of the
adrenal cortex and medulia. No gross or micro-
scopic lesions were seen in the brain.
IMuNITY STUDIES
Response of Vaccinated Monkeys

In an attempt to establish the degree and dura-
tion of immunity conferred by waccination,
monkeys were challenged with aerosols of R.
rickesrsii at intervals up to 1 year alter three
weekly subcutaneous injections of 025 ml of
commercial vaccine (Lederle Laboratories, Pearl
River, N. Y.). In the first of four experiments
(Table 7), four vaccinated monkeys showed no
clinical signs of illness afier challenge with 650
YSLDy, "t 3 weeks postvaccination, whereas two
control monkeys exhibited typical symptoms and
died on the 9th and 10th PED, respectively.
Results of laboratory studies indicated that sub-
clinical infection had been established in three of
four vaccinated monkeys. For example, three
of four exhibited positive tests for CRP and char-
acteristic changes in the leukocytes; one of four
showed a slight but significant fever, and all
four showed significant increases in comple-
ment-fixing antibody titer after challenge.

Similarly, four monkeys challenged with 34}
YSLDye 6 weeks after wvuccination exhibited no
sympioms after exposure, but laboratory evidence
of infection was obtained in two of four, and all
four showed significant rises in complement-
fixing antibody titer. Both control animals be-
came acutely ill and died 11 and 12 days, respec-
tively, afier challenge.

In contrast, when monkeys were challenged 6
months postvaccinalion with 2,745 vsLD,,. one
of three hecame ill, and all three showed signifi-
cant fever, positive CRP reactions, and charac-
teristic changes in the differential count; however,
all three survived. All three control amimais te-
came ucutely ill, and two of three exhibited typ-
ical rash. One or three died on the 9th PED, and
the remaining two survived. 'When two monkeys

’



e e L

| e s s

640 SASLAW AND CARLISLE

Bactenmoe. Rev.

TasLe 7. Comparison of response af vaccinated and previovsly infected monkeys afier aerosol chullenge
with Rickettsia ricketisii

Weeks after vaccination

Revpasee —————— - --—*-*"“4—“‘7-—- :
2 [ Y|

(1.990) i (34) | (X0-18,748) 0 il,080)

H
B L - VS .

s . m

(a80)* : M0 : R
Symptoms P 04 N
Feve: . U T 274 | A3

Rash . o] o4 0/4 ¢ 0/3

Positive CRP ... . | 34 & . )
Leukocytechanges. i 34 : 4 ° 3}
Died o8 : O/4 1 O/
Complement-fixation

antibody rise ... . - /4 4/4 ' n ]

l Weeks after Arst challenge | .
) . . ‘Vaccination i Rechalienge
' comiroly controls

o/4 - 10710 ;. /1)

2 . 072 0/1}
21 i 012 6/13 4/4 - 10/10 13/13%
172 1 072 0/13 0/4 8/10 10/4*

8/13 /4, 1010 | 13/1)
0/1} : 0/4 8/10 10/}

1 !
! 5
: E |
22 02 | /13 | 48 i 10710 | 1
i |
: i
e 02 1213 . 44

Cyr

* Numbers in parentheses show the YSLDy retained.
» Number showing symptoms over total aumber challenged.

¢ Survivors.

were challenged with 1,980 vsiDy | year post-
vaccination, both became ill, and one showed
extensive rash and died on the 10th day. All
three control animals experienced acute illness
and died on the Ikh or 1ith day. The clinical
picture in both vaccinated monkeys was almost
identical 10 that seen in control animals.

Response of Monkevs Afier Rochalienge

Two monkeys that had become ill after aerosol
challenge, and that had recovered spontane-
ously. were rechallenged with 264 ysLp,, 2
months later (Table 7). Neither showed any
evidence of infection; both remained asympto-
matic, and all laboratory tests were negative.
Both control animals became ill and exhibited
typical rash; 1 of 2 died 0a the 21st PED. Thus,
the first infection apparently conferred a solid
immunity. Both rechalienged monkeys had
shown pesk complement-fixing antibody titers
of 1:320 after first exposure. Titers had dropped
to 1:80 in both by the time of rechallenge and
did not change after the second exposure.

Thirteen monkeys that had been previously
infected and treated successfully with antibiotics
(see below) were rechallenged 6 months later
with doses ranging from 300 to 11,745 YsiDge.
None exhibited clinical signs of illness, whereas
all of eight control animals became acutely ill
and six of eight died. However, the rechallenged
monkeys were not solidly immune, in that fever,
positive CRP reactions, and changes in the differ-
ential leukocyte count were noted in 6 of 13,
11 of 13 and 8 of 13, respectively, after the sec-
ond exposure. Complement-fixing antibody
titers ranged from 1:10 to 1:80 at the time of
rechallenge, and rose significantly in 12 of 13
monkeys 10 1:40 to 1:640 after rechalienge.

In addition, four infected monkeys that had
recoverad after antibiotic therapy were rechal
Jonged | year later with 1960 YasiDy,,. None be-
came ill, but all four exhibited significant fever
and positive CRP tests, and three of four showed
changes in the differential count. Three additional
monkeys that had been vaccinated and chal-
lenged by aerosol 6 months later (see above)
were chalienged a second time in this experiment,
ie, 1 year afier vaccination. The combination
of vaccination and chailenge resulted in solid
immunity, in that all three monkeys remained
well and all laboratlory tests were negtive.
Three control animals died on the 10th or 11th
day.

Thus, it would appeat that as in man (29),
infection apparently resulled in immunity of
longer duration than did vaccination. None of
19 monkeys rechallenged 2, 6, or 12 months
after recovery from established infection became
ill. No iliness was observed in monkeys chal-
lenged 6 weeks alter vaccination. However, one
of three and two of two challenged 6 and 12
months, respectively, after vaccination showed
typical symptoms. One monkey exposed 12
months postvaccination exhibited extensive rash
and died on the 10th day.

ANTIBIOTIC THERAPY AND PROPHYLAXIS

The response of monkeys infected by the aeto-
sol route to appropriate antibiolic therapy was
similar 10 that observed in man after natural
infection. Therapy was not instituted in monkeys
until at least 48 hr of significant fever and other
signs consistent with well-established diesase
were present. Monkeys treated with tetracycline,
demethylchlortetrucycline, and chloramphenicol
became afebrile and asymptomatic within 1.5

—
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Taste 8. Reswlts of therapy of Rocky Mouniain
spolied fever in monkeys*

!&'.1' f | Deathe
Exgt no, ] m ! Drag® | Dose Days — -
|ucu..)‘ ; | jTreated, oo
ST i--_mﬁ !H_'
1| 4! DMC 250, 7 L4 32
: 1 :
' SEDMC‘2$.0§7EI/6 2
[ ]
15 DMC [25.0. 1|03 |22
i : fizsind
; DMC | 12.8: 14 : 0/3
| E ; : :
4 13,210 DMC . 8.8! 3 13 122
| DMC . 8.5, $|0/3
. DMC ' 88! 7!0n
s 107 TC 140, 3,00 |12
| TC 140, 502
TC |40 77072
6 | 191 DMC .0 2.0/5 12
] IISO' 57
; TC (%0, 204
! 30 8 ,
1 2478 750 2 06 .22
i - %00. $° i
! 00! 2:1/4
| 20 S

« Data from Sailaw et al. (16},

s DMC = demethylchliortetracycline (Declo-
mycin) ; TC = tetracycline (Achromycin V); C =
chloramphenicol (Chloromyvetin); E = erythro-
mycin estolate (llosone).

* Number dead per total number.

to 3.5 days (16). Erythromycin estolate was
somewhat less effective, and recovery occurred
more slowly from 2 10 6 days after institution of
therapy. As can be seen in Table 8, only 4 of 50
treated monkeys died, whereas 12 of 14 un-
treatod controls succumbed. Thus, the effective-
nets of broad-spectrum antibiotics in treatment of
naturally occurring Rocky Mountain spotted
fever was also demonstrable when the respira-
tory route served as the portal of entry.

Studies on prophylaxis (16) showed that ad-
ministration of 30 and 30 mg/kg per day of
demethylchlortetracycline and tetracycline, re-
spectively, for 3 days prior to chalienge merely
delayed onset of symploms for 2 days, and
deaths ~ccurred 4 to S days later than in con-
trol animals. Wien the same doses of each drug
were given daily for 3 or § days, beginning with
the day of exposure, signs of illness were delayed

for about a week, but six of nine diedt as com-
pared with one of two in controls.

Stupiss on Persistence of R. Ricxeresie IN

8
s
3
&
¥
j
g
$

]

4

1
;
g
g

from
- sacrificed 25 10 7S days after challenge.
, ho isolates were obLlained from 6

Hi

infection with cortisone were not successful in 16
monkeys. It is conceivable that other stresses,
such as X irradiation, or the use of tissue culture
or immunofluorexence, may have resulted in
detection of rickettsise more frequently.

COMMUNICABILITY
Durinatheeptineoumof_tlmsludiu,

appearance, in the absence of arthropod vectors,
of natunally occurring infection in man ($) or
of natunally occurring infection of guines pigs,
as seen in our laboratory.

1 S e R
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Diacussion
There are occasions in the practice of medicine
when the exact source or portal of entry of the
Mmmumm&ﬁﬁmw
tainty. Similarly, in laboratory-scquired infec-

Spencer and Parker (22), among others, recog-
nizad that infection of laboratory workers with
R. rkkcmu observed in the
nbance Mtory of tick bite. Their studies
t infection in guinea pigs could be
indueld by inatillation of the organism in the
conjunctival sac or by placing & drop of infected
tick tissye suspension in the mouth. The respira-

route was not investigated. The resulis of
our studies with R. rickelrsii serosols in monkeys
suggest that some cases of Rocky Mountain
spotted fever in laboratory workers could have
been due to inhalation of aerosols. Monkeys
were highly susceptible to R. rickeusii adminis.
tered by acrosol; one monkey which retained
only 1.5 vsiDy became acutely {ll, exhibited
typical rash, and died, as did five of six receiving
four 10 8iX YSLDy. Of further importance is the
fact that the clinical response in monkeys ex-
pos<d to acrosols of R. rickerssii was similar 10
that seen in monkeys infected by other routes (1,
27). Thus. accidental serosol exposure of man
might he expected (o result in Jisense indistin:
guishable from that resulting from a tich bite.
Of additional significance is the similarity be-
tween clinical and laboratory Rndings in monkeys
and those observed in naturally occurring Rocky
Mountain spotted fever in man.

As in man, high fever was a constant finding
in monkeys exposed to aerosols of R. rickertsii,
but moming remissions of fever seen in man
(S, 29) were not observed in monkeys The
appearance of fever and symptoms $ to 7 and
6 10 9 days, respectively, after aerosol exposure

i

£8
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of monkeys is in agreement with the observed
incubation period in man (29). Also as in man,
monkeys lirst showed lethargy and weakness,
followed by acute illness terminsting in prostra-
tion and coma. The abnormal heart sounds heard
in monkeys during the acute stages were simular
(0 those in man (2).

Monkeys exposed 10 serosols of R. ricketesii
exhibiled rask and periphera! necrosis similar
to those observed in the natunally occurring in-
fection in man, but the distribution of the rash
was different. In monkeys, rash was observed
most frequently on the extremities and head.
Involvement of the trunk was limited to the lower
back, perianal, and perineal regions. In the Classic
disease in nun, rash begina on the wrists and
snkles and spresds to the Lrunk, 80 that the en-
tire body may be involved. None of the monkeys
exposed 10 acrosols showed typlcal rash on the
chest or abdomen. Howeve, the rash in man
may be minimal and fleeting in mild cases (8).
As in man, peripheral necrosis in monkeys usu-
ally involved only the ears and digits. In addition,
necrosis of the tail, tip of the penis. and skin
over the patella was noted in one monkey each.

Laboratory findings in monkeys exposed to R.
rickeissti serosols were also similar 10 those in
Rocky Mountain spotted fever in man. Anemis
was observed regularly in acutely ill snimals. A
marked left shift of neutrophils was noted in $$
of 56 monkeys that became ill after exposure;
about 307, exhibited ignificant leukocytosis.
Although opinions differ as to ‘he frequency
with which changes in the icukocytes are ob-
served in man, Harrell (3) has stated that, as the
disease progresses, leukocytosis with a left shift
in the differential leukocyte count is noted.

Rickettsemia was readily demonstrable, by
guinea pig inoculations, 6 1o 11 days after expo-
sure, but not during the first 3 days and only in-
frequently after the 11th day. In man, rickettsine
can be recovered {rom the blood throughout the
1t week of illness and during the first part of
the 2nd week (S) with sufficient regularity w0
make the guinea pig infection test a reliable diag-
nostic pracedure.

As in man, surviving monkeys showed OX-19
agglutinins and complement-fixing antibodies.
All of 14 exhibited significant increases in com.
plement.fixing antibodies, whereas significant
titer changes were noted in only 10 of 14 as
messured by the Weii-Felix test. Peak OX-19
aggiutination titers were observed 14 1o 21 days
(mean, 16.8 days) after exposure, whereas pesk
compiement fixing antibody titers were not
atained until 14 10 35 days (rean, 23.5 days)
postchallenge. In Rocky Mountain spotted fever

_
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in man, OX-19 agglutinins are almost always
present by the 12th day of iliness (29), although s
few pitients never show a positive Weil Felix
test. Complement-fixing antibodies appear dur-
ing the 2nd ot 3rd week of iliness, ie., later than
0X-19 sgglutining. Hersey, Colvin, and Shepard
(8) have shown that the complement.fixation
test is more serditive than the Weil-Felix reaction
in detecting Rocky Mountain spotwed icver in
man.

Studies of the effectiveness of vaccination in
monkeys and the response of monkeys 1o re.
challenge provided further similarities in R.
rickettsii infections in monkeys and man. None
of 19 monkeys rechallenged 2, 6, or 12 months
after recovery from established infection became
il. Vaccination was sffective in preventing symp-
toms afier challenge 6 weeks later, but one of
lhreemdlwoofl\vochllen.edsmdunmuu
respeciively, afler vaccination showed typical
symptoms, and one of two expossd 12 months
postvaccination became acutely ill, exhibited
typical rash, and died. It is generally agreed that,
in man, recovery from infection confers a higher
level of immunity of longer duration than does
vaccination,

In additicn, the response of infected monkeys
to antibiotic therapy was similar (0 that obeerved
in Rocky Mounuin spoited fever in humans.
Monkeys became afebrile and asymptomatic 1.3
10 1.5 days after institution of therapy with tetra
cycline, demethyichlortetracycline, or chloram-
phenicol. Erythromycin esiolate was somewhat
less effective, however. Chloramphenicol, chlorte-
tmacycline. onyetracycline, and tetracycline
have proved to be effective chemotherapeutic
agents in human infections, but erythromycin
failed 10 alter either the fehrile or toxic course of
the illness in two patients (29).

Thus, throughout these studies of monkeys
exposed to aerotols of R. rickeusii, remarkable
similarities to the naturally occurring infection
in mun were obscrved. Additionally, the clinical
picture in monkeys exposed 10 werosols was
similar to that observed by others in monkeys
challenged by other than the respiratory route.
From these resulls, it would be predicted that ex.
posure of man to R. rickerssii aerosols would
result in iliness much like that obserwd nfter a
tick bite. These studies in monkeys would sug-
gest, therefore, that acrogenic transmission should
be considered in infections of laboratory person-
nel who have had no known contact with ticks.
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Discuseion

ARTHUR N. GORELICK
U.S. Army Biological Center, Fort Detrick, Frederick, Muryland

Rocky Mountain spotted fever (RMSF) in
man is rarely acquired by means other than tick
bite. Nevertheless, 8 number of instances have
occurred in the past, especially among laboratory
workers, in which it was possible to infer that
some of these rickettsial infections were trans-
mitted aerogenically (3, 4).

Saslaw and Carlisle have presented incontro-
vertible experimental evidence that the etio-
logical agent of RMSF, in remarkably small
doses, can produce & true airborne infection in
monkeys. A point to be emphasized is that a
disease naturally transmitted by ticks can aiso be
induced by aerosols of the microorganism. During
the past decade o more, it has been demon-
strated that a number of classical arthropod-
borne diseases can be established in laboratory
animals exposed to aerosols of the respective
microorganisms; Venezuelan equine encephalitis
(6), Rift Valley fever, and yellow fever are a few
examples (2).

A question that arises is: do aerosols of these

infectious microorganisms play any role in the
ecology of the diseases they produce? In analyz-
ing the question, one comes to th - conclusion
that aerogenic transmission has litle, if any,
influence on the ecological aspects of the arbo-
virus diseases mentioned. It is tempting to specu-
late, however, that the serosol stability of some
of the rickettsiae might be of some importance
in determining whether they can also be aero-
genically transmitted. It can be shown experi-
mentally that the aerosol stability of the rickett-
siae of RMSF and typhus is relatively low, con-
siderably lower, in fact, than that of the rickett.
siae of Q fever (unpublished data), which is char-
acteristically transmitted by aerosol in man. It is
interesting to note parenthetically that RMSF
and Q fever resemble each other ecologically in
br : involved with the same biotic tetrad—the
ri: .. ttsiae, the ticks, vertebrates (mainly mam-
mals), and man. The importance of ticks in the
maintenance of both diseases in nature is un-
questioned; yet, in man RMSF is caused almost
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exclusively by infected ticks, and Q fever is trans-
mitted almost exclusively by aerosols. Thus
epidemiological disease patterns may be influ-
enced 1o some extent by the survival capacity of
infectious microorganisms in the airborme state.

Another point of interest concerns the treat-
ment of RMSF with certain antibiotics, which
are, without question, highly effective therapeu-
tic agents against the disease. Before the advent
of antibiotics, mortality was exceedingly high
and RMSF greatly taxed the symptomatic and
s\« pportive therapeutic resources available. One
can se¢ a dramatic reduction in mortality from
approximately 20 to 5% since 1949, the year when
antibiotic treatment was first introduced. It is a
matter of record also that, with the availability
of the highly effective therapeutic agents, the
utiliztion of vaccine has correspondingly de-
creased—except perhaps for those at great risk.
Despite the gradual decrease in the totel number
of cases reported each year since 1949 in the
United Sta‘es, and the reduction in the case-
fatality rat _ RMSF continues to be an important
disease, e .pecially among children in the South
Atlantic States (3). Atwood et al. (1) have pre-
senited evidence which indicates that “the true
incidence of RMSF is currently much greater
than the number of reported cases.” Oue reason
for the discrepancies in the statistical data is the
wide use of broad-spectrum antibiotics early in
the course of many febrile illnesses. It was be-
cause of these facts and the almost complete re-
liance on antibiotics in dealing with this disease
that an attempt was made to determine whether
the rickettsiae of ..MSF could be rendered re-
sistant to selected antibiotics.

Employing the procedures of Weiss and
Dressler (7) with some modrﬁoauous, we ex-
posed rickettsise of RMSF in continucus passage
to erythromycin (73 passages), oxytetracycline
(55 passages), and chlortetracycline (30 pas-
sages). Application of high antibiotic concentra-
tion to & large number of infected eggs was also
attempted to isolate resistant mutants by subse-
quent passage in eggs injected with the same three
antibiotics. In limited experiments, ultraviolet
radiation was also employed as 3 mutagen. Under
these kinds of experimemal conditions, no anti-

biotic-resistant mutants have been isolated. This
is not to be interpreted to mean that these rick-
etisise cannot become antibiotic resistant. The
matter of mutation rate may be involved—one
much lower than 10~7 or 10, The data do sug-
gest, however, that the chance appearance of
antibiotic-resistant strains of RMSF is remote.
Although the danger of the rickettsial disesses
has diminished, most of these infections remain
widespread, constituting an ever-present threat
to human health. RMSF will probably continue
1o be a problem in the United States, affecting
about 200 persons or more annually. The aumber
of cases might, in fact, increase because trends in
land use seem to be increasing the amount of arca
suitable for tick habitation, and because many
such areas are being suburbanized (1). Thus, in
this country, RMSF merits continuing vigilance
and research into methods for its treatment,
control, and eventual eradication.
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“Woolsorter’s disease,”” or inhalation anthrax,
was a - crious problemn in Europe in the latter
part of the 19th century; at least several hundred
cases were reported, with an associated high
fatality rate. Governmental inquiries conducted in
different countries (9, 10, 15, 17) resulted in &
series of effective control regulations, including
the establishment in Liverpool of a disinfectiona
station (14), where all “‘dangerous wool and goat
bair” had to be decontaminated before being
further processed in England.

In the United States, however, inhalation
amhrax has never been a serious problem, al-
thwahworkersluverwtmlybmexposedto

there have been fewer than 20 cases of inhalation
anthrax reported in the United States (13); ap-
proximately half of these occurred among in-
dividuals with only fleeting contact with ma-
terials known ‘o be contaminated. The only re-
ported epidenuc of the disease in this country
occurred in 1957 among employees at a goat-hair
processing mill in Manchester, NH. (6, 13).
Five individuals developed inhalation anthrax
over a 10-week period, with four faualities. Other
cases since 1957 have involved a laboratory em-
ployee who was accidentally exposed, a secretary
in a goat-hair processing mill who entered a
highly contaminated area for only a brief mo-
ment, and a8 27-year-old man with quiescent
Boeck's sarcoidosis whose only kncwn contact
was in passing the open receiving door of a tan-
nery on his way home from work (7).

It is not clear why more cases have not occuried
in goat-hair and woolen mills and in tanneries,
especially among employees working in the
dustiest areas where the most concentrated
Bacillus anthracis-containing aerosols are created.
It may be that the dose to which employees are

exposed is below the infecting dose for man, or
that employees have developed resistance from
chronic exposure. It is conceivable that cases
have occurred that were not properly diagnosed.
Equally unusual has been the sporadic occurrence
of cases in people with no industrial exposure, It
may be that these individuals are unusually sus-
ceptible, as may have been the case with the in-
dividual with Boeck’s sarcoidosis. More specific
information about inhalation anthrax in man is
currently difficult to obtain because almost all
workers in the high-risk industries within the
United States have been immunized (8).
Significant data related to the pathogenesis of

disease and the dose-response relationships
ve been repoﬂed on the basis of animal studies
conducted in both this and other countries (1, 2,
4, 16, 19). Fowever, these studies have involved
exposures to pure, concentrated aerosols of B.
anthracis over relatively short periods of time.
There have been no reports on the effect of
chronic exposure of animals to aerosols con
taining 8. anchracis, either homogeneous aerosols,
as in laboratory experiments, or heterogeneous
seroscls, as in the natural situation in a factory.

At the Conference on Airborne 'nfection,
Riley discussed his studies on airborn: tuber-
culosis in guines pigs (11), in which he utilized
2@ holding chamoer through which air passed
from rooms housing patients with sputum-posi-
tive, cavitary tuberculosis. Using this physical
arrangement &s 8 model, the authors, with Harold
Glassman and Elwood Wolfe of Fort Detrick,
developed a protocol to study the clinical course,
pathogencsis, and dose-response relationships of
experimental animals to a naturally occurring B.
anthracis aerosol produced in a goat-hair process-
ing mill.

MATERIALS AND METHODS

A 40-foot trailer was outfitted at Fort Detrick

(under the direction of Harold Curry) as a com-
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bined animal exposure chamber and laboratory
and was subsequently located at a mill in South
Carolina (Fig. 1). This mill processes goat hair,
imported mainly from India and Pakistan, into a
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animal exposure chamber and back again to the
mill (Fig. 1, bottom). A “T" connection made it
possible to bring in outside air when the animals
were not being exposed to mill air. The trailer was
completely self-sufficient except for water and

As a result of experiences at Fort Detrick, the
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times a day, and autopsies were performed as soon
as possible after death. All surviving aninwmls were
sacrificed with an intravenous injection of Nem-
butal. Postmortem examinations were conducted
in general accord with the procedures outlined in
the veterinary necropsy protocol of the Armed
Forces lrmmmd‘hthology Washington, D.C.
Appropriate cultures were obtained, and the
tissue blocks in 105 formaldehyde were re-
turned 0 Fort Detrick, where Frederic G.
Dalidorf, Pathology Division, performed the
histological examinations.

With the cooperation of Harry Ld‘kownx,
Fort Danck the protocol for obtaining air

mnwmuwuunmmdmumplm
equipment to be used (18). Each sampler was run
for 20 min, and air samples were obtained

-

RUN

NUMBER OF 8 anfArgcis PARTICLES INHALED

RUN 5

INDUSTRIAL INHALATION ANTHRAX

Thebncmlcomanof
mdctermmdb)

- ~agar plates,
were then incubated at 37 C for 1S to 20
. All suspicious colonies were counted, and a
Muvenumbermeummdbyrwme
bacteriological methods. Calculation of the dose
of B. anthracis-bearing particles less than § 4 in
diameter inhaled by individusl monkeys was
based on the various dilution factors, the average
number of B. anthracis colonies per plate during
exposure, mdnnenmudmnmymeol‘l
min. (All further discussion of the cal-
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FiG. 3. Estimated daily dosage (aerosol) per monkey of Baclllus anthracls.
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¥ oEVELOPING LESIONS AT TIME OF SACAVICE

FiG. 4. Estimated cumyiative dosage (aerosol) per mankey af Bacillus anthracis.

particles refers to those particles less thant § u in
diameter.)

There were five separate exposure periods ex.
tending over 18 months. Because of inadequate
preconditioning of the monkeys, difficulties
with the environmental control within the ex.
posure chamber, and deficiencies in the collec-
tion of air samples and serum specimens, the
data from the first two runs were considered to be
inadequate for analysis. These technical problems
were corrected by changes in the trailer set-up
and protocol. The remainder of this discussion
will deal with the data developed from the third,
fourth, and fiRh runs. In the third and fourth
runs, the animals were exposed constantly during
the working day, regardless of whether the pick-
ing machine was in operation, and air samples
were collected continuously during this exposure.
During the fifth run, exposure was limited 10 the
periods when selected bales of goat hair were
actually being picked.

REsULTS

During the third run, 32 monkeys were ex-
posed during 47 consecutive days; 12 of them
died of anthrax between the 15th and the 46th
day of exposure (Fig. 2, 3, 4, Table ). Anthrax in
J1 of these deaths was diagnosed at necropsy,
and, in an additional death, when the microscopic

sections were examined. Two monkeys died of
other causes. The 18 survivors were sacrificed
and examined; two of them evidenced anthrax
infection (no. 51 and 50), one by positive blood
culture (no. 51), and both by the presence of or-
ganisms resembling B. amivacis in mediastinal
lymph node sections. Fluorescent-antibody
studies of sections from these two monkeys con-
firmed the identification of santhrax organisms
in one (no. 51) and were qusuonably positive in
the other (no. 50). The remaining 16 monkeys
appeared to be free from any anthrax infection.
The final anthrax fatality rate was 43.8¢.

Actual exposure occurred during only 32 of the
consecutive 47 days of the third run, and the daily
mean for these days was 530 B. amrAracis-bearing
particles. Exposure on the ist day of the third
nin was greater than any other single day's ex-
posure in all the runs, being calculated at an in-
haled dose of 2,500 B. anthracis-bearing particles.
A cluster of six deaths occurred between 15 and
18 days after this peak exposure. Other deaths
were sattered through the remainder of the run.
The totsl calculated inhaled dose for monkeys
surviving the exposure was 16,962 B. anthracis-
bearing particles less than § u in diameter.

Dusing the fourth run, 31 monkeys were ex-
posed over 4] days. Survivors were held for an
additional 10 days before being sacrificed. A
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! ; Medastinem
Ani- ! ey | —— Plesnl’ I A " Cul- Fisal histopathokaic
Rm ‘.:‘ ' Sa! ";':'“ I ‘ Para. efusion m | Splees m tare ﬁii:::‘i{
i E ! begn ! {Nedes trachenl melities® witis
;__ -—-i—————— ;)ﬁAM»-— ‘*7 —— —r -———— e —— B tp—————— W ==
3y 2 l F' 1S + i+ - i 4+ + + + + + Anthrax
1 66 [ F ¢ 18 - - - -1+ - - ~ —+ Bronchopneu-
i | . ; i monia and an.
i i : thrax pneu.
e . ! monia
40 i F ! 16 + 1+ ! - - - - ~ - Al;lhtlx;'sllph?'-
{ : ' : ococcal sepli-
oo ; : , ~ cemia;cachexia
& Fl n=+’+!—;+ - i+ o+ -~ 4 Antheax
QIF 1 +l+ 41+ + T+ 4+~ 4+ Anthmx
6l M- & 4+ 4 + o+ - + i+ - +  Antheax
o ' F. X + 4+ + + - + + - + Antheax
B M ¥ -z - + + + - + + Anthrax  pneu-
: i ' monia
(8 F | 3 4.4+ 4+ 4+ 4+ .+ -  + Anhm
i % M » + i+ + - -+ + + - + Anthrax
4 F . A3 + + + + + + + + + Anthrax
i & | M % .+ + + - + .+ + - 4+ Anthrax
W F . 0 - - - - - - - - — Anthrax in one¢
| co lymph node
1S M b Y - - - - - - - - 4+ Anthrax in two
i : paratracheal
! . ' lymph nodes
1 + 1
4.8 M M4 -+ - - + - 1 » 4+ 4 Anthrax
0 M 19 + '+ - + + + + ? + Anthrax
o M A - + - - + ? o+ - + Anthrax
Ms!; r §5 T+ 4+ - + + 2 + - + Anthrax
; 2 - + - - + . - + - + Anthrax
' e6  F 4 + + - - -+ .+ > 4+ Anthrax
92 M 4 - + 4+ e A - + . Anthrax
sj 'F 10 - - - - - @+ - +  Anthrax
1181 i F W + + - + + + + - + Anthrax

= Symbols: + = groasly pathologic:
normal findings.

¢ Hemorrhagic appearance to lungs.

¢ Heavy overgrawth with Protews species.

¢ Sacrificed as normal at end of run.

total of seven monkeys (22.67;) died of anthrax,
five during the 41 days of exposure between the
14th and the 46th day, and two during the 10-day
postexposure holding period 4 and 5 days after
exposurc was terminated. Two monkeys died of
other causes. None of the sacrificed animals had
evidence of anthrax infection. There was actual
exposure on 25 days of the total of 41 consecutive
days, and the daily mean for these days was 198
B. anthracis-bearing particles. The total calcu-
lnted inhaled dose over the 41-day period was
4,959 B. anthracis-bearing particles.

To develop additional specific dose-response
daw, in the fifth run animals were exposed to as

- = no significant abnormal findings, > = questionable ab.

concentrated an aerosol as possible and then held
for a prolonged observation period. Accordingly,
arrangements were made with the mill to process
s maximal number of bales of goat hair through
the picking machine as rapidly as possible.
Twenty-cight monkeys were initially exposed
during three seperate periods over three suc-
cessive days 10 a calkeulated acrosol of 947 B.
anthracis-bearing particles. The animals were
then held for an additional 25 days without
further exposure to mill air. Two animals died of
inhalation anthrax 10 and 17 days after the first
day of exposure, and four died of other causcs.
The limits of the incubation periods for these

N
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TasLr ), Summary of microscopic findings—(monkeys that died—third, fourih, and fifth rins)

A Apthres Medlas-  Corvical 100 o e, Anthra drenal ;55: Peiwe .‘i"’u’?{u
"l Diagae:s i & Lymph mesia- roomAry ims
| - e g =T
1 S2  Anthrax + +++ ++ -  4+++ + 0 - -
6 Bronchopneu- + —+ - - bt - - + .
monia and '
anthrax
pneumonia ;
40 Anthrax; - + - - ++ . - - -+ -
staphylo- :
coccal septi-
cemia;
cachexia
63  Anthrax + +4 + + +4+ o+ + - -
4} Anthrax +  +++ ++ o+ e+ - - -
681  Anthrax +  +++ + - + - 0 - -
44 Anthrax +  +++4 0 + +4++ - + - -
®  Anthraxpneu- + +++4 - +  4++ + + + +
monia
38 Anthrax + +++ 0 - | +++ - -~ - -
9 Anthrax + ++4 + +  +++ + + - -
8 Anthrax + ++4+ +++ + ++ - + - -
60 Anthrax + ++ ++ - ++4 - + - -
%0 Anthrax in - ++ - - + 0 - - - -
one lymph
node '
- 31  Anthrax with + +4+ - - - 0 - - - -
two pare-
tracheal
lymph nodes
4 8 Anthrar + 4+ + - +4+ o+ - - 4+ i -
110 Anthrax + 4+ + . - _+++ + + ~ + ' -
101 - Anthrax neu- +  +++ + - ++4+ - + ++ ! -
) momia : : : :
100 Anthrax +  +++ +1 = . +++ + - - + -
87 - Anthrax - +++ + - . +++ + - - - +
B6  Anthrax + +++ + - ++ - + - + -
92  Anthrax + +++ + - +++ - - - - -
£ 197 Anthrax + ++ + - ++ - - - - -
1.1 Anthrax +  ++4+ + . + 4+ - - - - -

= Key for lymph node morphology: + = anthrax bacilli with follicular necrosis; + + = bacilli with

necrosis and edema; + + + = bacilli with necrosis,

* Key for splenic morphology: + = sinusoids

edema, and hemorrhage.
engorged with neutrophils; ++ = neulrophils in

sinusoids plus central necrosis of malpighian bodies; + + + = necrosis of red and white pulp.
+ Key for pulmonary edema: + = minimal cdems; + 4+ = muderate edems; + + + = marked edema;
- = no edema in alveoli. (0 = no tissue submitted.)

two deaths were 7 and 17 days. The fatality rate
was 727, Subsequenmtly, the remaining 22
monkeys were exposed during two separate
periods over 31 hr to a cakulated aerosol of
1,347 B. anthrucis-bearing particles. No deaths
occurred during the following 4-day observation
period. The surviving monkeys were sacritived
over a 6-day period, and none revesled evidence
of anthrax infection. During the ffth run, 47

guines pigs were exposed to the same aerosols
and held for the same period as the monkeys.
None of them died of anthrax.

Delidorf studied sections from the 91 monkeyy
on which autopsies had been done. All had lesions
attributable to other causes, such as parasites.
Twenty-three showed evidence of anthrax infec-
tion (Table 2). Twenty died of inhalation anthrax,
and in one :nthrax was considered a co-primary

s s NI
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cause of death slong with suphylococcel sep-
ticemia and cachexia due to enteritis. Two nton-
keys sacrificed at the end of the thiri ™in had
early infection in the mediastinal lymph nodes
only. Nonanthrax deaths were primarily due 1o
pneumonia and enteritis.

The most consistent pathological findings in
snthrax-positive monkeys were mediastinul
edema, pleural effusion, enlarged hemorrhagic
mediastinal lymph nodes, and ecnlarged, solt
spleens. In four instances, gross hemorrhagic
meningitis was obwerved. B. awrArucis was re-
covered on culture from ull but three infected
animals: a sacrificed animml with an early infec-
tion, the monkey in which anthrax was conaidered
8 contributory cause of death, and a monkey
from which the plates prepared at autopsy were
heavily overgrown with Provens sp. There was no
goss evidence of primary culaneous of gastro-
intestinal anthrax, and there were no lesions asso-
ciated with the oral cavity. including the tomsils.

Histolog.cal examination of the tissues showed
that infection was largely kimited to the reticulo-
endothelisl system, though there was always
widespread dissemination of the bacilli through
the vascular system at the tinme of death (Table 3).
Tissue response was primarily that of edema,
hemorrhmge, and necrosis. The mediastinal
lymph nodes were infected in all cases, and in a
few mwnkeys (he puratraches! lymph nodes were
abo infected. No primary lesions were found in
the trachea or bronchi. In three monke)s. there
was evidence of anthrax pneumonia, but this was
not considered primury.

Pathological changes noted in other organs as
a result of anthrax infection inctuded splenic and
hepatic necrosis, adrenal hemorrhage and necro-
sis, ovaritn hemorrhage, and meningitis. The
renal glomeruli contained many bacil', buet the
kidneys were otherwise normal.

Serological studies were conducted by George
Wright, Immunology Branch., Fort Detrick, by
use of a micromodification of the Ouchterlony
double-diffusion technique. A total of 210 sera,
66 collected before exposure and 144 collevted
during or afier exposure, were tested without
demonstration of any antibody titers,

Disc ussion

The overall fatality rate of 25.3', indicates
the suscepuibility of the cynomolgus monkey to
naturally ocvurring, industrislly produced aero-
soby containing Bucdlus anthracis and attests to
the feastbiity of the experimental design. The
object. e initially outlined have been parually
atuned. The clinkal and pathological etfects of

Bactimn  Riv.

chronic exposure are not dissimilar 10 those seen
after acule exposure in laboratory experiments.

The pathogenesis of inhalation anthrax afer
chronic exposire v similur 10 that postulated
after acute exposure of lboratory animals or of
man naturally exposed, such a3 was seen in the
Munchester, N.H, cpidemic. The necropsy
tirxlings of mediastinul edema, mediastinal hemor-
rhegic lymphadenitis and necrosis, and pleural
effusion, withou! tracheal or bronchiul lesions
and without primary anthrax pacumonia, sup:
port the convept that inhmked 8. amArucis spores
are carried to the medistinal lymph nodes, where
they germinate and produce toxin with develop-
ment of toxemin and bacteremia. Additional
evidence to support this concept i found in the
necropsy data from the two sacriticed monkeys
in the third run; tissues liom thexe monkeys re-
vealed B. onrhracis-like organisns peimarily in
mediastinal lymph nodes These aninmls were
undoubtedly in the enrly stages of diseuse and
rresumably would have doveloped systemic dis-
ease and died, had the experiment not been
terminated.  Histological ~xamination of the
necropsy tissue from all monkeys that died of
anthrux shows widespread dissemination of 8.
anthracis organisms,

The serologicil studies do not support the de-
vuiopment of subclinical infection. Norman et al.
(12} studied sera from 72 unvaccinated employees
of & goat-hair mitl and found |1 who hid anthrax
antibodies demonstruted by a precipitation in-
hibition teat. Mosi of the positive reactions o
curred among employees who worked in the
dustiest part of the mill.

In discussing industrial anthrax, Brachman and
Fekety (3) compured the length of employment
in goat-hair processing mills of a group of em-
ployees who did not have 4 history of anthrax
infection with the kength of employment of em-
ployees with u history of previous unthrax
infection; they found thut the two curves were
cssentiatly purnilel. This suggests that the length
of employment did not influence the development
of anthrax. They noted thut some cuses of
cutaneous anthrax occurred in employees who
had worked in these mills for 1S 10 20 yean.
Thn conclusion: "These workers do not develop
subclinical infection or immunity to nnthrux by
prolonged exposure to the organim.™

The studies with monkey sera may suppxwt
these data; however, it is possible that the sero-
logical test employed wis not sensitive enough to
demonstrate antibodies actually present. that the
antigen used was not apecific for  protective
untibodies, or that the inhaled dose wis too low to
stimulate production of demonstrable antibodics.
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Duta from the fifth run indicate that, with »
total cxposure to W7 B. awbruces-bearing par-
ticles intermitiently over @ S5-hr period, thery
were two deaths at 10 end 17 days after first
exposure, for n fatality ruie of 7.2°, . The shortest
incubation period poasible was 7 days, and the
longest was 17 days The svond exposure during
the fith run resulied 1n un mhaded dosc of 1,347
8. unthrucis-bearing purinles over 31 hr. The
fact that there were no desths during the 4-day
holding period and the 6-day period during which
survivors were sacrificed may represent either a
lack of susceptible monkeys or, more likely an
inadeguate ohservution period.

Duta from the third und fourth runs are more
difficult 10 interpret, because of the irregular,
sawtooth patiern of exposures on successive
dnys, without knowing the effect of repetitive
exposures on the monkess. For example, frequent
small doses may stimulate an antibody response
that mcreoses an amimal’s resistance to clinical
duense, or repeated exposures nw) build up a
levet of B. anthracis organisms in the body which
causes discase when o ceridin threshold level is
redached. Another possibility s that repetitive
exposure over u period of several days increases
the chances of the animal’s acquiring an infecting
dose.

As alreedy discussed, the serological studies
ded nut denmwnstrate the presence of circulating
untibodies. which supports the concept that
chronic exposure does not leand to development of
resisanwe 10 infecuon. The lack of deaths fol-
lowing the second exposuce in the fifth run cannot
be asumed 1o represent protection resulting
from the first exposure because of the lack of an
adequate obwenation period afler the second
CAPOsUre.

The prak exposure during the Lirst § days of
the third run, 3,685 B. uathrucis partkles, may be
causally reluted to the six unthrax deaths ihut
occurred from 15 10 1B days after the Rt day of
exposure. If related, the fatality rate wes 20°,
16 of Wi, and the inwubation period would ithen
huve ranged from 10 to 17 days, which 1s sinular
to the imubation period in the fifth run

Another  peak exposwie occurred from  the
nth 10 the &rh day, when the surviving 20 mon-
kevs were exposed to 1,528 B anrhrucis bearing
purtivks with two deaths occuriing from § to {1
day s after exposure. The two unimals found to be
infected at autopsy imay have become infected as
a result of contuct with this same acrosol. the
incubation period would have beer: from 10 1o 14
dass for these two wonkeys. If all four deaths
are related 10 the st peak aerosol, the fatalit
rate would be 200, (4 of 20, It is mont hikels
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that the death on the 41st day was from exposure
to the preceding week's aerosol. that is, from
days 28 to 33, which would then indicate an in-
cubution period for this particular death of from
B 1o 12 days.

The two deaths on suwiessive days at the end
of the 4th run (deys 45 and 46) occurred S 1o B
days after a peak exposure 10 1,28 8. unthrucis-
bearing purticles. If this relutionship is correct,
then this exposure would be associated with a
fatality rate of 8';. The other deaths in the third
run and all deaths in the fourth run are harder to
asocinte with specitic periods of exposure.

Il repeated low-dose exposure results in -
cumulition of B aearhracis organisms unul 2
cernin level is reached, after which disease de-
velops, the comparison of the percenuge of
deaths and the uccumulative dose at death should
show 8 siruight-line relationship until ihe critical
level s reached, after which there should be a
sharp upsurge in the percentage ol deaths. As
show : in Fig. S, this is not the citse. Additionally,
the data were examined 1o see whether the duse
accumulated during speciic periods  preveding
dexth, that is 7, 10, 12, or 1S days, would suggest
an eftect of accumulstion of B. amthracis or-
ganisus. Such an snalysis is presenied in Fig. 6,
for which the partickes inhaled during the 7 duyvs
preceding death are plotied agsinst the day ol
death of each monkey. Again, the scaitering of
deaths over & wide range of calculated inhabed
doses woulé tend 1o be against the theory of
accumulation.

Analyss of these duota does suggnt a dowe-
response relutionship with exposure w0 approxi-
mately VO B amtaracis beaning partickes over
4} o Sdiy period, resulting i o faaliy it
of approximatehy 100 When the evposure s
from 180 10 5,50 B anrhracis beanng panickes
over 1 S duy period, the rate is from 20 10 28

The prolonged incubation penods are un

m



vl b0 LI N)

656 BRACHMAHN, KAUFMANN, AND DALLDORF BACTERIOL. REV.

a~AUN 3
o~ RUN 4

o AR S A " A 0 A )
DAY OF DEATH

Fic. 6. Calculated inhuled dose during 7 doys
prec. ting death.

doubtedly related to the low-dose exposure to
B. anthracis. Exposure tc more concentrated,
pure aerosois is usually associated with incubu.-
tion periods of from 3 10 7 days.

Extrapolation of these data 10 man is difficult,
One reason is that man samples a greater pro-
portion of the contaminated mill air because
his minute volume is 10 times that of the monkey.
There is no reason to suspect any change m the
type of goat hair procesi~d or in the method of
production from tae years before immunization
to the present. Thus, the aeroso! produced during
the three experimental runs is probably repre-
senmtaiive of the working situation in the picking
area at the time ‘when zmployees were not pro-
tected by the anthrax-protective antigen. Ths
lack of cases of inhalation anthrax may therefore
represent the lack of exposure to “peak” aerosals
as defined above. Also, the monkeys were exposed
10 a maximal concentration of B. anthracis
aerosol producad by the picking machine; people,
however, are newr exposed o the total aerosol
produced, but only 10 a relatively small part of it
while they work in the vicinity of the picking
machine.

The 1957 epidemic of inhalatior anthrax in
Manchestes, N.H., can possibly be explained by
the exposure of the five susceptible individuals to
a “peak’ aerosol related to a specific batch of
nair. In addition, the spcradic cases that have
been reported unassociated with .he goat-hair
procassing industry alsc may represent the chance
exposure of susceptible individuals to a “peak™
aerusol.

SUMMARY

Exposure of 91 cynomolgus monkeys to na-
turally produced aerosols containing B. anrhracis
resulted in an anthrax faality rate of 25.3¢;. The
pathological findings of mediastinal edema and
hemorrhagic lymphadenitis and necrosis are
similar to findings in animals after acute exposure
1o pure aerosols of B. anthracis, and also to the
findings in humans who have developed fatal
inhalation anthrax after industrial or sporadic
exposure. With the low-dose chronic exposure to
natural aerosols, the incubation period appears to
range from $ to 17 days.

Analysis of the data suggests a dose-response
relationship with fatality rates ranging from 10
1o 25¢, afler exposure to from 1,000 to 5,500
organisms over 3 to § days. There is no specific
evidence to support the development of sub-
clinical infection, or of an accumulative effect
of anthrax organisms. These studies do support
previous concepts concerning the pathogenesis
and dose-response relationships of anthrax in
monkeys.

ACKNOW LEDGMENTS

This investigation was supported by a contract
with the U.S. Army Biological Center, Fort Detrick,
Frederick, Md.

We acknowledge the capable assistance of Peter
Skaliy and Karl Branch, Sr., Biophysics Section,
Technology Branch, Communicable Disease Center,
in decontaminating the exposure chamber hetween
runs, and of Eli Friedman and W. Eugene Sanders,
Jr., former EIS Officers, Epidemiology Branch, in
developing the initial protocol and condw.ting the
initial runs.

Literature CITED

1. ALBrINK, W. S, anD R. I. Goovbrow. 1959,
Experimental inhalation anthrax in the chim-
panzee. Am. J. Pathol. 35:1055 106S.

2. Barnes, J. M. 1947. The development of anthrax
following the administration of spores by in-
halation. Brit. J. Exptl. Pathol. 28:335-394.

2. Bew, J. H. 1280. On woolsorters disease. Lancet
1:87L.

4. Beronis, C. C, C. A. Gueser, H. A, HARTMAN,
R. W. Kuenn: AND W. S, GOCHENOUR. 1962,
Pathogenesis of respiratory anthrax in macaca
muiatta. Brit. J. Exptl. Pathol. 43:515-524.

5. BRACHMAN, P. S§.. anD F. R. Fexkery. 1958 In-
dustrial anthrax. Ann. N.Y. Acad. Sci. 70:
574-584.

6. Bracuman, P. S .S A Protkin, F. H. Burrorp,
AND M. M. ATcHISON. 1960. An epidemic of
inhalation anthrax: the first in the 20th cen-
tury 1l. Epidemiology. Am. J. Hyg. 72:6-21.

7. BracHmAN, P. S, J. S. PaGano, anD W. S
ALBRINK. ]1961. Two cases of fatal inhalation
anthrax, one assxiated with sarcoidosis. New
Engl. J. Med. 268:203-208,

_



Vo, 30, 1966 INDUSTRIAL INHALATION ANTHRAX 657

8. Bracuman, P. 5. H. Gowp, S. A. Puotxin, F. R.
Fexety, M. WERRIN. AND N. R. INGRAHAM.
1962. Field evaluation of a human anthrax
vaccine. Am. J. Public Health $2:632-645.

9. EpPiNGErR, H. 1B94. The rag pickers discase. A
typical respiratory infection of man. Gustav
1-ischer, Jena.

10. GreenrieLp, W. S. 1882 Supplementary report
on the woolsorters disease in the Bradford
District. Eleventh annual report of the Medical
Office of the local government board, London,
p. 207-238.

11, Ritey, R. L. 1961, Airborne pulmonary tuber-
culosis. Bacteriol. Rev. 28:243-248.

12. NorMman~, P. S.,J. G. Ray, P. S. BRACHMAN, S. A.
PLOTKIN, AND J. S. PaGano. 1960. Serological
testing for anthrax antibodies in workers in a
goat hair processing mill. Am. J. Hyg. 72:32-
3

13. PLotkin, §. A, P. 5. Brachuman, M. UteL, F.
H. BumroRDp, AND M. M. ATCHION. 1960,
An epidemic of inhalation anthrax, the first
in the 20th centuny. 1. Clinical features. Am.
J. Med. 29:992-1001.

14. Prevention of anthrax among industrial workers,

memorandum on the disinfecting station estab-
lished in Great Britain for disinfection of wool
and hair, p. 1-5. 192). His Majesty’s Station-
ery Office, London.

15. Report of the Departmental Committee ap-
pointed to inquire as to precautions for pre-
venting danger of infection from anthrax in
the manipulation of wool, goat hair, and camel
hair, vol. 1, 2, and 3. 1918. His Majesty’s
Stationery Office, London.

16. Ross, J. M. 1957. The pathogenesis of anthrax
following the administration of spores by the
respiratory route. J, Pathol. Bacteriol. 73:485-
494

17. Spear, W. 1880. Tenth annual report of the local
government board. London.

18. Worr, H. W, P. SxkaLty, L. B. Haut, M. M,
Harris, H. M. Decker, L. M. BUCHANAN,
AND C. M. DaHLGREN. 1959. Public Health
Monograph No. 60, U.S. Government Printing
Office, Washington, D.C.

19. Younc, G. A., Jr., M. R. ZsLLE, AND R. E.
Lincoun. 1946, Respiratory pathogenicity of
Bacillus anthracis spores. 1. Methods of study
and observation on pathogenesis. J. Infect.
Diseases 79:233-246.

Discussion

HAROLD N. GLASSMAN
U.S. Army Biological Laboratories, Fort Detrick, Frederick, Maryland

Industrially acquired anthrax has been asso-
ciated with transportation and processing of im-
ported wool, hides, and goat hair. The spores of
Bacillus anthracis have been cultivated from as
many as 507 of samples of the raw products (4,
15, 17). Industrial processing creates dust, so that
anthrax spores regularly contaminate the surfaces
and air of the factories; up to 667, of surface
samples were positive in three mills wocessing
goat hair (5). Respiratory exposure of workers
may reach $I10 spores in jarticles § g or less in
diameter in ~ - working period (9). A signifi-
cant percentas. of unterior nasal swabs and
pharyngeal washings from mill workers process-
ing goat hair yielded B. anthracis (8).

Despite this, inhalation anthrax is rare in the
United States (7). Brachman et al. 16) studixd
the response of the cynomolgus monkey exposed
chronically 'o the air from the dustiest portion
of a goat-hair processing mill in an effort to
enlarge our understanding of indusirial anthra:..
It is my purpose to assist .n this objective by
relating their observations to selerted labora‘ory

studies. Specifically. I will consider the variable
incubation period they observed, and the dose-

Modern views of the pathogenesis of inhala-
tion anthrax are based on the studies in labora-
tory animais of the experimentally induced
disease by Young et al. (19), Barnes (3), Ross
(16), Albrink and Goodlow (2), and Gleiser et
al. (10), ard the pathokwgical findings in three
fatal cases in man reported by Albrink et al. (1).
The observations of these investigators agree in
defining the role of the lung as a portal of entry
in inhalation anthrax; primary anthrax lesions
are not found in the trachea or bronchi, at least
not in the absence of pre-existing lung lesions.
Thus, we may visualize spore-bearing, airborne
perticulaie matter of sufficiently small size (ie.,
$ u in diameter, or less) after inhalation, pene
trating to the deep recesses of the lungs and being
de~xsited there as essentially inert particles.
Sui:o wont removal of the spores is accomplished
principi'v by alveolar macrophages that trans-
port them via the lymphatics 1o the regional

M
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Fiu. 1. Response of the cynomolgus monkey to
aerosols of Bacillus unthracis.

lymph nodes. Neglecting, for our present dis-
cussion, the further steps in the pathogenesis of
inhalation arthrax, it seems reasonable that a
significant period of time will be required for
clearance of a large number of spores, even if
these are introduced in acute experimental ex-
posures, The respiratory retention of inhaled
spores was initially studied by Harper and Morton
(12), using radioactively labeled Bacillus subtilis.
When these were presented to guinea pigs for
inhalation as particles 1 a in diameter, the
majority of the radioactivity was found in the
lungs (as contrasted with the head or the trachea),
and essentially no loss of radioactivity of the
lungs was measurable over a 24-hr observation
period. Subsequently, in studies of the prophylaxis
of inhalstion anthrax in the rhesus monkey,
Henderson et al. (13) demonstrated that a daily
regimen of procaine penicillin, initiated 24 hr
subsequent to aerosol exposure, could delay the
onset of disease and death, and that this protec-
tion ceased promptly on termination of the
therapy. They also showed that spores of B.
anthracis can be detected for as long as 100 days
after their deposition onto the lung epithelium.
In a more recent similar study, Gochenour et al.
{11) provided further d:i-ect evidence cf prolonged
spore retention in the lungs after an acute in-
halatory exposure. One of their monkeys died
with anthrax meningitis 25 days after completion
of an apparently successful course of therapy.
Cultures o! the lungs of all animals surviving
55 to 84 days after exposure to aerosols of anthrax
spores were positive for this organism. Finully,
one of my colleagues, Joseph V. Jemski, has made
available information he obtained several years
ago i making a study of the time to death of the
cvnomolgus monkey after inhalation of aero-
solized anthrax spores. Several of the animals in
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that study, which was directed toward deter-
mining the minimal holding period required to
assure statistically valid dose-response data, died
of culturally proven anthrax after prolonged
incubation periods—one anima) succumbed 98
days subsequent to exposure.

The concepts involved in the pathogenesis of
inhalation anthrax, as well as the experimental
evidence cited above regarding the prolonged
retention of spores in the lungs, are completely
consonant with the variable incubation periods
reported by Brachman et al. (6) in their studies of
chronic exposure to varying doses over many
days. An additional pertinent laboratory observa-
tion has been the dose dependency of the incuba-
tion period, with lower inhaled doses of spores
resulting in longer incubation times (10).

In considering the dose- -response relationship
of the cynomolgus monkey in expenmentally
induced inhalation anthrax, 1 am again indebted
to Dr. Jemski for placing at my disposal hitherto
unpublishea data. These represent a compilation
of the results of several individual experiments in
which large numbers of cynomolgus monkeys
were acutely exposed (1 to 10 min) to heterogene-
ously sized aerosols of anthrax spores. The
aerosol clouds were sampled with an impinger
preceded by a preimpinger, the latter device
screening out the majority of particles greater
than 5 g in diameter (14, 18). Thus, the dose re-
ported, after microbiological assay of the collec-
tion fluid of the impinger, represents spores
present in particles predominantly § x in diam-
eter, or less. This dose, and the mortality of the
monkeys from culturally proven anthrax during
a 10-day observation period subsequent to aerosol
exposure, have been subjected to statistical analy-
sis by the probit method (Fig. 1).

It will be noted that the median lethal dose
(LDy) based upon a total of 1,236 animals is
4,130 spores with 95¢; confidence limits of 1,980
to 8,630 spores. The probit slope is 0.669 problts
per log dose, with 95 confidence limits of 0.520
to 0.818. As a consequence of this unu iually low
probit slope, large changes in the dose of inhaled
spores will result in comparatively small changes
in the per cent mortality. For example, a 10(-fold
range of dose (10-fold above and 10-fold below
the calculated Lby) will only change the pre-
dicted mortality from 25 o 75%.

These luboratory studies of Jemski et al. have
many similarities to the experimental epidemio-
logical investigations of Brachman et al. (6).
There are, however, several important differences.
The former involved a wvery large number of
animals, acutely exposed to iaburatory-grown
spores, under well-controlled conditions for

O
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experimental airborne infection. The latter
represented the chronic exposure, over many
days, of a small group of animals to an uncon-
trolled, industriaily generated aerosol of spores
that were present as a result of the industrial use
of contaminated animal products. Nevertheless,
the dose-response relationship derived from the
laboratory dats was predictive of the field results,
if the cumulative dose of spores inhaled by the
monkeys is considered the most important factor
in the chronic exposures (see particularly Fig. 4
and § of Brachman et al. (6)].

Precise comparisons of the laboratory observa-
tions and the field studies are not possible for
reasons already mentioned. For the same reasons,
conclusions from consideration of both sets of
investigations must be drawn with caution. With
this caveat firmly in mind, it does seem that the
following statements are justified. (i) The dose-
response relationships determined with  the
cynomolgus monkey in the laboratory permitted
prediction of the outcome when the same species
was exposed chronically to a contaminated in-
dustrial atmosphere. (ii) The adequacy of the
cynomolgus monkey as 8 model for predicting
the quantitative aspects of the response of man
in the industrial environment is open to reason-
able doubt.
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lmODUCTION Material Reviewed

ﬂtehstfewyears,mhasbeenamtvolmm
ofwakbasedonuleammptmthnurbome

i.

It is logical and convenient to discuss first the
studies on dispersal of staphylococci into the air
and, second, the survival of the cocci in, and their
carriage by, the air. These aspects can be pre-
sented in some precise and quantitative detail.
When we come to consider acquisition, we enter
an area in which extrapolation and analogy loom
large, but sufficient quantitative data have now
been accumulated to give some factual founda-
tion to the discussion. Nevertheless, the final
summing up as to the probeble importance of
airborne transfer in relation to other modes of
spread is of necessity a product of judgment
rather than arithmetic.

For the most part this paper is based on a
selective review of published reports, with special
reference to those on a series of investigations
(44, 45, 58, 59) carried out with R.A. Shooter at
St. Bartholomew's Hospital, London, England
(referred to as S.B.H.).

Use has also been made of a recent study of
my own at St. Mary's Hospital, London, England
(S. 1.H.), a report of which is in preparation. In
this study, we sampled the air in two surgical
wards, one having a total of 14 or 15 patients in
four rooms and the other having 22 beds in an
open ward. Petri dishes [diameter, 6 inches (15
cm)] of serum-agar containing phenol-phthalein
phosphate (2) were exposed in the rooms for
12 hr (or in pert of the experiment for 24 hr) on
each of 5 days each week. Nasal cultures were
examined from each patient weekly.

The total number of staphylococcus-carrying
particles on the air plates was recognized by the
phosphatase reaction and cither all or, when the
numbers of colonies on the plate were larger than
three to five, a portion were subcultured and
tested for coagulase and for phage type. It was
thus possible 10 meke some estimate of the num-
ber of coagulase-positive staphylococci settling
from the air, and of the proportion with various
phage patterns, for attempted correlation with

”
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the stiuins isolated from the patients’ ntsal cul-
tures,

For airborne particles with & diameter equiva-
Jent to those found to carry Sraphylococous aureus,
that is about 14 u (38), the settling rate in colonies
per square foot per minute is numerically approxi-
mately equal to the volume count expressed as
colonjes per cubic foot. A 6-inch petri dish has
an area of approximately 0.2 fit; in round figures,
therefore, the count on such & plate exposed for
24 Ir is about 607; of the number of particles
inhaled by an adult person in the same time, since
the volume inhaled is ordinarily about 0.3 \* per

min.
DiSPERSAL OF STAPHYLOCOOCI INTO THE AR

The frequency with which normal individuals
harbor S. asrens in the nose and on the skin is
now well known (56), and such normal carriers
are one important source from which the cocci
are dispersed. The other source fromn which staph-
ylococci may be dispersed, especially in hospitals,
comprises patients with infected lesions—of skin,
wounds, respiratory tract, or gut.

Nose and Skin Carriers

Hare and his colleagues were among the first
to define the frequency with which nasal carrier-
of S. aureus liberate the cocci into the environ-
ment; they counted the numbers shad into the air
of a very small cubicle during exercise, Hare and
Ridley (21) found that all but 6 of 19 carriers
libersted staphylococci, and 7 gave substantial
numbers; this and subsequent work (41) pointed
to the special importance as dispersers of persons
who harbor staphylococei on the perineum. On
the other hand, White (54, 55) emphasized the
relation between dispersal of staphylococci and
the total numbers present in the nose and on the
skin,

One feature that also emerged from these and
other studies was the wide individual variation in
the number of staphylococci shed into the air by
carriers. The individuals at the upper end of the
distribution seemed to differ sufficiently from
those 8* the lower end to justify the use of the
term “heavy disperser” for them, and the sug-
gestion that such heavy dispersers might be re-
sponsible for epidemics of hospital infection
stimulated further study of the mechanism of
dispersal.

Mechanism of Dispersal

Hare and his colleagues showed that very few
staphylococci are liberated into the air directly
from the nosc of carriers during ordinary activity;
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lee (19) described the hbeuteon by other rouu.-q

kmnmanadmmhhmmts.uﬂthey
were able to cultivate S. ouress from epithelial
nqmmhh-nudbynkmwnm(m
It thus scemed that the differences among in-
dmdularrmmth:mmbu‘ofmphyloeow

area of skin colonized, or (iii) the rate of desqua-
mation. By parallel sampling of air for sin
squames and staphylococci, Noble and Davies
{37) showed that the last of these was nok likely
10 be the explanation; they thought that the ex-
wnofskmurm.ewupnhblythenmtm
portant determinant. Hare and Ridley (21) had
previously suggested that carriage on the skin of
the perincum was particularly likely to lead to
dissemination, and Solberg (49) not only com-
iirmed this but also showed that, in the absence of
perineal carriage, there is a correlation of num-
bers of staphylococci disseminated with the
number found in the nose or on the skin (ir his
experiments, of the fingers and hand). The impor-
tance of the perineal skin as a source for dispersal
receives indirect support from observation that,
in operating-room clothes, the greatest libera-
tion of skin bacteria seems to be from below the
waist and especially through open trouser ends
(5. 8). It may be noted that most observers have
measured air contamination while the subjecu
were exercising in some form of cubicle and gen.
erally making quite vigorous leg movements; this
may perhaps over-emphasize the contribution of
the perineum 1o aerial dispersal.
Frequency and Magnitude of Dispersal

It was clear from the eurly work of Hare and
Ridley (21) that many nasal carriers shed staphy-
lococci into the air while exercisine This has been
amply confirmed. On the basis of experiments in
small cubicles, Bethune et al. (5) reporied that
14 of 38 nasal carriers (from a group of
150 :ormal peoplc) generated an air contamina-
tion level of one S. aurews particle per fi* or more,
corresponding to a total liberation of about 100
particles or more in 2 min of walking-on-the-spot.
Nobie and Davies (37) examined 127 persons, 54
of whom were normal adults whereas the rest
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were hospital patients. many with skin disease.
The subjects removed all their clothing and then
dressed again in a 100 i cubicle from which the
air could be sampled. Of the whole group, 30,
including only 2 of the 34 normal adults, liberated
8. aureus to 17, of the total flora in the cubicle;
this corresponded to the liberation of about 23
staphylococcus-carTving particles or more. Eight
liberated more than 10,000 S. awrens particles.

More precise estimates of the numbers of
staphylococci liberated by carriers have been pro-
vided by Solberg (49; persumal communication),
who estimated the serial contamination resulting
from a siandardized agitation of a group of per-
sistent carriers’ bedding in a special chamber.
Salberg found the air counts of staphylococci dis-
persed during the making of the beds «f his car-
riers 10 be distributed in a log-normml fashion,
and at least 20¢; of the 126 carriers (drawn from
2,014 patients surveyed) dispersed more than
10,00¢ staphylococcus-carrying perticles in the
standerd test (Fig. 1).

Our own studies of air counts in a hospital
ward offer another basis for estimating the fre-
quency of dispersal. In Fig. 2 are plotied the
mean daily counts of S. awrens of the phage type
carried by each of the patients who were carriers
on admission to the subdivided SM.H. ward,
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Fio L. Adir counts of Staphylococcus aureus. (A)
Genvrated by disturbance of bedding of persistent car-
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[aatrer Soble amd Davies 137:). Plotted on a probability
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Fiu. 2. Air cownts (particles per square foot setiling
in 24 ke) of Staphyiococcus aurens generated by patients
admitted as carriers 10 a hospital waurd (S. M. H.).

excluding those who were carrying strains of types
already known to be present in the ward; some
of the patients, in contrast to Solberg’s subjects,
were only trunsient carriers. The counts are clearly
also distributed log-normally. About 507 of car-
riers generated air counts below S colonies per fi?
per 24 hr, but 107;. generated counts that averaged
more than 50 colonies per fi? per 24 hr during
their stay in the ward, at times when they were
the only carriers known to be present. Some
rough estimates as to the ventilation rate of the
ward suggest that this implies the liberation of
10* to 107 staphylococcus-carrying particles in
24 hr,

It seems likely, therefore, that the heavy dis-
persers of staphylococci represent the top end of
a continuous distribution. This is compatible with
the idea that the degree of dispersal depends
largely on the extent of skin contamination with
staphylococci, and that the shedding of the staph-
ylococci into the air is due to the continuous
desquamation of skin fragments carrying cocci,
which either may be transients recently deposited
there from the reservoir area in the anterior nares,
or may be actually multiplying in or on the skin.
The rawe of desquamation is presumably related
in part to friction of the skin and clothes or other
skin areas.

It is, perhaps, ;emarkable how many bacteria
are shed on exercising, even when *' - subjects

"

”



Vou . 30, 1966 AIRBORNE STAPHYLOCOCCAL INFECTION 663

are naked (50). Also, in a few unpublished ob-
servations in cosl mines, O.M. Lidwell and |
found that nearly naked miners distributed skin
bacteria into the air in quite Inrje numbers. It may
also seem surprising that carriers liberate as many
staphylococci as they do when it is considered
how reiatively scarce staphylococci appear to be
when carriage is determined by swabbing; how-
ever, the area of skin generally examined is very
small, and most methods for the hacteriological
cxamination of skin are known 10 be very ineffi-
cient (62).

Factors Influencing Dispersal

Blowers and McCluskey (8) commented that
they have not yet encountércd a heavy disperser
of staphylococci among the normal women they
have examined, wixreas they found nearly 109,
of men to be dispersers. None of the other studies
has discussed the influence of sex, but, of the 10
heavy dispersers reported - Solberg, 3 were
women, and in general his results do not show any
significant differences between men and women
carriers in the numbers of staphyloocci dispersed.
In my ward studies, one of the five heaviest dis-
PErsers Was A woiman.

It has been fournd that treatment of a nasal
carrier of tetracycline-resistant staphylococci with
tetracycline led to an increase in the number of
staphylococci dispersed into the air, presumably
as a result of increased nasal carriage (17), or
possibly as a result of increased skin carriage re-
sulting from a reduction in the normal flora and
a consequent reduction in the fatty acid content
of sebum (18). A similar phenomenon was ob-
served in debilitated or dying patients by Solberg:
an ircrease in the number of organism in the
nose and & comesponding increase in the number
shed. M.T. Parker (persomal communication) has
made a similar observation. Une observation that
a concomitant virus infection might increase dis-
persul (16) does no« seem to have been confirmed.

A very substantial increase in the number of
staphylococci liberated has been found o follow
the taking of a shower bath (4, 62). The increase
may be 10-fold or more, and the effect persists
for at least 60 min. The mechanism of this increase
is not known, though it is presumed that the
washing in some way allows an increased loss of
the superficial squames.

Within broad limits, clothing makes remark-
ably little differene to the liberation of skin
bacteria, and indeed Speers et al. (50) found that
soine of their subjects liberated as many bacteria
when exercising naked as they did when fully
dressed, either in street clothes or in a sterile oper-
ating room suit. The only practicable imethod so

far described for reducing the rate of liberation
is the use of very closely woven clothing, with a
trouser su:t tightly closed at the ankies 14, B,

Infected Lesions

The discussion to this point has been concerned
with heslthy carriers of staphylococci, without
any staphylococcus-infected lesions. As would be
expected, patients with staphylococcal infections
of the skin tend 10 be especially heavy dispersers
(1, 20, 37). Thom and White (52) found, however,
that there was little dispersal from septic wounds
during the performance of wound dressing, and it
seems likely that the effect of skin lesions is, partly
at least, to increase the load of staphylococci on
the skin. There may also be an increass in the rate
of desquamation, for exampie, in some patients
with psoriasis, and one such has been implicated
as the source of an epidemic of surgical wound in-
fection in an operating room (32¢), though
generally in such patients many of the skin
particles dispersed are 100 large to remain air-
borne (37). Our own observations (59) indicated
that carriers can be s important as sources of
cross infection as palients with septic lesions.
Burke and Corrigan (13). on the other hand,
found patients with sepiic lesions to disperse
more staphylococci than healthy carriers; but
they studied only 44 carriers. Patients with chest
infections have been thought from time to time to
be especially dangerous as dispersers (e.g., 44),
but there is litile direct evidence on this point.
The possible effect of antibiotic treatment on
dispersal needs to be considered when patients
with septic lesions are being compared with
healthy carriers.

4fr Contamination Reswliing from Dispersol

It can thus be concluded that most persons who
carry staphylococci in the nose, all of whom must
from time to time contaminate their skin, liberate
their staphylococci into the air around them. A
small proportion of the carriers are especially
heavy dispersers and give rise 10 a high kvel of
serial contamiction. I' is not surprising, there-
fore, that there are con: iderable variations in the
counts of staphylococci in hospital ward air (Fig.
3). The variations in the air counts sre, of course,
directly related 10 the presence or absenwe of
heavy dispersers in the ward (34). When the air
count in the ward was high, it was virtually al-
ways found that the arr staphylococci were al-
most all of one phage 1ype and usually attribut-
abie to spread from one person. In the large ward,
there were occasions when two dispersers con-
tributed significantly to the air count, but those
occasions were relatively uncommon (34),

Jrp—
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F¥0. 3. Air comnts (particles per squa’e foot per 24
r) of Suaphylococcus aureus in three rooms of the di-
vided S. M. H. ward.

But, as in other situations, the air counts in
hospital wards have been found to conform 10 a
log-normal distnibution. In Fig. 4, the air counts

different wards are shown in Fig. §, and the medi-
ans from some of them are given in Table 3.

In the S.BH. open ward, the median count
ol S. awrens was about 0.1 colonies per . This
count was derived from two periods of 2-lu' sam-
pling each week, and it might be thought that this
ewldbemumunnmlly.mduuve of the

and distribution of staphylococcal counts were
observed in the open ward at S.M.H., tested by
exposure of 12-hr sedimentz ‘'on piates.

It is instructive to prescnt the counts in terms
of the numbers of staphylococcus-carrying parti-
cles that might be inhaled by ward patients in 24
hr. In the two open ward,, the median numbers
that would be inhaled per day were about 18 and
23 particles; the daily dose exceeded 100 particles
on about 15 t0 227, of days. In the divided wards

WILLIAMS
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at SMH. and SB.H,, the median was about 4,
and a dose of 100 was exceeded on only about
32, of days.

It is interesting to note that in a small series of
tests in & ward at the Queen Elizadeth [I Hoapital,
Welwyn, which consists of four-bed bays opening
off a wide corridor, the air counts are intermediate
between those of the open and the divided wards
(data kindly supplied by R. W. Payne). The ex-
planation of these differences clearly demands
further investigation, and it is of obvious rele-
vance 10 the acquisition of nasal carriage of staph-
ylococei, discussed below.

TrANSFER THROUGH THE AIR

For a proper understanding of the mode of
spread of airborme staphylococcal infection, a
knowledge of the size of the airborne particles
and of their load of staphylococci is needed.
Studies with the size-grading sampler devised by
Lidwell (26) indicated that the mean *‘equivalent
diameter” of particles carrying S. owrens was
about 14 u (the “equivalent diameter'' is the diam-
eter of a sphere of unit density setiling in air at
the same rate as the particle in question); the in-
terquartile range was about 8 to 20 u (38). A
much smaller proportion of large particles was
obeerved by Walter et al. (33), using the Andersen
sampler, but this is doubtiess attributable to the
characteristics of that instrument (29). Earlier
work by Lidwell and his colleagues (27) indicated
that, on the average, airborme staphylococcus
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Fi. 4. Distribution of air counts of Staphylovoccus
awrens in the divided S M. H. word. bused on u total of
1,037 12-hr sedimentation plates.
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Fro. 3. Distribations of sir comnts cf Smphylocacens
asrews in different wards. A = SMHN., 22-bed cpen
wond: B = S B H. open wands; C = Queen Blizabeth
1 Hospindl, 4-bed open bays; D = S. M. H., divided
ward; E = $. B. H., divided wand.

particles carried about 4 viable cocci, the
being from 6 for the particles greater than 18 »
in diamewer 10 about 1 for thoss less than 4 ..

In normally wrbulent air and in & room 10 ft
high, particks 14 4 in diameter setile at a rate
equivalent 10 about six air changes per hour, so
that S0, of 1the particles remain suspended for
6 min and 20°; for 15 min. Directional air cur-
rents of 40 10 50 f per min are not uncommon
in occupied buildings, 0 that transfer of staphy-
lococei  for considerable distances is cloarly
possible.

In a few studies, in an open surgical ward in
which we have found largs numbers of staphy-
lococei being dispersed near one samgling point,
the mean counts at sampling points aowut 20 and
about 70 fi distant were, respectively, 26 and 115,
of the count at the point nearest 0 the disperser.

When a heavy disperser was present in one of
the rooms in the four-room S.M.H. ward, the
count in the other rooms has been on average
about 5¢ . of that in the room with the disperser.
Lidwell and his colleagues (27a) have studied a
ward divided into nine rooms and found that the
count in rooms other than that containing a
source of staphylococei is about 107, of that in
the source room.

In studies of staphylococcal infection in a surgi-
cal operating room, Shooter et al. (46) demon-
strated what appeared to be aerial transfer over
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able distances is quite possible.

The aerial route is not, of coutse, the only way
by which staphylococci can be conveyed from one
room to another, and hospital routines commonly
prescribe quite elaborate rituals for dealing with

et al. (51); other workers ba
effect (e.g., 28, 42). Noble's (33, 36) experimental
work in animals has that any effect an

oX-

into contact with the wound. Inhalation infection
may occur anywhere and at any time; sedimenta-
tion infection is of purticular importance in opera-
ting rooms and treatment rooms where surgical
wounds are exposed, often for long pariods of
time. Jt will be convenient 10 deal with sedimenta-
tion infection in operating rooms first.
Oprrating Room Infection
Airborne transfer from withour. Reent studies
of air hygiene in surgical operating rooms date
largely from the work of Bourdillon and Cole-
brook (10) in 2 Burns Unit treatment room, but
it was the application of their work 10 the control
of a high incidence of postoperative staphy lococ-
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cal wound infection by Biowers et al. (6) and by
Shooter et al. (46) that brought the subject to
peneral attention. Shooter et al. estimated that,
in an 8-month period, the incidence of operating-
room infections was 9'; of 427 wounds; 0.07
particles per ft! containing S. awrens were found
in samples from the air during operations. A
simple slerntion of the ventilation 50 as to gen-
a positive pressure in the operating room
exchule staphylococcus-contaminated air
the wards was followed by a subsuntial re-
the pencral sir bacterial coumt (the
. aMress was not reported), and by a
reduction to less than 19: in the incidence of
sepais of presumed operating thester origin in
$32 wounds. It is reasonable 10 assume that this
reduction in sepsis was attributable to a reduction
the number of staphylococci settling from the
ir into the wounds and onto the sterile instru-

and equipment. No other investigation has
reported in which alteration of the ventila-
was the only change made, but the published
of Blowers et al. (6) und subsequent un-
experience (Blowers, personal commn-
ication) supported the general idea that the
prevention of contamination of operating room
air with bacteria from other parts of the hoswital
by the introduction of positive-pressure ventila-
tion has often been associated with a reduction
in the incidence of postoperative sepsis. Blowers
and Crew (7) recorded a mean S. asrens count of
0.6 colonies per MY’ in an exhaust-ventilated opera-
ting room, compared with 0.03 colonies per it
in a plenum-ventilated operating room.

Locally peneraied uerial contamination. The
work just cited concerned contamination of
operating room air with staphylococci from other
parts of the hospital, drawn into the operating
room by air cumrents. It is this form of transfer
that is controllable by positive-pressure ventila-
tion. But aerial contamination can also be
generated within the operating room, either by
disturbance of the patients’ bedclothes and drapes
or from the skin of the operating room personnel,
as discussed already.

Air coumts and infection rates. The bacterial
count observed in the air of an operating room
is clearly the sum of that produced by infiltration
of contaminated air from without and that gen.
eruted locally. It would be of great value for the
monnoring of operating room hygeene if it were
possible to relate the staphylococcal (or even the
1otal bacterial) count in the air to the risk of post-
oper tive sepsis. The difficulties of deriving such
4 rei tonship are, however, very great. The inci-
dence of wound sepsis is in any case generally
very low  perhaps between | and ', Only a
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part of the septic cases are infected during opera-
tion, and this portion is ditlicult to estinate, and
in any case is not all attributable 10 sedimentation
of airborne staphylococei. In addition, the num-
bers of swaphylococci actually settling onto
susceptible areas are so small as to be difficult to
measure.

Burke's (1) study is in mapy ways the most
dewsiled available. By using a very semsitive tech-
nigue he was able to recover S. aurews from 46
of SO wounds examined at the end of operation;
most wounds yielded two or more differemt
strains, and the mean number of viable units of
staphylococci was 14 per wound. Potential sources
for the slaphylococci found in the waunds were:
air, 68¢; ; carrier site on patient, 50, ; hands or
nasopharynx of the surgxcal team, 204, (In some
cases, there were two or more potentil sources. )
Only 2 of the 30 wounds developed any clinical
sign of postoperative nfection; the rate for
wounds that had not been carcfully washed vut
for bucteriological examination was raM pre-
sented.

In & comparable study of the sources of infec-
tion in 35 patients who developed wound sepsis
apparently resulting from operuting room infec-
tion, Bassett et al. (3) thought that a member of
the surgical team was concerned in 3 Y, and the
patient himself in 17, the source of the renwin-
der being untraced.

There are several other published studies in
which an attempt was made to relate postopera-
tive infection to airborne <aphylococei found in
the operating room (¢.§.,24,53,60), but they do
not allow easy summary. The general impression
is that staphylococci of the type responsible for
postoperative infection were rarely found in the
air, but this may well reflect the very small air
samples generally examined.

In general, it appears that, in reasonably well-
venlilated operating rooms with good stalf dis-
cipline, the S. awrens count is of the order of 0.01
to 0.U5 colonies per M2, in a series of operating
rooms, we have observed a mean settling count
of about 001 colonies per N per min, whik an
Amerxan cooperative study reporttd a count as
low a3 0.001 colonies per Ai* per min. (AN,

The operating room ought to be a situation in
which it would be possible to determine the aver-
age infecting dose of suphylococci for man. Tak-
ing a figure of 0.01 colonies per fi? per min, and
assuming an effective target area of | f1? (to in-
¢lude instruments, etc.) and a duration of opera-
tion of 2 hr. a frequency of operating room
infections of 1*, would imply that the 17, infec-
tive dose is about 1 staphylococcus-carrying
particle But, to put any real nwaning into the
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tigures, we need to mensare the air count and the
sepais rule in & far greater number of patients than
has set been attemmted and to curry out at the
wame time elaborate bucteriological cultures on
the patient himaelf and on the ward to try to
assess the relative importance of routes of transfer
other than air. And we should remember Burke's
(12) thews that sepsis is oflen determined largely
by the condition of the actual tissie on which the
staphylococcus alights, and on the state of the
patient; if his observations are generally applica-
ble, there are usually plenty of staphylococei.

Infection in Wards

There is ample documentation of the rate at
which both newbomn infants und aoult patients
become nawt curriers of the prevalent staphy-
lococcus in muny hospital wards (50). it was
reasonable to postulate in the first place that
these staphylococci reached the nose by way of
tte air. Evidence has been sought on this point
it severnl ways—by examuning the order in which
ditferent parts of the body are colonized, by
attempting to interferc with transicr by one route
or another, by trying to identify the source of the
staphytococcus more precisely, and by relating
the scquisition rafe to the staphylococci found
in the air.

The most precise investigations in this field
corxern newborn infants. It was shown, first,
that the umbilicus and abdominal skin are gener-
ally colonized before the nose (25, 48). Second.
Rammeikamp and his collaborators showed that
a nuree carmier only conveyed her staphylocovei
to infants if she handled them (61), and later
that the colonization of the infunts could be de-
Inyed by increasing the precautions against con-
1act infection (31, 32} With very strict precau-

Tam- V. Primary site of colomization in adulis

No ol
nass

alients who b amn

watters |h ward
Catrotl siles ete | Jusilnge

Vwtore nowe tof staphs kv of

ame hagr ty e Note Nowr
naline ot Totet
iwhe omY
or mure only
None W B, H
- <
Clothing only [ A -8 v !
Dressing or wound 7 ) 12
Hand of other skain ute 14 2 16
Total 38 s L]

* Paticnts suabbed daily ; apparent acquisitions
on hnt Y days of hospital stay, and acquisitions of
untypable strains, uxcluded.
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tions against cross  infection, the rate of
acquisiion of staphylococci was reduced from
41 to 147 ; the lutter infections were assumed (0
be due to aerial hansfer. The relative umimpor-
tance of inhalation infection in newbom infants
is perhaps hardly surprising when one considers
thet the infant has a minute volume of only about
500 mi (about 0.02 f1*), and that he has io be ha..-
ditd frequently, usually by nurses who handle a
good nmny other infants. But a 141 acquisition
rale in a d.day hospital stay is equivalent t.
some 3 to 4, per day, which ts of the same
order as observed in adult wards.

With the evidence from the newborn infants
in mind, 1t is pertinent to ask whether the nose
or some skin site i the first area to be colonized
in the adults who acquire staphylococci in hos-
piaals. It is obviously more dilficult 1o obtain evi-
dence on this for the adult than lor the infant, but
in a study of surgical patients (22) R. A. Hender-
son exismined swabs daily from the nose, skin of
the hands, skin near the wound site, wound, bed-
clothes, and environment (Table 1). Some 207,
of the K1 patients who became nasal carriers
yickded staphylococui of the relevant phage Gype
fron: one or other of the two skin sites before its
sppearance in the nose, and a further 13, had
vielded the stuphylococei from the wound. In
the remaining 66°, of acquisitions, the nose was
the first site on the patient found to yickd the
staphylococcus. Two important provisos have o
be entered here: there was a striking dominance
of staphylovowi of one phage type among the
acquisitions in the ward, which meins that there
is & senous risk of regarding as reluted two inde-
pendent dcquisitions; and the area of skin exam-
ined was very smatl and perhaps not representa-
tive. Additiorally, even skin or clothing con-
tamination might cesult from airborne trunsfer,
which need Rt operate only to give inhalation
infection. Howerer. the evidence, such as it s,
does not contravert the idea that direct inhalation
infection is important in the acquisition of the
nasal cairier state in adults.

In our recent study at St. Mary's Hoapital, 53
patients were observed (0 acquire nasal carriige
of S. aureus while in the ward. The sanme phage
type had been recovered from the air prior o s
recovery from the patient in 64°, of cases 1 Table
2). In this ward, there was no nurked domimance
of one type, and indeed 25 ty pes arc represented
among the 33 acquimiions. Agitin. this 1s not for.
mal evidence that the masal carter state wis
acquired by inhalation of cocus. but 1t is consis-
tent with such an explanation

Further evidence for the importance of aeril
trunsfer comes from studics of different ward

~
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structures. In an open 22-bed ward we found that
separation of patients by the full !ength of the
ward (about 50 feet) only reduced the rate of
acquisition of staphylococci by about one-half,
as compared with the acquisition rate for a patient
in a neighboring bed (59). At the other extreme,
very low nasal acquisition rates have been found
in patients nursed in single rooms opening to
fresh air, that is, when the chance of aerial trans-
fer from one room to another is very low indeed
(40). There also appeared to be very litile spread
of tetracycline-resistant strains from patients
nursed in isolation rooms fitted with exhaust
ventilation, and the acqusition rute for such
strains was greatly reduced in a ward in which
all patients harboring such strains were isolated
(59;.

In adult patients, there are technical difficulties
in recognizing the acquisition of nasal carriage
that are not present with infants, since truly per-

TasLE 2. Number of patients showing apparent
acquisition of nasal carriage in relation to
previous air exposure (S. M. H.)*

: Staphy lacocci of
No. of ueeks nose | o .

acquired type—
negative for the
acquired T T Total
staphylococcus Found Not found
before acquisition - jn air in_air
previously previously -
1 15 @@ 11 @) 26 (17)
2 i 9 (6) 2 (2) 1 (@
3 3 () 2 () s O
4 3 a) Sy s M
S+ 4 (1) 2 (1) 6 )
Total 4 Q) 19 ds) 53 (36)

WILLIAMS

* An additional 13 (9) patients were found on
admission to the ward to be carriers of a stephylo-
coccus previously found in the air and so may well
have acquired their nasal carriage in the ward.

¢ Numbers in parentheses give patients carrying
the acquired strain on one occasion only.
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sistent carriers may fail to yield staphylococci on
some occasions, However, since carriage of tet-
racycline-resistant staphylococci is even now
relatively rare (at least in Britain) in people out-
side hospitals, such strains form a convenient
indicator of hospital acquisition. Some rates of
acquisition of tetracycline-resistant staphylovocei
in various wards are presented in Table 3 Un-
fortunately, data for tetracycline resistance of
staphylococei isolated from air samples in these
wards are not available, so it is only possible to
compare the ranking of the wards with respect to
the two parameters. The very limited results sug-
gest that the acquisition rate was higher in the
wards with the higher counts of air staphylococci.
For various technical reasons, it has not yet been
possible to test directly the relation of the acquisi-
tion rate to the exposure to particular sizphy-
lococci, though this clearly needs to be done.

Minimal infective dose. If we are to understand
the epidemiology of airborine infection, we must
know the minimal dose of microbes ordinarily
needed to effect colonization or infection; this
number is not known, but it is so important that
it seems justified to indulge in some extrapolation
from the few figures available. Shinefield and his
colleagues, in their investigations of bacterial in-
terference, found that they could set up a carrier
state in the nose of 50¢; of newborn infants by
the inoculation of between 200 and 400 cocci. As
noted already, most airborne staphylococcus-
carrying particles aopear to contain no more than
one to six viable cocci.

In experimental infections, it is generally found
that the relation between dose and attack rate is
not linear, but conforms to an S-shaped curve.
For extrapolation to be possible, it is therefore
necessary 1o apply some transformation to the
data, e.g., to plot the logarithm of the dose inocu-
lated against the probit of the percentage attack
rate. This has been done in Fig. 6 for the data
obtained by Shinefield and his colleagues (43,
supplemented by # personal commrunicei’ wn from

TABLE 3. Acgquisition of nasal carriage of tetracycline-resisiant Stophylococcus aureus in relation to duily
exposure 10 airborne stuphylacocct

Median ! Acquisition
Refertace . Type of ward ‘ (T::::l:’ | (v:‘:‘:em
i M hn | perday)
- : S o
! _ I , -
Williams et al. (99), Noble (33) | 22-24 bed open, S. B. H. 8 0.7
Shooter et al. 47, 22 24 bed divided in two parts, S. B H. g 0.6
‘ ’ 8 03
Williams (in preparation) 14 beds in 4 rooms, S. M. H. 4 | 03
Lidwell et al. (27a) ! 30 beds in 9 rooms, S. B. H. 4 | 0.1

FThese values are estimates based on mean counts provided by O. M. Lidwell, converted 10 medians
on the assumption that the distribution was similar to that in the eatlier S. B. H. studies.
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Fii. 6. Relation beiween dose of staphylococci inoc -
wdated into infums’ noses and acquisition rate for nasal
carriage. Based on figures hindly supplied by Henry R.
Shinefield.

Dr. Shinefield), and the points lie very close to a
straight line. Extrapolation of the linc back would
suggest an attack rate of about 0.02¢; for a dose
of five cocci. The observations of Shinefield et al.
were made on newborn infants who are presum-
ably more susceptible to staphylococcal coloniza-
tion than adult subjects, but, in the absence of
any other figures, the calculation may be worth
pursuing.

The data in Fig. S suggest that the median
number of staphylococcus-containing particles
inhaled in the S.B.H. wards may have been about
18. Each of these particles probably contained,
on the average, about 4 viable couci, so that the
total daily dose inhaled could be estimated at
about 70 cocci; if the dose-response relation ob-
served by Shinefield were apolicable to the adults,
this doce might be expected 1o gencrate a ‘“take-
rate” of just over 109, per day if all the inhaled
partkles co-operated to set up the carrier state,
or 0.16"; il they acted independently. Unfortu-
nately, we do not know how many of the airborne
staphylococci were tetracycline-resistant, but the
apperent acquisition rate for tetracycline-resist-
ant strains was about 0.7, per day.

In the S.M.H. divided ward, the median dose of
sensitive and resistant staphylococci inhaled was
about 16, which on Shirefield’s figures would indi-
cate a take-rate of 0.65;, or less than 0.01¢; if all
the particles acted independently; the actual rate

of acquisition of tetracycline-resistant strains was
0.3<¢ per day.

These and some other similar data are presented
in Table 3. Although quite insufficient to indicate
a clear relation, they suggest that the staphylococ-
cal acquisition rate in different wards may well
be related to the air count. In fact, the acquisition
rates in the wards are, considering the amount of
extrapolation involved, clearly of the samic order
us those predicted from Shinefield's figures. But
at least these calculations clearly indicate that
there is no wid mprobability in the idea that the
acquisition of the nasal carrier state in surgical
patients results from the inhalation of such air-
borne staphylococci as can be shown to occur in
the wards. The number of complicating factors
in any precise analysis is formidable.

In the first place, as already noted, the figure
for a median bacterial count concesls enormous
variations, and we clearly need to know whether
a short exposire to a large number of airborne
staphylococci is equivalent to 8 more prolonged
exposure to smaller 2;umbers. A sevond complica-
tion arises from the fact that staphylococci ap-
pear (0 vary in their ability to colonize the nose
(57), so that there is reason to think that inhala-
tion of large numbers of cocci of some strains may
be less effective in setting up the carrier state than
inhalation of others. The third complication arises
from differences in the recipients. The phenom-
enon of becterial interference, studied in detail
by Shinefield et al. (43, 43a) in infants, almost
certainly operates in adults also. Several workers
have shown that patients admitted to hospital as
carriers of S. aurens are less liable to acquire hos-
pital strains than patients admitted as noncarriers
(e.8.,58). The fact that, at least in open wards,
patients treated with antibiotics acquire hospital
staphylococci in the nose more often than those
who are not (e.g., 39) is presumably another ex-
ample of the same phenomenon, which was well
demonstrated experimentally by Boris et al. (9).
At the same time, antibiotic treatment probably
prevents nasal acquisition in other patients.

Relevance of Nasal Acquisition

In the operating room, we must assume that,
whatever the dose-response relation, the aerial
transfer of staphylococci to the wound itself is
potentially imporant. It may be isked whether
there is any corresponding relevan.e in the nasal
acquisition of staphylococci in the wrids. There
scemn 10 us to be two ways in which the nasal
spread is important.

In the first place, it appears that, at least in
some circumstances, nasul carriage of staphy-
lococci predisposes to postoperative infection
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(58). There has been some discussion on the sig-
nificance of these observations (3, 22, ), but
scrutiny of the records of a considerable number
of patients leaves no doubt in my mind that the
phenomenon is real, even if not generally so fre-
quent as suggested by our original observations.

But nasal carrviage is also relevant in that it
seems 10 be the mechanism by which the endemic
staphylococci persist in the hospital. Such per-
sistence can often be for a long prriod. For ex-
ample, at Saint Bartholomew's Hospitnl we
observed the spread of 4 stuphylococeus of phage
type 75. 77 which continued from the start of the
study in onc ward in February 1959 until the end
of January 1960. During this period of 1 year,
there were only 39 days when there wis 10t pres-
ent a patient who was either known or reason-
ably presumed to be a carrier of the strain. A
total of 23 patients were infected with the strain,
but only 6 of them had any clinically infected
lesion.

CONCLUSION

The commensal association of staphylococci
with man is universal (56) and to a large degree
harmiess. The transfer from one individual to
another must, under ordinary circum-langes, very
often be by direct or indirect contact. But ability
to disperse S. aureus into the air in large numbers
is a characteristic— sometimes temporary and
sometimes persistent of a number of healthy
people, and wherever we go indoors there is a
chance that we shall inhale staphylococei. [A few
abservations in two Post Offices in London have
given an average sedimentation count of 0.01
colonies per fi2 per min, a figure quite similar to
that for hospital wards 1J. Corse, personal
communication)]. But it is only in hospitals that
any detailed study of the processes of transfer
has been made.

Airborne transfer in hospitals gains its special
significance from the fact that, if this route is
actually operative, a single disperser is potentially
able to infect a considerable number of other
patients, who need not be confined within the
same room, of even perhaps on the same Aoor;
and the transfer of infection cannot be contained
by ordinary methods of asepsis.

The evidence that has been reviewed sems to
leave little doubt that airborne transfer can be of
importance. It suggests that the acquisition of
nasal carriage of S. aureus by patients nursed in
hospital wards can be explained if the dose-effect
relationship determined experimentally in infants
ic approximately applicable to adults. 1f the re-
sults obtained in the studies reviewed can be
confirmed c'sewhere, we should have a rational

N
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hasis for assessing one nspect of hospital hygiene
in relation to the prevention of staphslococenl
infection. We still lack, however, a precise meas-
ure of the relative part pluyed by this airborne
spread in the etiology of staphylococtal hospital-
acquired infection generally.

1o take surgical wound infection as an ex-
ample, we have to recognize that infection can be
derived from: (i) staphylococci carricd by the
putient on admission to hospital: (i) staphy-
lococet that the patient has come to carry in the
nose and on the skin after admission, which sub-
sequently enter the wound: and (iit) staphylococci
that reach the wound directly without the prior
intervention of the nose or skin carrier state. It
appears that aecrial transfer plays a major purt
in the second of these categories and a pant
sometimes major and sometimes minor —in the
third. But we have insuflicient precise evidence
on the relative importance of the three categories
themselves. The proportion will clearly  differ
greatly from one hospital to another, and within
one hospital, from one sort of surgical operation
to unother, and from time to time.

The challenge with which we are faced is to
provide much more firmly based estimates of the
relative frequencies in these categories und the
fuctors that determine them. The practical justi-
tication for attempting such an analysis is that it
can provide the only basis for judging how best
to construct and ventilate hospitals. And the
fundamental difficulty of performing the analysis
is that in any hospital, where the analysis would
be practicable, the overall incidence of infection
is probably no toore than | to 2*,, and this small
proportion must bhe distributed over all the
virious routes and sources,
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Discussion

ALEXANDER D. LANGMUIR
Epidemiology Bronch, Communicodle Disease Cemier, U.S. Public Heulth Service, Atlunta, Georgia

Dr. Williams has presented a perceptive review  surgical operating rooms and of its spread to
patients. It is impressive how much work has

of our knowledge of the occurrence of Sraphy-

Iococcus aurvis in the air of hospital wards and  been reported during the past decade and what a
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major contribution Dr. Williams and his col-
lcagues have made to the total body of this knowl-
edge. He has been penetrating in his anslyses and
careful to limit his rather guarded interpretations
and conclusions to areas in which he has sub-
stantial microbiological data to support his long
experience.

The present discussant has neither these assets
nor limitalions. As n general practitioner of epi-
demiology and an early convert to a recognition
of the importance of airhorne infection in some
diseases, [ believe | can best contribute by dis-
cussing certain broader issues that may be related
not only 10 the subject of staphylovoccal infection,
but also to the whole purpose of this Conference.

In his introductory pmragraph, Dr. Williams
points out, "It is a charucteristic of the airborne
route of infection--in contrast to transfer by lood
or water—that whenever there is the possibility
of aerial transfer there is almost always also the
possibility of trunsfer by other routes.” Qbviously
Dr. Willlams was thinking abcut staphylococcal
infection in hospitals, where his concept is cru-
cially imporum. but, considering the gencruliza-
tion as stated, it necds considerabie quulifications.

Until the mid-1940's, our concepts of airborne
infection were vague. In fact, to most epidemiolo-
gists and microbiologists, the term still carriod
the stigmata of miasms and malarias of the pre-
bacteriological er. During the past 20 years,

in no small part to the studies conducted by the
U.S. Army Biological Laboratories and the Mi-
crobiologicul Research Establishment in the
United Kingdom.

The clinical, pntholomcal andep«lumolwul

infections leave no basis for confusion as to their
airtborne origin. In these diseases, the portal of
entry is the terminal bronchicle or alveolus of
the lung. Infection arises by the inhalation of
smlllpnmclesltol W insize, "'hepnmlryplthol
ogy appears in the periphery of the lungs or
mediastinum. Epidemiologically, there isa hutory
of direct exposure (o an aerosol or 10 gross aerial
contamination of large rooms, whole buildings,
and at times the outdoor atmosphere. The air-
bormne character of these dissases can no longer
be mationally disputed. When these infections
occur by other routes, for example, scrofula from
tuberculous milk, tularemia from a tick bite, or
bubonic plague from a flea, the clinical and epi-
demiologicul patterns are distinctive.

Tuming our attention to infections in which

the portal of infection 1s the respirutory epithelium
of the nowe or the tonsillar tissue of the naso-
pharynx, the problem of differentiating possible
multiplc routes of transfer does -ise. It has long
been a challenge to the epidenvologist to dis-
tinguish among four related, but distinct, modes
of spread: (i) direct contact, as in kissing, (u) in-
direct contact, as in the use of contaminated
surgical inatruments; (iii) droplet infection with
direct impingement on the face, mouth, or con-
junctiva; and (iv) asirborne infection from the in-
halation of suspended droplet nuclei or infectious
dust particles that have travelled son.e distance
through the air.

In is interesting and pertinent to isolate staphy-
lococci from the air of wards and operating rooms
and to show that these organisms have retained
their virulence. Likewise, it is highly suggestive
to isolate staphylococci from the anterior nares
of postoperative patients. But such findings by
themselves are insignificant. The human nose is
an excellent fiiter, especially for larger aerosols.
The isolation of a few staphylococci from the
nose, particularly if only on a single occasion,
may be of littie or no significance. The infectivity
ol a dried bacterial particle in metubolically sus-
pended animation almost certainly is Jess than
that of a droplet. Such a moist particle may carry
actively metabolizing bacterial cells along with

Whltueumthllndwrywidemeu!he
demonstration that the elimination of one or more
of the means of spread, keeping the remmining
oncs constant, radically and consistently reduces
the incidence of actual disease. The importance

lished 30 long ago that it now tends to be forgotien
or ignored. The development of aseptic surgery
wowdﬂltconhctmsnndomhnmmodeof
spread of suuul sepeis and that airbome in-
fection was of minor consequence, Application
the same aseptic principles to hospital manage-
permitted the development of the modern
pediatric hospital and contagious disease services,
again establishing the dominant importance of
-infection,

It is more difficult 1o distinguish precisely the
role of droplet infection, because it is so closely
associated with direct contact. The tenency of
many persons to equate droplet infection with the
.urbormroutemherthcnmmcmmus.mm

gﬂ.
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associated with aseptic techniques rather than for
the engineering methods applicable 10 the contrul
of aerosols and dust.

Some rather heroic efforts have been made 10
control airborne infection in pediatric and surgical
wards and operating rooms with controlied ven-
tilation nnd ultraviolet irradiation. [t is A safe gen-
eralization to say that, the more carefully
controlled these experiny nts, the less impressive
the evidence in favor of sirborne infection has
becn. As emphasized by Dr, Williams, when strict
nsepsis is enforced to minimize contact and drop-
let infection, the rate of hospital-acquired
infection in reduced t0 well below 3¢, and mmy

Bacvrmun Rey

reach 19, It s excecamgly ditlicult to prove
whether this low residual rute results from asr-
bhorne infection or from faiture of the asepti
technigues 10 eliminate all conact.

Dr. Williams has drawn guarded conclusions
regarding the role of airborne staphylovocval in-
fection in hospitals. He has emphasized the mul-
tiple sources of infection and modes of spreid. He
admits (hat “we have insuflicient precise evi-
dence™ on  their relative importarce. The
cpidemiologival cvidence, alvo fur from precise
und bused on more general considerations, sup-
ports his caution.

Discussion
Viability of Hospital Staphylococei in Air

K. C. STRASTERS' ann K. C. WINKLER
Laboratory for Microbiology, State University, Utrech, The Netherlunds

The role of airborne transmission in the spread
of staphylococei in hospitals (3) has not been
definitively established. Though several authors
studied the survival of stuphytococei in wir and
on surfaces (1, 2, 4), exact xnowledge of the
survival of “‘epidemic” end “nonepidemivc’ sirains
is scarce.

The survival of a number of strains (Tor des-
cription, see Table 2) in air of differing relative
humidity (RH) was studied by spraying with &
direct spray (FKB) in a static system (4,000 liters)
and sampling 10 liters in a slit sampler on blood-
apar plates (Fig. la). The rcference strain no.
16800 (isolated from a nase swab, phage type 1R7)
showed a low decay -ate at 30, RH and an -
crensed decay rate at high RH (Fig. 2). This effect
was generally found with most sirins. Luring
the experiments, it became clear, however, that
by varying the growth medium, the uge of the
culture, the suspension medium, /e method of
acrosolizztion, and the compasition of the col-
lection plates, anv deuired result could be
obtained. Decay curves could be logarithmical
or curved, and the eflect of relative humidity
cvould be very marked or nonexistent. This vari.
ability was specially marked at high relative
humidities, and less so below 50‘,. The late

“Deecased 28 October 1965

Tast 1. Survival in air of strain isolated in
Aespitals compared with reference
strain 1600 (W’ ; RH)*

Strain Phage Lyiw KXo KKy

1600 187 ¥7,81, 19, 89" 1.00
8S, 98, 82, 06,533 :
93, 76,97 |

| 80/81 9s 1.09
7 80,81\ 74 0.94
1?7 80,81 n” 0.8
1. $2/80,81 n on
} 32,30/81 7 “0.%9
1] 52730781 70 [ ]
130 A 32/80/8) 76 0.9
451 A 82/80/81 KU 0.
2 NSt B4 0.97
1308 NSIIIL 87 1.0
451 B NS I-1I 76 (IR
4 il » . 0.98
HiJ t 102 1.18
t t 92 1.03
16 w 108 R
15 83 A 114 1.27
1 M type A mn 1.38
9 n ™ ¢ 1.00

* Three strains were tested daily together with
thte reference strain. K/K 4. was calculated with
the K. Observed on that day. Calculation based
on the mean of K4, reduced the differences.

l



\ZE R L Y

sppeatance of small colonies on collection plates
ut high RH (Fig. 1b) indicated thut many orga-
nisits were damaged od started growth only sfier
s long lag.
An instance of varisbility with culture age is
@ven in Fig. Y and 4. Figure 3 gives the growth
curve of strain 160D 1n nuirkent troth (Difcoi.
At the indwated imes ( 1), the number of single
. organisms and of clumps of two, three. o more
orgnnium. waus determined, or o« wmple of the

b 1 Colomes of staphylocoeci ;sirain 1600) re-
tvered fr aernals m uie of 00 C on Nowd-apar
Plates in u slit sampler. The four sectors represent X0-
min (I0Niter) samples 40, 43, 30, and 60 min afier
arrosVization, ) 8P [ RN, wnifoens colonies - i 20,
RH . increusing wumbers of smud! colosies e 10 merg-
Mdw kimage i luter sumples.

DISCUSSION
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Fi0. 2. Decay curves of Suphylocaccur o, 1600 o1
e RH (@) ond a1 757 RH (0),

"w

Trmg (e}

F10. ). Growth curve of siruin 1600, with Jreguency

distribution of single orgunisms and clumps of various

sizes shown af the botsom of the hgure cright howd scale).

At the indivated times i | 3, samples were dilwted and
aerosolized (compure with Fig 4).

.
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culture was diluted ( ;) and acrosolized. Figure
l‘sivalhmwdimdeuycmn T0¢<;
R

Finally, we arrived at an experimentul pro-
cedure that gave reproducible results and decay
curves which were siraight on a logarithmic scale
(Fig. 5 at all RH levels. The struins were inocu-
iated from stock cultures into 10 ml of meat
infusion broth and incubated for 8 hr at 37 C.
This culiure was diluted 1:300, and a standard
droplet (0.0 ml) was moculated mio 20 mi of
meat broth which was incubuted for 16 he on a
turntable at 37 C. This culture was diluted with
meat broth to an extinction of £ - 0.180 (Uni-
cam). A further dilution of 1:100 was mmde with
ment broth. This suspension containing ahout
6 X 10° viable particles per cubic meter was
sprayed with a direct spray (FK 8; with $ atm
of nitrogen (0.5 mi in 4,000 liters). Collection was
on double-layered biood-agar piates with 107
sheep blowd in a meat broth base. important
features scem to be the incubstion under slight

agiation, the use of metabolically wert orga.
nisms after 16 hr of growth, onussion of ventalu
gation and washing, and the use of a direvt spra
Recoveries were between 40 and 8. At low

o %y

e

}

i

e PO - ki

] » [ ] ] "
Limd {min)

Fi. 8. Deray cutves of staphylocorvt at %7 ( RM
Srandardized experimental procedure  Curves calin-
lated with least sqmires. Strains 1, 2, and 2 from Table |.
No. 4 = strain 1600.

-\ - TanLs 2. Survival in eir of strains whick had cansed
: epidemic ¢vents In hospitals, compared with
reference strain 1600 (907, RH)
strain *' Phags iy e A X i KKyer
200~ 1600 187 88 1.00
nn 80/8! ]? 0.9
; 1828 ’ 80,81 n 1.03
; 8% ! 808 7 ol
i a0 0 B0/8) % 1w
i kB ad $2/52A ‘8 -A1 n 0.7%
C ——— 8mn 677/47/80/54:7158YA 81 70 0.
o n w0 w B i MM 6/S)BIA 9 096
/Y NT type A M 088
Fi. 4. Varikince of decay carves with culture age 382} © B3A ("] 0.96
O, RH). — :
B A - et  _ v
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RH. they were slightly higher. Differences between
drains were neghgible. In Table 2, the mean
recovery was 48, withe = 24¢,.

The results with 4 number of strains are given
n tables 1 and 2 in teran of tote! decay rate K

.

‘X - ‘“(:: . where N =
s and 1 - ine 0 minutes) Physeal Tall out
i the satem. as tested with spores and with
Muorescin. wis below A - 0002, but was not
wbiracted ™o obvious ditference was observed
tetween sttins of vatwus phage tspes, all iso-
lated from patents (nowes, lewons, etc) of
hetween the sirmins received by the courtesy of
M.T. Parker from the Central Public Health
Lahoratories st Colindale, London, England,
which had given riwe (0 epidemics (Table 2).

The datn swem to indicate that “epidemic”
strains do not swirvive hetter than other strains

number of orga.

DISCUSSION
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in air. Considering the dithiculties in standardiza -
tion of experimenwul conditions and our lack of
knowledge of the faciors causing the reprodui
bility, it remains possible that differences hetween
strains are masked by the procedure used
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INTRODUCTION

Coccidioidomycosis, a highly infectious but
noncontagious dissase caused by the dimorphic
fungus Cuccidioides immitis, is limited mainly to
the desert regions of southwestern North America
and the Grand Chaco-Prmpa region of South
America (Fig. 1).

This disease, primarily a respiratory infection,
manifests itself over a wide range of severity,
from acute bronchitis or pneumonia in about 40,
of the infections to subclinical or nonsyniptomatic
disease in approximately 60¢; of the instances
(10, 30). Occasionally, in a few infections (0.5 to
2¢,), extrapulmonary dissemination takes place,
resulting in a fatality rate of approximately 50¢;
in the disseminated cases (Fig. 2'. The discase is
of great economic importance in the endemic
areus, from the standpoint of both human and

canine infections (16, 25). As an example, Hugen-
holtz {19a) has reported that at Williams Air
Forcc Base, ncar Phoenix, Ariz., the cost of man.
hours lost and of hospitalization due to coc-
cidioidomycosis approaches $70,000 per year.
Other Air Force buses in the area have estimated
the cost of these infections at $50,000 to $100,000
yearly. When the number of Air Force Bases,
Army insuallations, etc., in thc Southwestern
United States is taken into consideration, this
could amount 1o & significant cost to the govern-
ment.

Respiratory exposure results from inhalation
(20) of arthrospores nf the saprophytic phase,
which grow in the soil and are disseminated by
wind auring dust storms (12, 30). Although C. im-
mitis zan readily be isolated frora the soil (5-9,
15, 23, 33), isolation by means of air samplers is

678§
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F1G. 1. Endemic areas of coccidioidomycasis in North, Central, and South America 1 10). (Courtesy of M. J.

Fiese.)

extremmely dithicult. Consequently, not much is
known concerning the size of the infectious dose
in nature.

The purpose of the present study was an at-
tempt to determine the infectious dose by the use
of laboratory animals as “biological air-sam-
plers.”’ As a baseline for the study, the U.S. Army
Biological Laboratories has a large amount of
data (2-4, 28) on the pathogencsis of coccidioido-

mycosis in monkeys and in dogs (serology, histo-
pathology, X ray, etc.) exposed to graded respira-
tory doses of 10 to 80,000 C. immitis urthrospores.

In our expericnce, the dog was as susceptible to
the disesse as the monkey, but was more resistant
to its effects, because of its ability to maintain n
blood supply to the lesions for a longer period of
time and because of a faster and more prolific col-
lagen response to the presence of the organism

—p— e -—



(3). It was postulated that the monkey is mostsus-
ceptible to the ravages of the disease, that the dog
is Jeast affected, and man is somewhere on the
scale between the species, but probably much
closer to the dog than to the monkey. Moreover,
other experimental studies in dogs by Reed (26)
and Hugenholtz et al. (13) bave indicated that the
pathogenesis of coccidioidomycosis in man and
dogs is very similar; the only real difference lies
in the bone lesions, which are more destructive in
man and more proliferative in dogs (16, 25).

With this type of data available, it seemed logi-
cal that observations on monkeys and dogs ex-
posed in the open, in an endeniic area, might be
compared with observations of animals receiving
known experimental respiratory doses, thereby re-
sulting in a valid estimation of the infectious dose
of C. immitis received by man in nature.

ChotCE ofF LOCATION FOR NATURAL EXPOSURE OF
ANIMALS

The endemic areas of coccidioidomycosis and
the climatic and geophysical conditions necessary
for growth of C. immitis in the soil have been
firmly established. Amongthe major contributions
in this area of study have been: (i) the very thor-
ough epidemiological studies of C. E. Smith and
his co-workers (29-32) and Palmer et al. {21),
using coccidioidin skin hypersensitivity in man to
define the endemic areas, and to correlate rainfall
and dry, dusty atmospheric conditions with sea-
sonal morbidity rates (30); (i) similar studies by
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RECOVERY
MILIARY
PRIMARY ACUTE ACUTE DISSEMINATION
PULMONARY
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X -.-:m by Hons. MENINGEAL
H A%, mild ®w ecvte
.
PROGRESSIVE
N DISSEMINATED
z INFECTION C DISSEMINATION
- (30 v 60K Potei) ( Mey erist for soveral yoon
belore recovery or death)
RARELY DISSEMINATE {[Vary rore snd vety herd te prove
MYﬁm ARE LONG DRAWN. Gonsrolly ore sacundery foci of
SKIN INFICTIONS out ¥ napporent dirseminated imfechens )

P10, 2. Schematic summary of types of fection caused by Coccidioides immitis.

Maddy et al. (17, 18) through widespread skin
testing of home-grown cattle; (iii) Hugenholtz’s
study of the optimal climatic factors for growth
of C. immitis in the soil (12); (iv) the extensive
soil studies by Egeberg (6, 7) and others (8, 15,
22), associating soil types and salinity of the soil
at various seasons with optimal growth conditions
for C. immitis; and (v) a demonstration of the
close association of the boundaries of the Lower
Sonoran Life Zone (Fig. 3) with those of the
known endemic areas of coccidioidomycosis, by
Maddy (17).

These investigators have suggested that ideal
conditions for the fungus to maintain itself in the
soil include an arid or semiarid climate, hot sum-
mer months, mild wir er temperatures, light,
slightly alkaline, uncultivated soil with sparse veg-
ctation, and 5 10 29 inches (13 to 51 cm) of annual
rainfall. They postulate that the hot summer tem-
peratures sterilize the upper 4 to 6 inches (10to 15
cm) of soil, eliminating all competitive orgaaisms,
and leaving this layer a good medium'for growth of
C. immitis afier the next rainfall; the arthrospores
from this growth are then carried off by wind dur-
ing the next dry spell.

For the purpose of the present epidemiological
study, the Tucson area in southern Arizona, lying
in the heart of the endemic area for coccidioido-
mycosis, was chosen as the exposure site. The in-
fectivity for man in this area (Fig. 4) approaches
70¢; in long-time residents, and for cattle is closer
to 80<; (18). The facilities of the College of Agri-
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F10. 3. Area of the United States covered by the Lower Sonoran Life Zowe (17). (Courtesy of Keith T. Maddy.)

culture, The University of Arizona, Tucson, were
made available for the project, under direction
and cooperation of the Department of Animal
Pathology.

PHYSCAL SeT-UP O ANIMAL Exposymr SITes

Three fenced-in (chain-link) areas, approxi-
mately 30 by 40 fi in size and approximately 100
fi apart, werc comstructed in a shallow arc ar-
rangement, affording cach enclosure exposure to
the prevailing wind (Fig. 5-7). The pens were lo-
catedat the University’s Casa Grande Farm in the
Santa Cruz River besin (a venturi-like geograph-
ical site, the local hills of which funnel the pre-
vailing wind through the area). This farm contains
feed-lots in which practicalty all cattle imported
from noncndemic areas eventually become in-
fected with C. immiris (19).

In each of the three enclosures (Fig. 8), eight
mixed-breed dogs were allowed free run of the
ares, and eight monkeys (Macaca mulatia) were
confined in open cages (Fig. 9) approximately 26

inches (66 cm) above ground level, under ap-
propriate shelter. All animals remained at the
open exposure sites for a period exceeding 1 year,
unless they becamne infected with C. inemitis. As
the animals became infected, they were immedi-
ately removed from the exposure site and were
replaced with reserve, susceptible animals.

PROCEDURES FOR DETERMINATION OF NATURAL
INvECTION

Two dogs and two monkeys from each expo-
sure pen (one-fourth of the population of each
species) were subjected to coccidioidin dermal
sensitivity tests, agar-gel immunodiffusion precip-
itin tests (24), and thoracic radiographs each
week. This provided a population observation
turnover once every 4 weeks. Each time an infec-
tion was noted, tests were immediately repeated
on all animals. In addition, all animals were crit-
ically observed, several times a day, for clinical
signs of infection.

e
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Fia. 4. Maps of Arizoma, showing infectivity (per cent) for man (left) umd cattle (right, 18). (Courtesy of

Keith T. Maddy,)

CLINICAL AND LABORATORY OBSERVATIONS OFf
NATURALLY INFECTED ANiMALS

As each infection was noted, the animal in ques-
tion was immediately removed from the exposure
site and placed in air-conditioned quarters at
another location (The University's Campbell Ave-
nue Farm, noted for its low infectivity rate; R. E
Reed, persomal communication) w0 lessen the
chance of further exposure to the organism. It re-
mained under observation until the termination of
the study. Changes in erythrocyte sedimentation
rate, packed cell volume, per cent hemogiobin,
total and differential leukocyte count, devetop-
ment of complement-fixation antibodies, and im-
munodiffusion precipitin titer were recorded
weekly. Rectal iemperatures were taken daily, and
thoracic radiographs were made at 4-week inter-
vals.

CoNTROL ANIMALS
Conuols for this study consisted of four types.
Ground Controls
Five monkeys were caged at ground level
(physical contact with the soil) for 6 months
(June to December 1964) of the 1-year period, at
one of the exposure sites, 10 equate any differences
in the monkey infection rate (housed several feet

above ground level) and the dog infection rate
(having free access 1o the soil).

Environmental Controls

Uninfected, susceptible monkeys and dogs were
maintained at the Campbell Avenue Farm (where
reserve susceptible animals were housed) and ex-
amined during and at termination of the study to
assure that the naturally infected animals were not
receiving any further exposure to C. immiris after
removal from the exposure sites (Casa Grande
Farm).

Experimentally Infected Coxtrols

Ten monkeys and eight dogs were inoculated
intratracheslly with 10 or 100 C. immitis arthro-
spores from a culture isolated from the soil of the
area under study. These animals received the same
clinical and laboratory tests as the naturally in-
fected animals. In addition, determinations were
made each week of serum amylase, serum glu-
tamic-oxaloscetic and serum glutamic-pyruvic
transaminases, total serum protein, and serum
protein fractions.

Animals from Former Experimenial Siudies

As a further comparison of naturally and ex-
perimentally infected animals, similar data from
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Fio. 5. Photograph of the Tucson area. Noie dust cloud visible at the base of the mousiain,

former studies (2, 4) of monkeys exposed, via the
respinstory route, to aerosols of C. immiris arthro-
spores (10 to 10,000 organisms) and dogs (R. E.
Reed, personal commumicaiion) inoculated, via the
intratracheal route, with 10 to 100,000 organisms
were assembled for use at termination of the pres-
ent study.

PATHOLOGICAL STUDIES

At termination of the study (52 to 54 weeks),
compiete necropsies were performed on all of the
naturally exposed animals (both infected and non-
infected) and all of the controls. Gross pathology
was recorded and photographed; the lungs and
any suspicious lesions were examined by impres-
sion smears for presence of C. immitis and were
cultured on Mycobiotic agar (Fisher Scientific
Co., Pittshurgh, Pa.) for recovery of the organ-
ism; tissues for histological study were fixed in
107, buffered formaldehyde, impregnated with
paraftin, serially sectioned, and stained with the
Giemsa and Gomori silver methenamine stains.

GEOPHYSICAL STUDIES
Climatic Factors

Throughout the 12-moath period (October 1963
to October 196+), continuous wind speed and di-
rection (anemograph) and relative humidity and
temperature (hygrothermograph) recordings were
made. Total precipitation was measured each day.

Soil and Aercbiological Studies

Soil in the area of the exposure site was ana-
lyzed 1o determine nercentages of sand, silt, clay,
and organic content, the hydrogen ion content,
and both qualitative ind quantitative analyses of
salinity (Na, Ca, My, K, Cl, SO,, CO;, HCO,,
etc.). In addition, four to eight surface and sub-
surface soil samples were collected, bimonthly, in
and around the exposure pens. These were plated
directly on Mycobiotic agar, and aqueous sus-
pension (1 :10 dilutions) were injected intranasally
and intraperitoneally into mice (six per sample)
for recovery of C. immitis. Mycobiotic agar plates
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Fia. 6. Aerial photograph of the Casa Grande exposure areu. The three exposyre sites (docation of pens) are
indicated by arrows. Note dry bed of the Santa Cruz River.

were exposed to the atmosphere each day for
recovery of the organism from the air.

CoMpARSON OF METEOROLOGICAL Data mom
™E PrESENT AnD OTHER EPIDEMIOLOGICAL
STUDIES

The meteorological factors (Table 1) were very
similar to those of former studies in the same
genenal region (South Central Aricona). Maddy
(17) and Hupenholiz (12), after analyses of
weather data covering periods of 10 to 20 years
in several locations in South Central Arizona, re-
ported meun July temperatures of 80 to %0 F
(26.7t0 32.2 C), compared with 88 F for the pres-
ent study. Their mean maximal und peak tem-
peratures were recorded as 105 and 110 F, respec-
tively, compared with 101 and 110 F in our study.
Mean January temperatures of 50 to 55 F in the
former studies were slightly higher than the 47 F
mean temperslure at Casa Grande Furm. The
average yearly rainfall of 9 inches reported by
Maddy, and 6 to 10 inches by Hugenho!tz, was
somewhat less than the 12.5 inches we recorded.

The only climatic factors that might have affected
this study adversely were mesn winter tempera-
tures about 10 degrees below normal (from Janu.-
ary on), with a very late, cold spring and an ex-
cessive amount of rainfall during August and
September (total of ¥ inches).

Recovery ofF C. ivuirix FROM AIR AND SOIL

Prevailing winds throughout the ares were not
very consistent during this study. Wind direction
varied greatly, but analysis of the anemograph
data indicated ‘hat most wind came from the west,
through the north quadrant, rather than from
the south through west as expectled. Wind speeds
sometimes as high as 34 mph were recorded. All
attempts to isolate C. immiris from the air met
with failure; however, two soil samples collected
in August 1964 and two in October 1964 were
positive for the fungus. The animal exposure area
was well bracketed by these four positive soil
samples (Fig. 10); one was actually collected from
within exposure pen 3.



Voi. 30, 1966 EPIDEMIOLOGY OF QO¢ CIDIOIDOMYCOSIS 683

SeasonaL MormDiTy OF Monkeys AND Doas  the 29 infected dogs and all 8 of ihe infected mon-

Five of 34 monkeys and 29 of 30 dogs became  keys) werc diagnosed during the cou'cr 1uunths of
infected with C. immitis during the 12 months  Nouvermber through March, Infections in an addi.
(Fig. 11). The majority of thesc infections (20 of  tional group of seven dogs and one monkey were

F10. 7. Growsd view of the sume area as in Fig. 8. Note Sanse Cruz River measndering ihrough center of photo-
PR vl exposure pens in upper left, neer hovizon.

Fic. B. View of one of the three expasure pens. The solid-appearing siructure extewding up the fence from the
grouwd is made of lourered aluminum, and permits the eniry of wind ond dust. The roofed structure visible inside
the fewce is the monkey shelter.




CONVERSE AND REED

- e p—

YRS T4 -y,
\Al&v?.:m::

F1o. 9. Close-up view of the monkey shelter. The battery consists of four rages (housing two monkeys each),
completely open on four sides und partially open on a fifth side. Note vne of the oil<drum dog shelters in the back .
ground. The dogs have free run of the fenced-in area (JO by 40 ).

TasLe 1. Comparison of weather conditions in three
epidemiological studies

) : s, H Present
Obretvation Muddy (177 W ody

Mean July tem-

perature 90 - 80-90 B8
Mean maximum - :

Temperature . . 108 10}
Poak tempersture 110 110
Mean January

temperasture. . .. 0 50-55 47
Minimum tem-

perature . 14
Ruinfall (inches ’

per year) . ... 320 . 610 - 12.8

(Avg 9)

classed as equivocal. These eight animals may
have received an exceedingly small exposure to the
fungus. In these instances, however, cither an
equivocal dermal sensitivity was never corrobor.
ated by serological or histological reactions, or

else the serological titers were very low and in-
consistent. Seven of these eight questionable in.
fections also occurred from November to March;
the other, in one of the five monieys housed at
ground level and having access to the soil, was
noted in October 1964,

PATHOGENESIS IN MONKEYS
Natural Infections

Only three of the five naturally infected mon.
keys developed precipitin titers, although all five
eventually became complement fixation (CF).
positive (Table 2). Only two monkeys cxhibited
histological lung changes indicative of coccidioi-
domycosis; these were very minor. Lung culturcs
of all monkeys were negative for C, immitis. The
five infected monkeys remaincd in apparent good
health during the 12.month period. showing no
clinical signs of discase; their serological titers
(both precipitin and CF) were comparatively low
(mean maximum of 1:8, with a range of negative
1o 1:64); very little evidence of infection was
noted in X-ray studies,
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F10. 10. Puttern of soil samples collecied in the exposure area. Dots imiicare samples (the four pasitive samples
ary circied). Note bracketing of exposure pens by the positive samples (one collected from within pen no. 3).

Comparative Pathogenesis of Natwelly Infected
and Intratracheaily Inocwiated Control
Monkeys

Table 3 indicetes that the 10 monkeys experi.
mentally infected via the intratrac heal route with
10 C. imwmitis arthrospores developed more serious
infactions than the five monkeys that became in-
fected through natural eaposure. All animals in
the inoculated group developed precipitin titers,
compared with only 60¢; of those infected natur-
ally. Although the mean titer was the same (1:9)
in both groups, no precipitin data were available
for the theee inoculated monkeys with the most
extensive infections. Such data ahould have sub-
stantially increased the meoan titer of the inocu-
ated group.

Of the inoculated group, 40¢; were clinically
ill, a3 indicated by weight loss, listlessness, and
coughing. This included one animal that died from
the infection 24 days after inoculation and two
animals that, upon sutopsy, were judged unable
to have survived. All animals in the naturally ex-
posed group were considered 10 have subclinical
infections.

wl:pon sutapsy, 80¢; of the inoculated monkeys

presence

the organism, compared with only 4077 of those
developing natural infections. The fungus was re-
covered from 60°; of the lung cultures from ani-
mals in the former group, but all cultures from
the latier group were negative. Firires 12 and 13
graphically illustrate the more extensive lung in-
volvement in the inoculated group.

Comparative Pathogenesis of Nawwrolly Exposed
Monkeys and of Monkeys from Former
Experiments Receiving Respiratory
Challenges by Inhalation of C.
immitis Aerosols

Again, as indicated by data in Table 4, less
severe disease was noted in monkeys developing
naturs! infections than in those infected experi-
mentally. Monkeys in several former studies, re-
ceiving caiculated inhaled doses of from 10 to
300 arthrospores. developed mesn serological
titers ranging from 1:128 to 1:512, respectively,
compared with a mean of 1:8 exhibited by the

-
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Tams 2. Hamjl infeciions in monkeys end dogs
! | ]
i Na. Ne.

Ne Ne.

, . i N ¢ shouing  with
it T S, T
: “hintest serolegy; cuk
: | changes  tures
Monkeyi M s s ] > 0
Dog | ® » 0 2 1] k)
¢ Very minof.

naturally exposed animals in this study. More-
over, a mortality of 30 to 40'; in the former
studies contrusted 10 the lack of morlity in
naturnlly exposed animals in the present study.

PamnoGenesss N Doos
Nawral Infeciions

The extent of the dissase, as well as the infec
tion rate. was much greater in the naturally ex-
posed dogs than in the naturaily exposed monkcys
(Table 2). Of the 29 naturally infected dogs, 20
developed dermal hypenensitivity to coccidiowdin,
and 22 exhibited positive serological titers (21 of
these 22 were positive for both the precipitin and

CF taats). Upon autopsy, 18 showed histological
lung changes due to C. immiris. In three instances,
C. immitis was isolated from the lungs by culture.
In 4 of the 29 infections, the disease was ding-
nosed by histological methods alone, since all
clinical and laboratory tests on these four animals
were negalive.

The majority of the 29 infocted dogs remained
healthy in appesrance throughout the obeerva.
tion period. Of the 29, 7 exhibited clinical signs of
ilinees (weight loss, listlessness, and coughing),
but these sppeared to have recovered before the
end of the experiment. From this standpoint, the
remaining 22 infected dogs could be classed as
subclinical cases of the disease.

Comparaiive Puathogenesis of Natwrally Infecied
and Intratracheally Inicwiared Control Dogs

In contrast (o the findings for monkeys, the
disense was more extensive in dogs infected by
natural exposure than in those inoculated intra-
tracheally (Table 5). None of the dogs in the
inoculated groups (10 or 100 arthrospores) de-
veloped precipitin titers, compared with 75 of
those infected naturally (mean titer of 1:16, with
» range of negative to 1:512). The majority of the

"“-———m‘ e TN T TR e -
T SN
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Tamy Y Comparison of naturally amd experimentully infecied pomhey

Postive serology

- - o e M
reN ¥ B et
10 arthrospores  1Xr, iy, ; mean titer - Har , A, onc dicd mt W, y,
tintratracheal 1R i+1:2 te 1:2% 1 122 24 days; 1wo
\ inoculation: +1:3 1:286 1 122 judped unable
142 1O survive
pd 12
| F N
Natural ex- my, ionc &Y, moan titer, on, None None &7,
Fosure equivogrls  1:8 rncgative to 1:02
1:64: 1B
1:4
1:d
11:2

* No data for the three anmais with the most extensive infections, which should have increased the
mean titer of this group
1 = incomplete reaction.

P 12 Comprative X ruvs of saturddly infected 1om amd experimentally igfected (hotiom: monkeys Note
urcas of pulmonary mhliratuw i the mujonity of aitimals receiving intrainaches! inocdation of 10 arthrospores,
as compured with the rviutioedy «leae longs af the ssturally mfected monkevs.
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F1G. 13. Comparative Aistological sections of naturally infected (top) and experimenially infected (bottom)
monkeys. Note particularly the lung tissue (comparatively normal appear ng in the naturaliy infected movikeys, as
compared with the large areas of cons~lidated lesions in animuls inoculate.: intratracheally with 10 arthrospores).

animals in all three groups eventually developed
CF titers; however, titers for the inoculated groups
were negligible (possibly equivocal) compared
with a mean titer of 1 :8 and a range of negative
to 1:256 in the naturally infected group. Climical
signs of iliness were evident only in the naturally
ir..cted group (approximately 25%¢), tut these
were relatively mild.

Upon autopsy at termination oi the observa-
tion period, C. immitis was not isolated by culture
from the lung of any of the inoculated dogs, but
was found in the lungs of 3 of the 29 dogs infected
by nawral exposure. Of the inoculated dogs, 38
exhibit-d histological changes in the lung indica-
tive of coccidioidomycosis, compared with 629;
of those exposed naturally. Although not too
much difference was noted on X-ray examination
of inoculu’ -d and naturally expnsed dogs (mainly
pulmonary lymphadenopathy in both groups),
Fig. 14 illustrates graphically the difference in
histological changes in the lungs of the iwo
groups. Although the disease in naturally infected

dogs was more extensive than that in naturally
infected mankeys, the 29 dog infections were con-
sidered to be relatively mild illnesses.

Comparative Pathogenesis of Naturally Exposed
Dogs and of Dogs in Former Studies Receiving
Intratracheal Inocutations of C. immitis

In former studies (R. E. Reed, personal com-
munication) of pathogenesis of coccidioidomycosis
in dogs, approximately 100 animals of various
age groups (from 6 weeks to 6 months) were given
intratracheal inoculations of graded doses (from
10 to 100,000) of C. immitis arthrospores. Unfor-
tunately, no serological data are available on these
dogs, but it may be seen in Table 4 that inocula-
tion of 10 or 100 arthrospores resulted in 10 or
20¢; mortality, respectively, as compared with no
moriality in the 29 naturally infected dogs.

ENVIRONMENTAL CONTROLS

There was no clinical, serological, radiological,
histological, or cultural evidence of coccidioido-
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TanLE 4. Comparison of naturally exposed infected animals with experimentally infected animals

Mookey
Dose | Meun® masimal titer | Morulity
| %
Natural exposure (un-! 1.8 0
known) .‘ (ncgative to 64)
10 , 1:128 40
; (64:256)
50-100 ! +1:25% 30
' (128:2%6)
300 ; 1:512 | 40
| (128:1,029) |

Dog
Do ‘ Mean mazimal titer Mortality
Natural exposure [ 1:16 )
(unknown) i (negative to $12)
10 —4 10
100 — 2

1,000 ! — 4
l

* Numbers refer to acrosol arthrospore dose (experimental; references 4, 14). These data represent
a total of 50 monkeys, at 5 to 10 monkeys per dose group.

* Immunodiffusion precioitin test. Numbers in pareatheses indicate spread.

¢« Numbers refer to intratracheal arthrospore dose (R. E. Reed, personal communication).

¢ Test not made.

TABLE 5. Comparison of naturally and experimentally infected dogs

- Positive serology® : s
I Gt | s, Mg
teat | Precipitation CF positive | poul
e % T %
100 arthrospores 100 | None 1005, " None | Nome . S0
(it)= i 2+ 1:4
' +1:2 X
! a=1:2 ;
| +1:2
10 arthrospores (it)’ 100 None 15% 1 None | None | 25
. +1:4 :
+1:4 |
*1:2 ;
Negative '
Nstural exposure | 69 i75%;meantiter,l:16 1455; mean titer, 1:8 | 24 10 62
| i (negative to 1:512) (negative to 1:256)

* Intratracheal inoculation.
* Figures in parentheses indicate span.
¢ Weight loss, listlessness, cough.

mycosis in any of the monkeys or dogs naintained
at the Campbell Avenue holding area as environ-
mental control animals.

Discussion AND CONCLUSIONS

Previous epidemiological studies (12, 17, 31)
have covered longer periods of time (10 to 20
years) and have included many more infections
than the present study. These factors would tend
to smooth out any inconsistencies, such as those
possibly caused by freak weather conditions af-
fecting growth of the fungus in the soil, or its
dispersal by the wind, during any one year. Most
observers have reported two peaks in the human

infectivity rate for coccidioidomycosis: one during
the hot, dry summer months, and another occur-
ring in late fall to early winter. The lack of a sum-
mer infectivity peak in this study may have been
due to the unusual amount of rainfall during
July, August, and September 1964 (759, of the
total for the year: Fig. 11). This period was noted
for the frequency of rains, lack of drying between
precipitation, wet, pucked soil, and Jush growth
of weeds, all of which would discourage dis-
semination of the fungus by the wind.

The peaks in the infectivity rates for both
species of animals in the present study were con-
sistent in that all of the monkey infections, and
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Fia. 14. Comparative histological lung scctions of naturally infected (top) und experimenially infected (borsom)
dogs. The first two sections on the lef! (bottont ruw) received 100 arthraspore intratrackeal inocilations; the next
two, 10 arthrospores, and the section at the exireme botrom, right, was from an uninoclated control dog. Note
visible lung lesions in all naturally infected animals, and in only one of 1he four inoculated dogs shown here.

20 of the 29 dog infections, were disgnosed from
November to March. Although the infectivity
rate was much higher for dogs than for monkeys,
this undoubtedly was the resuit of their free run
of the exposure pens (direct contact with the soil),
their habit of fighting among themselves, and
their constant digging (sometimes burrowing as
much as 1 ft in the ground); all of these tended
to stir up the dust and to uncover the fungus
during the seasons when it would be expected io
be 6 to 12 inches below the surface of the ground
(8). Infection of dogs from contact with the soil
was further indicated by the infectivity pattecn;
19 of the 29 dog infections occurred in pen 3, the
remaining 10 were divided between pens 1 and 2.
Not only has it been pointed out before that
growth of C. immitis in the soil is spotty rather
than universal, even in heavily endemic areas (B),
but also one of the few positive soil samples (Fig.
10) in this study was collected from within pen 3.

For the purpose of this stidy, the monkey was
considered a more valid indicator (“biological

air sampler”) of the human infectious dose than
the dog, because, being housed several fect above
ground level, the monkeys undoubtedly became
infected by normal sirborne arthrospores rather
than from close contact of the nose with the soil.
However, an anaiogy in man to dog infectivity
higher than that of the monkey might help to
explain the more severe disease found in ground-
construction workers and people engaged in agri-
cultural pursuits (10), who also turn over the soil
and stir up large amounts of dust in their daily
occupations. Possibly man also contributes to the
peak infectivity period shown in human infections
during the summer months by his outdoor recrea-
tional activities, such as hiking, picnicking, dig-
ging for fossils, etc. (27).

In analyzing the present study, we must not
lose sight of the fact that virulence differs among
various strains of C. jimmiris (11, 11a), and also
that the natural infections in the monkeys and
dogs may have resulted from repeated exposure
to extremely small doses (one to two arthro-
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spores) before being detected by dermal sensitivity
or serology, thereby building up a certain amount
of immunity. However, a presumption that the
infections originated from large doses of arthro-
spores of low virulence, would not be in accord
with the exrreme difficulty in isolating the organ-
ism from the air, since low virulence and low
viability are not synonymous, and the presence
of large numbers of arthrospores in the at-
mosphere should have been indicated by air
sampling.

The authors realize, fully, the limitations of an
experimental epidemiological study of this type,
but considering thc marked differences in histo-
pathology, the lack of mortality in either species,
and the fact that clinical signs of illness were
lacking in the monkey (an extremely susceptible
animal) and were relatively mild in the few dogs
that exhibited them, we feel that the naturally
acquired discase in these animals resulted from
very small infectious doses; 10 or fewer arthro-
spores in the monkeys, and from 10 to more than
100 arthrospores in the dogs, although the in-
dividual dose range received was probably much
greater in the dogs than in the monkeys.

The pattern of infections in the monkeys, dogs,
and in man might well be compared: (i) there are
large percentages of subclinical or asymptomatic
infections in all three species (709 of the infected
dogs, 100, of the infected monkeys, and 60, of
infected human subjects); and (ii) the more
severely affected dogs are analogous to the more
severely affected construction and agricultural
workers, since they all actively stir up the dust
during their daily existence, whereas the less
severely affected monkeys might be compared
with the average human infections.
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Discussion

MICHAEL L. FURCOLOW
University of Kentucky, Lexington, Kentucky

The preceding paper reveals the difficulties of
field experiments in contrast 10 experiments con-
ducted in the laboratory. The authors have con-
structed an experimental exposure chamber in the
open to look for natural infections in & highly
endemic area in Arizona. Their experimental de-
sign was quite satisfactory, although one could
suggest they might possibly have used cynomol-
ogous monkeys rather than mulatta. Their pre-
vious experiences with the mulatta, however, does
indicate its sensitivity to infection.

Having set up this natural infection experiment,
the authors awaited the infections. It turned out
that 15'; of the monkeys and $8<; of the dogs

were infected during the course of 1 year. Un-
fortunately, the year encompassed a year of
exceptionally heavy rainfall, during which 12.5
inches fell, an amount much higher than that
customary in the area (6 to 10 inches). They
found the expected number of infections in the
early part of the year, but there were very few
infections in the latier part of the year, during
which the heavy rainfail occurred. If the observa-
tions had continued for another year, it is quite
probable that after the period of heavy rainfall
they would have encountered a period of heavy
infection.

On the whole, one is inclined to think that the
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authors’ data are perhaps more satisfactory than
they claim. Since, for the area studied, Hugen-
holtz had reported (2) a yearly infection rate of
5.4¢ ¢ and an iliness rate of 2 to 3 per 1,000 popu-
lation, one should not be at all discouraged by
finding that almost 155, of the monkeys were
infected and more than haif of the dogs. The re-
sults, therefore, would indicate that the area in
which they were working was exceptionally
heavily infected and that the results were quite in
line with those expected from the conditions of
the experiment.

The observations on the serological and clinical
response of the infected animals do suggest low
dosage infection. None of the 5 monkeys and only
3 of the 29 dogs showed positive cultures at
autopsy.

Perhaps it would be well to consider scparately
the results of the exposure in monkeys and in
dogs. The clinical picture found in the monkeys
which became infected after natural exposure was
tess severe than that of animals infected artificially
with 10 organisms. On the other hand, experi-
mentally infected animals showed a higher
mortality and higher antibody titers.

With dogs, the frequency of clinical symptoms
was higher. as were positive cultural and histo-
logic findings, among the naturally infected ani-
mals than smong those artificially infected. This
is probably to be expected, inasmuch as the dogs
were allowed to roam free and dig in the soil,
which would probably mean they would secure
heavier exposure.

It is interesting to note that, although no illness
occurred among the infected monkeys, 357, of
the infected dogs had illness; this agrees very well
with the observations made by Smith et al. (3)
among naturally infected man.

When one considers the wards full of acute
coccidioidomycosis in the air bases at Arizona,
one would expect that large numbers of naturally
exposed animals would develop infection and
illness. One is, therefore, somewhat disappointed
until one considers that the large numbers of cases
reported by Hugenholtz (2) really represent a low
infection rate per 1,000 persons stationed at the
base, since fewer than 3 per 1,000 population were
admitted to the hospital during any one month.

When one considers again the clinical implica-
tions of this work, one is struck by the lack of
severity of disease in the monkeys and dogs versus
man. This must be related to dosage, since there
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ismdemetlmbo(hdopnndmnkmdo
develop severe disease afier experimental infec-
tion. If one recalls the high frequency of severe
chmul disease reported in the epidemics of
is where exposure was known
tobehuvy,mufomd to conclude that clinical
severity reflects in part at least heavy dosage of
fungi. This is supported by the fact that the dogs,
which had closer contact with the soil, had higher
infection nuandmmdiuumm
monkeys whose cages were elevated off the
ground. A correlary of this observation would
appear to be that the exposures in the Army per-
sonnel who became ill must of necessity have been
heavy. Similar relationship of degree of exposure
to degree of illness has been reported in histo-
plasmosis epidemics.
Still another factor is the difference in clinical
symptmrdlud.tou\e-pol‘dn individual at

known factor and was not explored in these trigls.
Finally, one comes to the contribution of these
studies 10 the basic epidemiological question as
yhueomdoammfmdwthmeun.

mechanism of infectinn. The studies reportad here
suggest that this mechanism is also operative in
coccidioidomycosis and that the animals were in-
fected from the local focus. This is supported by
the soil isolations which were made in the cage
area. These data, therefore, support the “local
fm"thooryofmhcﬁoanﬂuﬁmnhc“an
enalized windblown’ theory.

Liveraturs Citep

1. Doro, I. L., M. L. Furcowow, D. T. VARGA, AND
F. E. Toss. 1966. A study of seasonal histoplas-
min sensitivity conversion ratss among the in-
mates of the USPHS Hospital at Lexington,
Kentucky.

2. Huasnnoutz, P. G. 1927, Climate and coccidioido-
mycosis. Pmc Symp. Coccidioidomycosis.
Us. th:HuhhServ Puu $73, p. 136-143,

3. Sy, C.E,R R, Mo,EGWunmom
H. G. Rm 1945. Varieties of coc-
cidicidal infection in relation 10 the epidemi-
ology and coatrol of the discases. Am. J. Public
Health 36:1394-1402.




o R it 10}

MR 6o R e

BACTERILOOICAL Ravisws, Sept..
Copyright © 1966 mwmm

Val 30, No. 3
Printed in US 4.

Concluding Remarks

RILEY D. HOUSEWRIGHT ano HAROLD N. GLASSMAN
US. Army Biological Laboraiories, Fort Detrick, Frederick, Marylamd

Modern reviews on microbial serosols and
airborne infection were iniliated by the publica-
tion of the monograph, ‘‘Aerobiology,” in 1942,
by the American Association for the Ad-
vancement of Science (1). In the following decade,
Wiiliam F. Wells summarized his life-long in-
vestigaticns of these topics in an important
volume (6). Some 6 years later, his pupil, Richard
Riley, and Francis O'Gndy reconsidered the
problems of the transmission of respiratory in.
fection ().

These publicctions, and the numerous studies
during that same period of the pulmonary deposi-
tion and retention of inhaled serosols (2), pro-
vided 8 much firmer foundstion than existed
previously for the experimental investigation of
sirborne infection and the interpretation of the
tosultant observations. In addition, there have
been extensive advancea during the past two desc-
ades in the apparatus and techniques for quantita-
tive experimentation in these flelds.

A consequence of theae improvernents has been
the emergonce of & waith of novel information
on many aspects of aerobiology, and the need for
periodic reassessments of our progress, both ex-
perimental and interpretive. To meet this need, &
serima of conferences has been organized—the
first held at Miami Beach in 1960 under the spon-
sorship of the National Academy of Sciences (3),
the second held in Berkeley in 1963 under the
sponsorship of the Offics of Naval Research and
the Naval Biological Labcratory (4), and the
present meeting being sponsored by the lllinois
Institute of Technology Research Institute and
the U.S. Army Biological Laboratories.

The presentations at this year's conference al-
ready have been thoroughly discussed by experts.
It is not our intention, in these concluding re-
marks, to review agein, in detil, the findings
reported by each of the speakers. Instead, we will
try to focus sttention on some of the broad sub-
divisions of our overall theme,

The proceedings of previous conferences in
this field, as well as several individual scientific
publications, have provided information on
equipment and techniques for the generation,
containment, and quantitative characterization of
microbial acrosols. These are at present suf-
ficiently reliable that aerosols can be formed re-
producibly with a content of infectious organisms

as dilute as 1 to 10 cells per liter. Thus, with one
exception, experimental equipment, per se, has not
been a topic in this year's conference program.
The exception is the subject of sampling. A nota-
Lle deficiency in the past has been the absence of
dependable, high-volume samplers for determin.
ing the organisms suspended in the air of hospital
rooms, barracks, school rooms, eic. In these en-
vironments, transmission of infection is fre.
quemly obeerved, but the role of the airborne
route is still questioned. The overall problem of
the epidemniology of airborne staphylococcal in-
fection in hospitais has been thoughtfully re.

viewed by Williams. May, Perkins, and Gerone,
in their individua! papers, have provided evidence
that improved high-volume air samplers are
practical. Future improvements in design and
aditional experience in the use of such samplers
will make substantial contributions to forth-
coming studies of the transmission of infection
in environments where the aerial content of or.
ganisms is quite low.

The impact of physical and chemical stresaes on
microbial aerosols has been discussed separately
by Zentner and by Hatch. It is amply apparent
from these reports, as well as several on the same
topic in eartier conferences, that microbial aero-
sols are quite sensitive to changes in their water
content, i.e., dehydration or rehydration, and
alterations in the gaseous composition and tem-
persture of their environment. Despite the
progress made in these studies, it is not presently
possible to formulate a theory which will permit
the prediction and understanding of the changes
in viability and infectivity such acrosols undergo
when subjected to alterations in their environ-
ment.

The physical and physiological features of the
respiratoty tract have been reviewed by Proctor,
Kass, Dathamn, and Rylander. Proctor’s develop-
men: of novel techniques for measuring the air
flow in the nasal passages gives promise of pro-
viding information of considerable value in
studies of air pollution, as well as of the airborme
transmission of infection. The clearance mecha-
nisms of the respiratory system are often circum-
vented in experimental studies where highly infec-
tious organisms are sdsministercd to the host, in
dilute form and as micron-sized particles. Under
natural circumstances, the role of the respiratory
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tract as & portal of entry for airborne infectious
organisms is probably influenced 10 a significant
extent by these mechanisme.

The resistance of the host to infection may be
significantly altered by metabolic disorders, de-
bilitation, extensive surgery, immunosuppressive
or radiation therapy, etc. This altered resistance
may play an important role in the epidemiology
of hospital-acquired infections, which Williams
has discussed. The so<called normal individual
may also be subjected to environmential stresses,
such as the inhaletion of air poliutants. Ehrlich
has demonatrated an alteration in susceptibility to
airborne infaction of the mouss, when exposed to
smail amounts of nitrogen dioxide. It is too soon
10 comment on the relationship of these experi-
mental observations to public health problems
of men.

Saslaw, Hearn, and Miller, in individual
presentations, have provided considerable addi-
tional evidence for the susceptibility of laborstory
animals to infection by inhalation of serosols of
viruses or ricketisise that, in nature, are trans.
mitted by insect vectors. Saslaw has made a par-
ticularly thorough study of Rocky Mountain
spotted fever in the monkey and has demon-
struted the similsrities in the disease induced
through the respiratory porial of entry to the
naturally occurring disease.

Aemanic immunization is & commonly used
technique in poultry hushandry, but has not been
sufficiently well mluud thus fnr. to receive

thnonamuhnroyluan.mmmwmcd-nd
that of Hornick using a live tularemia vaccine.
The latter investigation is particularly note-
worthy, since it has been possible to use both ex.
perimental animu s and human volunteers as sub.-
jects, and to evaluate immunization by direct
challenge with fully virulent organisms. Further
work will be required to determine the relative
merit of the aerogenic us compared with more
conventional modes of vaccine administration. In
addition, careful consideration should be given to
defining the medical and physical conditions
which would contraindicate use of the aerogenic
technique.

There are a number of infectious diseases
whose airborne characteristics can be studied only
in laboratory animals. Investigations in man are
g ‘ecluded, since adequate means of control of the
disease are not available. The present conference
has heard two such investigations—that of
Brachman on indusirial inhalation anthrax and
that of Converse on coccidioidomycosis. Both
field investigatiors were preceded by thorough

laboratory studies of the airborne disease in the
same species of animal that was later used in the
ficld. As a result, an extensive body of knowledge
was aviilable from laboratory investigations on
dose-responee relationships, incubation period,
histopsthologica' and immunologizal slterations,
etc., which permitted a comprehensive correlation
and interpretation of the field results.

Tularemia has been 8 most useful mode! of a
bacterial disease that may be investigated in man.
Studies reported in earlier publications, as well as
the present conference, have presented a wenith
of information on the susceptibility of man to
experimental aliboiie wfection, the use of at.
tenuated strains of Francisella inlarensis as a live
vaccine, and the efficacy of vaccines, prepared in
a variety of ways, in protecting the host against
respiratory tularemia. Sawyer has extended our
knowledge of this disease by investigating the
conditions under which a bactericstatic antibiotic
(tetracycline) is effective in its management. A
regimen has been found which may be employed
for prophylactic or therapeutic purposes.

One of the direct benefits of the 1960 Miami
Beach Conference was the subsequent initiation
of a cooperative program of research on human
viral respiratory diseases by the National Insti-
tute of Allergy and Infectious Diseases and the
U.S. Army Biological Laboratories. This collabo-
ration has provided an opportunity to apply
quantitative and reproducible techniques for the
generation, sampling, and characterization of
viral serceols to the cxposure of humen volun-
teers, and the study of their laboratory and
clinical evidences of infection and illness.

Gerone has comunented on some properties of
laboratory-generated viral aserosols used for
inoculation purposes and has presented carly
results in evaluating the output of viral aerosois
into the environment of an infected human host.

Couch summarized the dose-response relation-
ships observed in exposure of human volunteers
to acrosols of coxsackievirus A-21, rhinovirus
NIH 1734, and adenovirus type 4, and has com-
pared the resulls obtained with this mode of
inoculation with those obtained after intranasal
instillation of virus. He has provided evidence for
the production of airborne virus by coughs and
sneezes of the infected volunteers- probably
sufficient contamination of the environment to
transmit infection to other susceptible individuals.
In an interesting preview of a field study still in
progress, Couch has provided preliminary infor-
mation on the transmission of coxsackievirus A-21
infection among men in a controlled barracks
environment, with evidence that the airbome
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mm.m role in the high level of
tranamnission obeerved

MW.M extonsive labovatory and
clinical studies, in which the response of man is
Quantitatively reisted to the dose of virus inhaled,
have provided a firm base for the design and inter-
pretation of the experimental epidemiological
studies, in which the modc of trarsmission of the
vifus under natwral circuinstances is the main
focus of the nvestigation.

It is amply claar that this conference has served
a valuable function in providing & critically pre-
pared summnary of progress in our knowledge of
microbial seroants and airborne infection. At the
same time, the conference and the disc.ssion it
has stimulated will unquestionably influence the
cousse of future investigations in these fields. The
plan for prompt publication of the Proceedings
in Bacteriological Reviews is an important mecha-

BacTarine. Rav,

nism for assuring the attainment of this objective.
Wa congratulate alt who have contributed to the
success of this conference.
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