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INTRODUCTION

“Woolsorter's disease,”” or inhalation anthrax,
was a serious problem 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 a
series of effective control regulations, including
the establishment in Liverpool of a disinfection
station (14), where all ““dangerous wool and goat
hair” had to be decontaminated before being
further processed in England.

In the United States, however, inhalation
anthrax has never been a serious problem, al-
though workers have routinely been exposed to
naturally occurring aerosols while processing im-
ported wool, goat hair, and hides. Since 1900,
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 to be contaminated. The only re-
ported epidemic of the disease in this country
occurred in 1957 among employees at a goat-hair
processing mill in Manchester, N.H. (6, 13).
Five individuals developed inhalation anthrax
over a 10-week period, with four fatalities. Other
cases since 1957 have involved a laboratory em-
plovee 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 a 27-vear-old man with quiescent
Boeck’s sarcoidosis whose only known contact
was in passing the open receiving door of a tan-
nerv on his way home [rom work (7).

It is not clear why more cases have not occurred
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 emplovees 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
the disease and the dose-response relationships
have been reported on the basis of animal studies
conducted in both this and other countries (I, 2,
4, 16, 19). However, 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 eftect of
chronic exposure of animals to aerosols con
taining B. anthracis, either homogeneous ierosols,
as in laboratory experiments, or heterogeneous
aerosols, as in the natural situation in a factory.

At the Conference on Airborne Infection,
Riley discussed his studies on airborne tuber-
culosis in guinea pigs (11), in which he utilized
a holding chamber through which air passed
from rooms housing patients with sputum-posi-
tive, cavitary tuberculosis. Using this physical
arrangement as a model, the authors, with Harold
Glassman and Elwood Wolle of Fort Detrick,
developed a protocol to study the clinical course,
pathogenesis, 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
woven hair-cloth interlining for suit coats. There
were approximately 250 employees, all of whom
had been immunized with the Wright anthrax
antigen (8). Prior to immunization, 19 cases of
cutaneous anthrax had been reported during the
2.5 years the mill had been in operation. Inhala-
tion anthrax had never been reported at this mill.

The aerosol for animal exposure was created
around the picking machine, the first machine in
the processing cycle, where the clumps of hair
were raked apart. The mill usually worked 8 hr
a day and 5 days a week, but the picking machine
was in operation intermittently during the work-
ing day for a total operational time of from 2 to 4
hr. Plastic conduits located in a hood over the
picking machine and a suction fan were installed
to carrv the aerosol from the mill through the
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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
electricity.

As a result of experiences at Fort Detrick, the
cynomolgus monkey was selected as the test
animal. Preconditioned 3-lb monkeys imported
from Asia were used in all runs. All monkeys were
tuberculin-negative; if necessary, they were
treated for respiratory disease and parasites but
not less than 7 days prior to exposure. The mon-
keys were grouped two or three to a cage and fed
a standard diet, fresh fruit, and water ad libitum.
The temperature in the exposure area was con-
trolled between 22 and 33 C. Monkeys were bled
for serological studies before they entered the
trailer, at intervals during the exposure period,
and at the termination of exposure in the case of
survivors. Monkeys were observed at least three

Exposure 3topped

W
a - === Period of no exposure
S O anthrox death
% . :J O Other couse
3,000
8
@ q
-
w
O o T T 1 ﬂ UL |.
10 15 20 2% ko] a5 40 a5 %0
[+ o
@
§ 6,000+
= e RUN 4
w S
> 3,000 / Exposure slopped
':I 1 _—_/
= ———T
g 7 —,_._._.._/“"'
s o |I11l]l[[lnllIllrjllljf'llr,llfillr,llllTﬂ_lelllIIIIT_II
© 0 5 10 335 40 as 50
3,0001 RUN 5
4d emmmmcme— cc s cscm e ————— / Exposurs slopped
~ m m
oYYI.III'I!!!III'II||IBTTTYTII[IIIIIIIT_WIT_IV'II'IIV'I_r‘
-] 10 15 2 23 30 35 40 a5 %0
DAY OF RUN

* Bocillus cnmrocrs INFECTION FOUND AT SACRIFICE

FiG. 2. Ocenrrence of deaths by duy, from begining of exposure.



VoL. 30, 1966

times a day, and autopsies were performed as soon
as possible after death. All surviving animals 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 Institute of Pathology, Washington, D.C.
Appropriate cultures were obtained, and the
tissue blocks in 109, formaldehyde were re-
turned to Fort Detrick, where Frederic G.
Dalldorf, Pathology Division, performed the
histological examinations.

With the cooperation of Harry Lefkowitz,
Fort Detrick, the protocol for obtaining air
samples in the exposure chamber was developed.
The all-glass impinger with the British preim-
pinger was selected as the standard air-sampling
equipment to be used (18). Each sampler was run
for 20 min, and air samples were obtained
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throughout all periods during which the monkeys
were exposed to mill air. The impinging fluid
consisted of 20 ml of gelatin phosphate collecting
fluid with 3 drops of a 1:10 dilution of Dow-
Corning Antifoam A. The bacterial content of
the collected samples was determined by streak-
ing 0.1 ml from the reagitated collecting fluid on
each of three 59, human blood-agar plates,
which were then incubated at 37 C for 15 to 20
hr. All suspicious colonies were counted, and a
representative number were examined bv routine
bacteriological methods. Calculation of the dose
of B. anthracis-bearing particles less than 5 u in
diameter inhaled by individual monkeys was
based on the various dilution factors, the average
number of B. anthracis colonies per plate during
exposure, and an estimated respiratory rate of 1
liter per min. (All further discussion of the cal-
culated, inhaled dose of B. anthracis-bearing
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particles refers to those particles less than 5 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 thz 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 fifth 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 coli.cted continuously during this exposure.
During the fifth run, exposure was limited to 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 1). Anthrax in
11 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. anthracis in mediastinal
lymph node sections. Fluorescent-antibody
studies of sections from these two monkeys con-
firmed the identification of anthrax organisms
in one (no. 51) and were questionably 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. ant/iracis-bearing
particles. Exposure on the 1st day of the third
run 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 scattered through the remainder of the run.
The total calculated inhaled dose for monkeys
surviving the exposure was 16,962 B. anthracis-
bearing particles less than 5 p in diameter.
During the fourth run, 31 monkeys were ex-
posed over 41 days. Survivors were held for an
additional 10 days before being sacrificed. A
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TABLE 2. Summary of gross findings (third, fourth, fifth runs—monkeys that died of anthrax)”
Ani i t';um;l | S Paren- | Hemor-
Ani- ive days | o > 1 . ~
Rea| mal | Sex aiter |7 —— Dlewal| chymil | Adre | e i Cul - Final Hisopatholosic
. began £ Nodes tracheal malities” itis J
| | X nodes
—_— - I-__ | | | | =z
3{ 82 B 15 (i =0+ | F |+ | & +  +  Anthrax
66 F 15 - - - -+ - | — — —=: Bronchopneu-
i , monia and an-
5 . thrax pneu-
| I { monia
| 40  F 16 - = - - — - - - — . Anthrax;staphy-
| | | ' lococcal septi-
! - ! i | cemia;cachexia
L& Fl 17 o+ + | -+ - + | +  — + | Anthrax
| 43 | F 18 + 4+ + + + + | + - + | Anthrax
61 ' M 18 -+ + + = b g =+ - + i Anthrax
4 |F | 24 + | + + + = 7H + - + | Anthrax
6 'M 26 - =+ - 4 + L+ = + ' 4+ ' Anthrax  pncu-
' | monia
55 ) B 31 - -+ - + + ¢ 4 + - +  Anthrax
59 M 39 +  + - - + o+ - - -+ | Anthrax
49 | F 435 + + -+ 3 + S 5 4 ] = -+ Anthrax
;60 | M 46 -+ + - + | + - - -+ Anthrax
50¢ | F 50 - - - = - - - — Anthrax in one
| ' lymph node
514 M 30 - = - — — - - - 4 | Anthrax in two
paratracheal
! . lymph nodes
67 80 IMY 1§ = o= e £ =1 9 + 4+ Anthrax
(110 M 19 + |+ - 1= =+ + + 3 +  Anthrax
i1 M 2 -+ — - -+ { =k - + + Anthrax
100 M 25 41+ = sk n 2+ = + | Anthrax
87 1 F; 32 - &+ — = + - | + i = |+ | Anthrax
86 . F 45 i - - w e ] o > 4+ | Anthrax
92 M 46 - + - - - 2 - - + | Anthrax
| ! ' n .
51147 | F 10 - - - - = i 2 = | - + | Anthrax
151 | F 17 + + - !+ ~ 4+ 1+ - -+ | Anthrax

]

» Symbols: + = grossly pathologic; —
normal findings.

® Hemorrhagic appearance to lungs.

¢ Heavy overgrowth with Proreus species.

d Sacrificed as normal at end of run.

total of seven monkeys (22.6%) 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
exposure v.as 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-
lated inhaled dose over the 4l-day period was
4,959 B. anthracis-bearing particles.

To develop additional specific dose-response
data, 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
a maximal number of bales of goat hair through
the picking machine as rapidly as possible.
Twenty-eight monkeys were initially exposed
during three separate periods over three suc-
cessive days to a calculated aerosol 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 causes.
The limits of the incubation periods for these
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TABLE 3. Summary of microscopic findings—(monkeys that died—third, fourth, and fifth runs)

| Ani- Anthrax ediass | e : . 'Anthrax Adrenal l]::lrr:x Bistmo- | 501};3’3'1’5

Run| mal Diagnosis hacte- 1;11:3;11 ilyrnpi; Enjé'r\:;is: nse?:lreor;.lig" | menin- 'ri:;cgr:?!r:;d| lobar ' nary i in sub-
no. | remia Sia nodes I : | gitis : Ty | E\r::en%n | edema iolinr::‘?}?ea

3 52 | Anthrax + 4+ A+ = D+ 0 i = | o=

| 66 | Bronchopneu- -+ ++ ! =g = TR S - o+ L
! monia and i | -
anthrax | | |
pneumonia | 5 ! :
40 | Anthrax; - + | - - G 1 - + -
. staphylo- f
coccal septi-
cemia; i |
. cachexia
63 | Anthrax o+ 44| + + S + — —
43 Anthrax R = R R - - o
61 | Anthrax 3 AR 5 s + ! = + ' = 0 — —
44 Anthrax 4+ At ol + | ++4+1 — == = =
69 | Anthrax pneu- +  +++ | -+ 4+ + < + 41
monia i '
55  Anthrax = +++ 0 = e e - — e
59  Anthrax R + 1+ T4+ b = =
49 | Anthrax = +4++ 1t + - — A - -
60 Anthrax + +4+ | A+ = A = iz ey 0l
50 Anthrax in — +4 - - 4+ 0 i — = =
| one lymph ' . |
node | I .
| 51 . Anthrax with = + N =1 1 v f s o oom
two para- ! !
tracheal ! :
. lymph nodes | :

4, 80 Anthrax + 4+l =] R+ o+ _ 5 a] =
110 Anthrax + 44+ + | = 4+ + + - SRS -
101 | Anthrax ncu- e O e e e e = + 4+ =

monia | ; ! : |
! 100 ' Anthrax + 44+ | == | ke D o = = g o
87 ' Anthrax - 444 +i = N 4 - oo N [
86 | Anthrax + +4++ +| = i ++ s + = st 0w
92 © Anthrax — +4+4 + i = | +++ - = . B
5 ' 147 | Anthrax = +4 | - I SER I == - — — i e
: 151 i Anthrax + 4+ iy e = = ST e

» Key for lymph node morphology: + = anthrax bacilli with follicular necrosis; ++ = bacilli with
necrosis and edema; +—+-+ = bacilli with necrosis, edema, and hemorrhage.

» Key for splenic morphology: + =

sinusoids engorged with neutrophils; ++ = neutrophils in

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

two deaths were 7 and 17 days. The fatality rate
was 7.2%. Subsequently, the remaining 22
monkeys were exposed during two separate
periods over 31 hr to a calculated aerosol of
1.347 B. anthracis-bearing particles. No deaths
occurred during the following 4-day observation
period. The surviving monkeys were sacrificed
over a 6-day period, and none revealed evidence
of anthrax infection. During the fifth run, 47

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

Dalldorf studied sections from the 91 monkeys
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 anthrax was considered a co-primary
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cause of death along with staphylococcal sep-
ticemia and cachexia due to enteritis. Two mon-
keys sacrificed at the end of the third run had
early infection in the mediastinal lymph nodes
only. Nonanthrax deaths were primarily due to
pneumonia and enteritis.

The most consistent pathological findings in
anthrax-positive monkeys were mediastinal
edema, pleural effusion, enlarged hemorrhagic
. mediastinal lymph nodes, and enlarged, soft
spleens. In four instances, gross hemorrhagic
meninazitis was observed. B. anthracis was re-
covered on culture from all but three infected
animals: a sacrificed animal with an early infec-
tion, the monkey in which anthrax was considered
a contributory cause of death, and a monkey
from which the plates prepared at autopsy were
heavily overgrown with Proreus sp. There was no
gross evidence of primary cutaneous or gastro-
intestinal anthrax, and there were no lesions asso-
ciated with the oral cavity, including the tonsils.

Histological examination of the tissues showed
that infection was fargely limited to the reticulo-
endothelial system, though there was always
widespread dissemination of the bacilli through
the vascular system at the time of death (Table 3).
Tissue response was primarily that of edema,
hemorrhage, and necrosis. The mediastinal
lymph nodes were infected in all cases, and in a
few monkeys the paratracheal lymph nodes were
also infected. No primary lesions were found in
the trachea or bronchi. In three monkeys, there
was evidence of anthrax pneumonia, but this was
not considered primary.

Pathological changes noted in other organs as
a result of anthrax infection included splenic and
hepatic necrosis, adrenal hemorrhage and necro-
sis, ovarian hemorrhage, and meningitis. The
renal glomeruli contained many bacilli, but the
kidneys were otherwise normal.

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

DiscussioN

The overall fatality rate of 25.39; indicates
the susceptibility of the cynomolgus monkey to
naturally occurring, industrially produced aero-
sols containing Bacillus anthracis and attests to
the feasibility of the experimental design. The
objectives initially outlined have been partially
attained. The clinical and pathological effects of
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chronic exposure are not dissimilar to those seen
after acute exposure in laboratory experiments.

The pathogenesis of inhalation anthrax after
chronic exposure is similar to that postulated
after acute exposure of laboratory animals or of
man naturally exposed, such as was seen in the
Manchester, N.H., epidemic. The necropsy
findings of mediastinal edema, mediastinal hemor-
rhagic lymphadenitis and necrosis, and pleural
effusion, without tracheal or bronchial lesions
and without primary anthrax pneumonia, sup-
port the concept that inhaled B. anthracis spores
are carried to the mediastinal lymph nodes, where
they germinate and produce toxin with develop-
ment of toxemia and bacteremia. Additional
evidence to support this concept is found in the
necropsy data from the two sacrificed monkeys
in the third run; tissues [rom these monkeys re-
vealed B. anthracis-like organisms primarily in
mediastinal Iymph nodes. These animals were
undoubtedly in the early stages of disease and
presumably would have developed systemic dis-
ease and died. had the experiment not been
terminated. Histological examination of the
necropsy tissue from all monkeys that died of
anthrax shows widespread dissemination of B.
anthracis organisms.

The serological studies do not support the de-
velopment of subclinical infection. Norman et al,
(12) studied sera from 72 unvaccinated employees
of a goat-hair mill and found 11 who had anthrax
antibodies demonstrated by a precipitation in-
hibition test. Most of the positive reactions oc-
curred among employvees who worked in the
dustiest part of the mill.

In discussing industrial anthrax, Brachman and
Fekety (5) compared the length of employment
in goat-hair processing mills of a group of em-
ployees who did not have a history of anthrax
infection with the length of employment of em-
ployees with a history of previous anthrax
infection; they found that the two curves were
essentially parallel. This suggests that the length
of employment did not influence the development
of anthrax. They noted that some cases of
cutaneous anthrax occurred in employees who
had worked in these mills for 15 to 20 vears.
Their conclusion: “These workers do not develop
subclinical infection or immunity to anthrax by
prolonged exposure to the organism.”

The studies with monkey sera may support
these data; however, it is possible that the sero-
logical test emploved was not sensitive enough to
demonstrate antibodies actually present, that the
antigen used was not specific for protective
antibodies, or that the inhaled dose was too low to
stimulate production of demonstrable antibodies.
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Data_from the fifth run indicate that, with a
total exposure 1o 947 B. anthracis-bearing par-
ticles intermittently over a 55-hr period, there
were two deaths at 10 and 17 days after first
exposure, for a fatality rate of 7.27%. The shortest
incubation period possible was 7 days, and the
longest was 17 days. The second exposure during
the filth run resulted in an inhaled dose of 1,347
B. anthracis-bearing particles over 31 hr. The
fact that there were no deaths 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
inadequate observation period.

Data from the third and fourth runs are more
difficult to interpret. because of the irregular,
sawtooth pattern of exposures on successive
days, without knowing the effect ofl repetitive
exposures on the monkeys. For example, frequent
small doses may stimulate an antibody response
that increases an animal's resistance to clinical
disease, or repeated exposures may build up a
level of B. anthracis organisms in the body which
causes disease when a certain threshold level is
reached. Another possibility is that repetitive
exposure over a period of several days increases
the chances of the animal’s acquiring an infecting
dose.

As already discussed, the serological studies
did not demonstrate the presence of circulating
antibodies, which supports the concept that
chronic exposure does not lead to development of
resistance to infection. The lack of deaths fol-
lowing the second exposure in the fifth run cannot
be assumed to represent protection resulting
from the first exposure because of the lack of an
adequate observation period after the second
exposure.

The peak exposure during the first 5 days of
the third run, 5,685 B. anthracis particles, may be
causally related to the six anthrax deaths that
occurred from 15 to 18 days after the first day of
exposure. If related, the fatality rate was 205
(6 of 30), and the incubation period would then
have ranged from 10 to 17 days, which is similar
to the incubation period in the fifth run.

Another peak exposure occurred from the
36th to the 40th day, when the surviving 20 mon-
keys were exposed to 3,525 B. anthracis-bearing
particles with two deaths occurring from 5 to 11
days after exposure. The two animals found to be
infected at autopsy may have become infected as
a result of contact with this same aerosol; the
incubation period would have been from 10 to 14
days for these two monkeys. If all four deaths
are related to the last peak aerosol, the fatality
rate would be 20¢; (4 of 20). It is most likely
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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-
cubation period for this particular death of from
8 to 12 days.

The two deaths on successive days at the end
of the 4th run (days 45 and 46) occurred 5 to 8
days after a peak exposure to 1,250 B. anthracis-
bearing particles. If this relationship 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
associate with specific periods of exposure.

If repeated low-dose exposure results in ac-
cumulation of B. antlracis organisms until a
certain level is reached, after which disease de-
velops, the comparison of the percentage of
deaths and the accumulative dose at death should
show a straight-line relationship until the critical
level is reached, after which there should be a
sharp upsurge in the percentage of deaths. As
shown in Fig. 5, this is not the case. Additionally,
the data were examined to see whether the dose
accumulated during specific periods preceding
death, that is 7, 10, 12, or 15 days, would suggest
an effect of accumulation of B. anthracis or-
ganisms. Such an analysis is presented in Fig. 6,
for which the particles inhaled during the 7 days
preceding death are plotted against the day of
death of each monkey. Again, the scattering of
deaths over a wide range of calculated inhaled
doses would tend to be against the theory of
accumulation.

Analysis of these data does suggest a dose-
response relationship with exposure to approxi-
mately 1,000 B. anthracis-bearing particles over
a 3- to 5-day period, resulting in a fatality rate
of approximately 10¢;. When the exposure is
from 3,500 to 5,500 B. anthracis-bearing particles
over a 5-day period, the rate is from 20 to 2567.

The prolonged incubation periods are un-
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doubtedly related to the low-dose exposure to
B. anthracis. Exposure to more concentrated,
pure aerosols is usually associated with incuba-
tion periods of from 3 to 7 days.

Extrapolation of these data to 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 anv change in the
type of goat hair processed or in the method of
production from the vears before immunization
to the present. Thus, the aerosol produced during
the three experimental runs is probably repre-
sentative of the working situation in the picking
area at the time when emplovees were not pro-
tected by the anthrax-protective antigen. The
lack of cases of inhalation anthrax may therefore
represent the lack of exposure to “‘peak’ aerosols
as defined above. Also, the monkeyvs were exposed
to a maximal concentration of B. anthracis
aerosol produced by the picking machine; people,
however, are never exposed to the total aerosol
produced, but only to a relatively small part of it
while they work in the vicinity of the picking
machine.

The 1957 epidemic of inhalation anthrax in
Manchester, N.H., can possibly be explained by
the exposure of the five susceptible individuals to
a “peak’ aerosol related to a specific batch of
hair. In addition, the sporadic cases that have
been reported unassociated with the goat-hair
processing industry also may represent the chance
exposure of susceptible individuals to a “peak”

aerosol.

BRACHMAN, KAUFMANN, AND DALLDORF
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SUMMARY

Exposure of 91 cynomolgus monkeys to na-
turally produced aerosols containing B. anthracis
resulted in an anthrax fatality rate of 25.39%. The
pathological findings of mediastinal edema and
hemorrhagic lymphadenitis and necrosis are
similar to findings in animals after acute exposure
to 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 5 to 17 days.

Analysis of the data suggests a dose-response
relationship with fatality rates ranging from 10
to 25¢; after exposure to from 1,000 to 5,500
organisms over 3 to 3 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.
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Discussion

HAROLD N. GLASSMAN
U.S. Army Biological Lahoratories, 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 anthrecis have been cultivated from as
many as 50¢; 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 66<; of surface
samples were positive in three mills processing
goat hair (5). Respiratory exposure of workers
may reach 510 spores in particles 5 ¢ or less in
diameter in an 8-hr working period (9). A signifi-
cant percentage of anterior nasal swabs and
pharyngeal washings from mill workers process-
ing goat hair vielded B. anthracis (8).

Despite this, inhalation anthrax is rare in the
United States (7). Brachman et al. (6) studied
the response of the cynomolgus monkey exposed
chronically to the air from the dustiest portion
of a goat-hair processing mill in an effort to
enlarge our understanding of industrial anthrax.
It is my purpose to assist in this objective by
relating their observations to selected laboratory

studies. Specifically, T will consider the variable
incubation period they observed. and the dose-
response relationship.

Modern views of the pathogenesis of inhala-
tion anthrax are based on the studies in labora-
tory animals of the experimentally induced
disease by Young et al. (19), Barnes (3), Ross
(16), Albrink and Goodlow (2), and Gleiser et
al. (10), and the pathological 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
particulate matter of sufficiently small size (i.e.,
5 p in diameter, or less) after inhalation, pene-
trating to the deep recesses of the lungs and being
deposited there as essentially inert particles.
Subsequent removal of the spores is accomplished
principally by alveolar macrophages that trans-
port them via the lymphatics to the regional
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FIG. 1. Response of the cynomolgus monkey to
aerosols of Bacillus anthracis.

lymph nodes. Neglecting, for our present dis-
cussion, the further steps in the pathogenesis of
inhalation anthrax, 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 u 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 inhalation 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 direct evidence of 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 of the lungs of all animals surviving
55 to 84 days after exposure to aerosols of anthrax
spores were positive for this organism. Finally,
one of my colleagues, Joseph V. Jemski, has made
available information he obtained several years
ago in making a study of the time to death of the
cynomolgus 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 animal 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 experimentally
induced inhalation anthrax, I am again indebted
to Dr. Jemski for placing at my disposal hitherto
unpublished 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 p 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 5§ p 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
(LDsy) 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 probits
per log dose, with 95 confidence limits of 0.520
to 0.818. As a consequence of this unusually 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 100-fold
range of dose (10-fold above and 10-fold below
the calculated LDs) will only change the pre-
dicted mortality from 25 to 75%.

These laboratory 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 very large number of
animals, acutely exposed to laboratory-grown
spores, under well-controlled conditions for
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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, industrially 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 data 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 5 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 a 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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