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INTRODUCTION

The concept of using inhaled infectious particles as 
biological weapons is not new. The significance of this 
route was first appreciated and truly understood in 
the early 20th century, although the concept of infec-
tion by inhalation has been intermittently influenced 
by the study of infectious disease epidemiology. The 
question of whether diseases are “air-caused” has 
had, in past centuries, ardent believers and equally 
passionate cynics. Historically, for example, the pre-
vailing theory was that all infections originated from 
“miasma,” or contaminated air. The cyclic nature of 
disease transmitted by aerosol among people living in 
groups is described in basic terms in ancient preserved 
artifacts. The Smith papyrus, dating from 1600 bce 
and held in the Field Museum of Natural History in 
Chicago, describes prayers recited to gods of disease 
to purify the “winds” of the “pestilence of the time.”1 
Epidemics were thought to be transmitted by aerosol 
even in the early days of medical science. Around 
400 bce, Hippocrates dictated that “airs, waters, and 
places” directly influenced the health of people, and 
he used the knowledge of seasonal change to guide 
diagnosis of differing ailments. In the Middle Ages, 
few pathogens impacted understanding of epidemic 
spread of disease as Yersinia pestis, the causative agent 
of the “black death.” At-risk populations eventually 
learned that the only defense against infection and 
death was to avoid contact with victims dying or 
dead from the bacterial disease. Pneumonic plague, 
the corollary form of infection from an infected host, 
is now recognized to transmit from expectoration of 
respiratory droplets. People may have unwittingly 
avoided respiratory exposure to aerosolized Y pestis 
by avoiding contact with infected hosts and thereby 
not contracting the most feared (and deadly) form of 
the bacterial disease. 

Advancements in the field of chemistry in the 19th 
century gave rise to the concept of miasmic theory 
of disease. Sir Edwin Chadwick (1850) in Britain ad-
vanced the public health practices associated with 
the avoidance of the malodorous vapors to preserve 
the overall health of at-risk populations. The concept 
of spontaneous generation of disease-causing agents 
in vapors, however, was countered and ultimately 
refuted by Louis Pasteur (1860) during the same era. 
Pasteur demonstrated the presence of living organisms 
that was the root cause of fermentation and decom-
position. His work in this area was instrumental in 
the understanding that infection could only appear 
miasmic if airborne microorganisms were present. 
By the end of the 19th century, most communicable 
bacterial pathogens had been identified, and there 

were only a few effective airborne agents. At roughly 
the same time, seminal work in vector-borne disease, 
including demonstration of parasitic disease cycles for 
malaria and filariasis, further improved public health 
measures and reduced disease burden. The concept 
that the majority of disease agents affecting large 
numbers of people were food- or water-borne greatly 
minimized aerosol transmission as an important path-
way of infection. 

In the early 20th century, it was also shown that 
respiratory droplets from diseased individuals, never 
traveling more than an arm’s length from the infected 
person, could readily transmit disease. The theory of 
large-droplet infection, coupled with the recognition 
that arthropods were vectors for disease, nearly ne-
gated the respiratory route of infection from consider-
ation in natural endemic spread of disease.2 It was not 
until the great influenza pandemic of 1917–1918 that 
airborne disease transmission was again considered a 
medically important infection route. The notion that 
near-instant dehydration takes place in the environ-
ment once numerous particles are expelled from an 
infected host, causing submicron infectious biological 
aerosols to “float” for hours, solidified the concept of 
ecological transport from an infected host to an other-
wise naïve host and ultimately successful disease trans-
mission. A more modern understanding of airborne 
contagion also dictated that the probability and rate 
of disease transmission through air differs from, for 
example, a contaminated well.3 Although the number 
and tempo of infections from a contaminated well 
are horizontal, arithmetic, and limited to the number 
of interactions with a single source, airborne disease 
transmission is truly a vertical and geometric process 
and is not limited to interactions with one infected 
source, but rather the general vicinity of one or many 
infection sources.4 The indoor environment that now 
comprises most of the modern world amplifies proba-
bility of vertical transmission from airborne pathogens. 

There is a sharp distinction between naturally 
communicable airborne disease and those that are 
artificially induced through human-made biological 
aerosols. Modern military and ancillary industrial 
development activities, primarily associated with of-
fensive biological weapon development in the 20th 
century, exploited the characteristics of aerosols that 
would promote maximum potential impact upon en-
emies.5 This was primarily achieved by modern and 
sophisticated manipulation of the particulars, such as 
particle size distribution and environmental dehydra-
tion, to assure successful delivery to the respiratory 
system of the target host population. An early scientific 
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concept in the process of designing and producing bio-
logical aerosols as modern weapons was the research 
and understanding of naturally occurring airborne 
disease. A basic, empirically derived understanding 
of natural epidemics from human source generators 
(respiratory expectoration) and indirect sources (eg, 
fomites on bed sheets) was essential to better appre-
ciate important environmental and physiochemical 
factors when designing biological aerosols. It was soon 
recognized that airborne infection, when left up to the 
natural transmission process, was an overwhelmingly 

variable process influenced by a number of intrinsic 
and extrinsic factors, many of which cannot be readily 
controlled. The process of natural spread of disease 
by the aerosol route was described in detail in studies 
predating World War II; comprehensive descriptions 
were first published in the eminent text, Airborne 
Contagion and Air Hygiene, by WF Wells.1 Many of the 
early tenets of infection from droplet nuclei are pre-
sented in this work, with descriptions of experiments 
that demonstrate the most basic mechanisms dictating 
infection from an airborne microbial source. 

CONCEPTUAL BASIS OF AEROBIOLOGY IN INFECTIOUS DISEASE

The basic mechanism for transmitting airborne 
disease is by droplet nuclei. Droplet nuclei have been 
described as small, air-suspended residues arising 
from the evaporation of droplets emanating from the 
mouth and nose. These nuclei-containing infectious 
microbes (bacteria or viruses) or toxic components 
collectively comprise biological aerosols that are medi-
cally important. Such aerosols are readily produced 
artificially by spraying or atomizing wet or dried 
preparations of microorganisms or toxins. 

There are many experimental uses of aerosols, but 
those used for respiratory disease studies are espe-
cially important.3 The study of disease pathogenesis 
in animal models can be more meaningful if subjects 
are infected by the same route that occurs naturally in 
humans. In contrast to intratracheal or intranasal instil-
lation, infectious challenge with aerosol particulates 
greatly increases natural dispersion in the respiratory 
system and is consistent with “natural” aerosol infec-
tion. Dosage, aerosol particle size, age, environmental 
temperature, and humidity can all be measured, con-
trolled, and analyzed to some extent.6 Moreover, the 
interplay of these features can be studied in the context 
of microbial viability and resulting virulence. 

There are disadvantages, however, that are inherent 
in aerobiological experimentation. The significance of 
aerosol age on airborne organism virulence is not fully 
known. Finally, respiratory doses are difficult to reli-
ably calculate because the degree of lung retention of in-

haled aerosol particles, while predictable, usually is not 
measured.7 Experiments involving aerosol challenge 
of animals include determining the host species’ sus-
ceptibilities, estimating or establishing dose-response 
curves, evaluating the effect of therapy or stress, and 
testing the efficacy of experimental vaccines. 

These early studies made clear that measuring and 
controlling as many of the variables as possible associ-
ated with stability, viability, and corresponding infec-
tivity of virulent biological aerosols was required for 
the first biological weapons produced using modern 
technological methods. Rapid industrialization of the 
microbiological and evaluation aspects of developing 
biological weapons was pursued by the militaries of 
world powers at the time, which ushered in an era 
of aerobiological research that was performed on a 
grand scale. 

Military programs throughout the mid-20th century 
engaged in researching and developing biological 
weapons selected aerosol as the predominant modal-
ity and route of battlefield delivery to the enemy. A 
historic brain trust, comprised of the personnel and 
physical resources capable in this scientific area, was 
developed among the superpowers to support this 
effort. The extensive network that developed was 
uniquely qualified to harness and perfect the biologi-
cal, physiochemical, and logistical characteristics pref-
erential to aerosol stability and survival for industrial 
production and eventual delivery in munitions. 

OFFENSIVE BIOLOGICAL DEVELOPMENT AND CLINICAL APPLICATIONS  
IN THE UNITED STATES

Camp Detrick, Black Maria, and the US Army 
Medical Unit (1954–1970)

In 1941, the Secretary of War asked the National 
Academy of Sciences (NAS) to review the risk of 
biological warfare if the United States were to be-
come engaged in World War II. The War Bureau of 

Consultants from the NAS advised the Department 
of Defense to prepare for biological warfare and to 
provide the resources for both defensive and of-
fensive capabilities. In the spring of 1942, the Army 
determined that the first US Army biological warfare 
laboratories would be located at Camp Detrick (Army 
Air National Guard [ANG] Airfield) in Frederick, 
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Maryland.8 Before the offensive and defensive efforts 
were pursued at Camp Detrick, the Safety Division 
made great strides in developing capabilities for 
biocontainment, decontamination, and sterilization 
of hazardous disease agents. Biological weapon pro-
duction and testing facilities were initially built at 
Camp Detrick for the purpose of producing anthrax 
and botulinum neurotoxin for weapons. The first re-
search facility was located in the ANG hangar, which 
was modified to include laboratories. A seven-story 
pilot plant facility was built in 1943 to test fermenters 
to find the most optimal configuration for culturing 
large amounts of organisms such as B anthracis. A 
free-standing building was constructed to house this 
operation; it was covered with the most impervious 
material available at the time (tar paper), which gave 
the structure the appearance of an ominous black box 
and invoked the moniker “Black Maria.” This facility 
was later dismantled to make way for larger, more 
modern buildings. The US expanded its offensive 
biological warfare efforts to include production and 
storage facilities at the Pine Bluff Arsenal in Arkansas, 
and in Terre Haute, Indiana, during the Cold War in 
the wake of World War II. The capability at Fort Det-
rick and ancillary production facilities throughout the 
United States provided the source material for initial 
efforts in preparing and packaging biological agents 
capable of being dispersed as aerosols via munitions. 
The microbiological expertise and industrial-sized 
production capabilities during these early efforts were 
essential for biological stability, which was required 
for continual production of microbial product that 
could survive the rigors of the aerosol environment. 
Maintaining strain virulence, toxin production, and 
corresponding lot comparability were critical to suc-
cessful aerosol delivery.

In 1942, President Roosevelt dedicated an initial 
126,720 acres of Utah desert land for use by the War 
Department. Another biological weapons laboratory 
was opened 6 days later at Dugway Proving Ground 
in Utah as a testing and evaluation facility. The re-
moteness and massive land area of this base was 
ideal for evaluating how aerosolized biological agents 
performed in the natural environment. A series of ex-
periments were commenced to evaluate the utility of 
aerosol dispersal as a means of executing a biological 
weapon attack, including open-air experiments with 
active biological agents. Aerosolized organisms were 
detected as far as 30 or more miles away in large-scale 
aerosol tests. Clandestine dispersals of surrogate or-
ganisms, such as Serratia marcescens and Bacillus globigii 
(now B atrophaeus) were also conducted in a number 
of urban locations, including New York and San Fran-
cisco. Years later it was realized that these experiments 

actually resulted in a number of illnesses and possibly 
at least one death, despite the “harmlessness” of the 
bacteria used. These tests, while highly unethical, 
demonstrated the potential for an aerosol attack with 
a biological weapon.9–11

Clinical Exposure Trials: Operation Whitecoat 
(1954–1973)

Concurrent and subsequent to the massive op-
erational efforts that were underway to produce and 
evaluate biological agents, limited human clinical 
studies began with a program called Camp Detrick-22 
(CD-22) in 1954. Initially, this program of testing 
biological agents on human volunteers was to assess 
incapacitating agents’ delivery and effects on soldiers, 
and was very similar to human evaluation of lachry-
matory chemical agents (tear gas). The program was 
eventually expanded to test the efficacy of medical 
interventions and vaccines, and became known as 
Project or Operation Whitecoat. Program volunteers 
were primarily chosen from US enlisted soldiers who, 
based on their stated religious preference, were affili-
ated with the Seventh-day Adventist (SDA) church. 
These soldiers were promised to serve in the military 
only in noncombat positions if they were enrolled into 
Operation Whitecoat as volunteers for testing. In addi-
tion to SDA-affiliated soldiers, Ohio State Penitentiary 
prisoners also attended as volunteers of the program. 
Both soldiers and the prisoners signed the consent 
forms before they enrolled to the program. They were 
free to withdraw from the program any time and they 
were informed about the possible effects of each study. 
Overall, more than 2,300 volunteers were tested in 
137 protocols to develop and test for safety, vaccines, 
and therapeutics against tularemia, Q fever, viral en-
cephalitis, Rift Valley fever, sandfly fever, and plague 
between 1954 and 1973 during Operation Whitecoat.9 

Because this kind of testing is now recognized as un-
ethical, Operation Whitecoat constituted one of the few 
times in history when aerosolized agent delivery was 
directly tested in the targeted host, the human being, 
rather than a surrogate animal species.12 Although 
unethically obtained by modern standards, data from 
these early clinical studies remain highly relevant as 
true indicators of delivery of biological agents by the 
aerosol route in humans.  

Of the list of potential biological agents tested in 
this manner, only studies involving Q fever (Coxiella 
burnetti) and tularemia (Francisella tularensis) were 
considered safe enough for use in aerosol challenge 
in humans. Both agents produced infections that were 
not rapidly progressive, and antibiotic treatment (ie, 
chloramphenicol, streptomycin) was readily available 
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and proven to be effective. Consequently, aerosol stud-
ies in humans were performed with these agents, in 
which a 1-million-liter cloud chamber (Figure 29-1) 
was employed for the initial aerosol dispersion. This 
unique structure, with 1-1/4-inch-thick steel walls, was 
truly remarkable in that it was one of the only configu-
ration facilities where small munitions loaded with 
prepared biological agent could be detonated and aero-
sol dispersion could be studied over an appreciable 
amount of time. The black rubber bladders integrated 
in the otherwise gray exterior of the chamber, which 
absorbed the percussion from the detonation of the 
munitions used at the time, gave the enormous sphere 
its nickname, “Eight Ball.” In addition to the study of 
agent survival estimates, aerosols from the interior 

could also be used for exposure studies with volun-
teers from Operation Whitecoat. These controlled 
clinical exposures were a critical aspect of the ongo-
ing characterization of biological agents because they 
represented the only opportunity to study the interac-
tion of aerosols originating from detonated munitions 
with the human respiratory system. These studies 
provided information on the physical size distribu-
tion, biological stability, and corresponding viability 
of the microbial payloads prepared for delivery on the 
battlefield. The Eight Ball was used for exposures first 
with C burnetii and then F tularensis aerosol trials, and 
decontaminated in 1970 during the decommissioning 
of the US offensive biological program. No longer in 
use, the testing chamber remains at Fort Detrick and 
was listed in 1977 on the US National Historic Register 
as a landmark site (National Park Service landmark 
77000696). In addition to these aerosol trials, outdoor 
aerosolized C burnetti studies that emulated biological 
warfare scenarios at Fort Detrick were performed in 
Dugway Proving Ground, as well.

Studies with aerosolized F tularensis indicated that 
when the aerosol residence time increased, infectivity 
of airborne bacteria decreased. This information, criti-
cal to understanding the environmental susceptibility 
of an organism, opened the door to the development 
of an attenuated vaccine for F tularensis. Early killed 
and live attenuated tularemia vaccine testing studies 
with volunteers from the inmates of Ohio State Peni-
tentiary used intracutaneous and respiratory challenge 
of F tularensis. Of the unvaccinated volunteers, 16 of 
20 (80%) showed signs of disease following low-dose 
aerosol challenge ranging from 10 to 52 organisms.10 
Aerosol challenge of vaccinated volunteers resulted in 
signs of tularemia systemic infection in 8 of 14 (57%) 
killed vaccine vaccinated volunteers, while only 3 of 
18 (16%) live attenuated vaccine vaccinated volunteers 
had any systemic signs of infection. 10,13 

The potency of an attenuated tularemia vaccine 
delivered as an aerosol against aerosolized F tularensis 
was tested during follow-up studies.11 Minor systemic 
signs and symptoms, such as sore throat and cough, 
were seen in 30% of aerosolized live vaccine strain 
(LVS) vaccinated volunteers; pea-sized cervical lymph-
adenopathy was observed in all vaccinated subjects. 
Control group and aerosol-vaccinated volunteers 
were then exposed to approximately 2.5E+04 colony-
forming units (CFUs) of aerosolized F tularensis; this 
challenge dose was estimated to be over 2,500-fold 
more than the minimum dose required to cause disease 
in humans. Almost all (94%) control group subjects had 
fever greater than 100°F after a 3- to 5-day incubation 
period. Following the clinical signs of sudden onset of 
fever (103°F/104°F), some patients had headache, chills, 

Figure 29-1. Design of the 1-million-liter sphere ball known 
as “Eight Ball,” which was used to expose the Operation 
Whitecoat volunteers to Francisella tularensis and C burnetii 
at Fort Detrick, Maryland. 
Photograph reproduced from US Army Medical Depart-
ment, Medical Research and Materiel Command, Office of 
Public Affairs, Fort Detrick, MD. R3086, no. 1.
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and sore throat accompanied by malaise, noticeable 
myalgia and backache, nausea, and anorexia. Nearly 
all (89%) of the control group required treatment 
with antibiotics, while 70% of the vaccinated group 
had fever and only 23% required treatment. Other 
delivery routes (oral, cutaneous, and intradermal) for 
the tularemia vaccine were also evaluated against dif-
ferent challenge routes (intracutaneous, intradermal, 
aerosol).13,14

A similar study was performed to test prophylactic 
efficacy of tetracycline against aerosolized F tularen-
sis.15 Preceding a 2- to 6-day incubation period, all 
control group subjects (100%) experienced fever and 
the other hallmark clinical signs of the disease. The 
group receiving antibiotic 24 hours postexposure and 
continuing for 15 days showed no signs of disease. 
Interestingly, following the cessation of the treatment, 
2 of the 10 (20%) volunteers developed acute tularemia. 
The group that received treatment 28 days initiating 
24 hours after exposure did not experience any signs 
of the disease during or after antibiotic treatment. 10 

A portion of the ongoing clinical efficacy trials with 
Operation Whitecoat personnel involving Q fever 
(C burnetti) were performed with prisoners from the 

Maryland State House of Correction.9 The efficacy of 
Phase I strain Henzerling and Phase II strain Nine 
Mile vaccine was tested against aerosolized C burnetti 
in these subjects. These studies indicated that a vac-
cine of adequate potency was effective in protecting 
humans against Q fever disease; the protection af-
forded by these vaccines lasted nearly 1 year after 
vaccination. Collectively, clinical studies using aerosol 
infection to develop offensive biological capabilities (at 
the beginning) and defensive biological capabilities 
(later) developed and improved medically important 
countermeasures (vaccines and therapeutic). These 
studies also contributed to a clear and scientifically 
realistic understanding of clinical disease progression, 
signs, symptoms, and diagnostic parameters of many 
of the priority biological pathogens of interest, namely 
C burnetti, F tularensis, sandfly fever, the alphaviral 
encephalitides, Rift Valley fever, and staphylococcal 
enterotoxins.9 This line of investigation also provided 
clinical insight into the comparative pathophysiology 
of a disease experimentally induced through a non-
natural route of exposure (aerosol), which was crucial 
for the viral disease agents that are naturally vector-
borne (eg, alphaviruses). 

BIOLOGICAL AEROSOL EXPOSURE SYSTEMS

One of the cornerstones in the development of aero-
biology capabilities during the former US offensive 
program and in the present-day defensive biologi-
cal program is the operational capability to conduct 
animal studies that incorporate aerosol exposure as a 
modality for delivering biological agents. In contrast 
to the clinical studies that took place during the of-
fensive biological program, animal studies presently 
serve as the only source for data on pathogenesis and 
performance of medical countermeasures to priority 
pathogens, such as Tier 1 select agents (those for which 
there is the most concern regarding their potential for 
use and the resulting consequences). Appreciation of 
the componentry in studies involving aerosol chal-
lenge is an essential part of the collective required for 
successful integration into animal experimentation, 
and remains a core competency of any infectious dis-
ease aerobiology program.    

Significant efforts to place engineering controls to 
protect and contain biological aerosols were integrated 
early and remain the approach in modern facilitates 
engaged in this type of experimentation. In the modern 
era in the United States, experimenting with aerosol 
exposures with select agents requires approval of the 
Centers for Disease Control and Prevention’s (CDC’s) 
Division of Select Agent and Toxins (DSAT) and must 
follow the recommendations in the Biosafety in Micro-

biological and Biomedical Laboratories (BMBL) manual. 
Aerosol exposures of animals to infectious agents or 
toxins, particularly those that are potential biological 
threat agents, are performed in laboratory environ-
ments that are negatively pressurized and rigidly 
controlled, typically at biosafety level-3 (BSL-3) or 
higher. Most aerosol exposures are performed inside 
class III biological safety cabinets (BSCs), which are 
expensive, completely contained environments with 
HEPA-filtered supply and exhaust. However, this is 
not always the case. Some exposures are performed 
under standard class II BSC or in self-contained equip-
ment, such as the Glas-Col (Terra Haute, IN) inhalation 
exposure chamber (which is typically used for tuber-
culosis studies and not select agents and toxins). In 
some institutions, aerosol exposures are performed in 
the same room where the exposed animals will be sub-
sequently housed, while in others aerosol exposures 
take place in separate suites and animals are trans-
ported from the holding room to the exposure suite 
using negatively pressurized transport devices, such 
as a negatively pressurized and filtered mobile trans-
fer cart. The use of a class III BSC in a separate suite 
provides the greatest flexibility for decontamination 
and reuse of the aerosol equipment between multiple 
pathogens or animal species. The different options also 
alter the need for personal protective equipment (PPE). 
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Using aerosols in a class III BSC in a dedicated suite 
separate from animal holding requires only minimal 
PPE, while other options, depending on the pathogen, 
typically require the use of N-95 or powered-air pu-
rifying respirators (PAPRs). Beyond the engineering 
controls and PPE described here, a number of other 
issues must be considered, including decontamination 
of the space and security and administrative controls 
(eg, standard operating procedures, training, and 
oversight). The laboratory space needed to prepare 
for aerosol exposures (both the pathogenic agent and 
the aerosol equipment) and the dose required should 
be considered and determined.

Exposure Systems

Henderson Apparatus 

In 1952, David Henderson described an aerosol 
exposure system designed for ease of operation that 
could ensure reproducibility between experiments 
exposing animals to “clouds” containing infectious 
organisms.16 This system also incorporated engineer-
ing controls to ensure the safety of those using it, to 
prevent exposure of laboratory personnel. It consisted 
of a spraying apparatus (an aerosol generator), an 
exposure tube (analogous to the exposure chambers 
used today), and an impinger (an aerosol sampling 
device), as well as a number of points for monitoring 
and controlling airflow, vacuum, and pressure. The 
system was dynamic, with air continuously pumped 
into and exhausted from the exposure apparatus 
throughout the exposure to eliminate effects resulting 
from aerosol decay of the organism, as would occur 
in a static system. As originally described, the system 
recirculated waste air that was filtered and reused as 
dilution air in the exposure. 

Modern Exposure Systems

Most aerosol exposure systems used in present-day 
laboratories that perform bioaerosol studies with select 
agents are generally some derivation of the original 
Henderson apparatus.17 Most are also dynamic and 
incorporate some measure of safety for laboratory per-
sonnel in addition to performing the aerosol in a BSC 
and with the primary engineering controls described 
above. These systems are designed with greater flex-
ibility for incorporation of other aerosol generators, 
exposure chambers, or sampling devices, as well 
as improved monitoring and control of the aerosol. 
Exhaust air is filtered but, unlike the Henderson ap-
paratus, waste air is not subsequently recirculated into 
the exposure loop.

Generators

Although a wide range of aerosol generators can 
be and are employed, the Collison nebulizer is by far 
the most commonly used aerosol generator for ex-
posures using select agents (viruses or bacteria) and 
toxins. This generator has become a standard for three 
primary reasons: (1) Collison nebulizers are relatively 
inexpensive and easy to maintain; (2) the Collison 
generates a relatively uniform, nearly monodisperse 
particle distribution; and (3) aerosol particles in the 
size range generated by a Collison (approximately 1 to 
2 µm in diameter) will reach the deep lung (alveolar 
regions) of most mammalian species with minimal 
deposition in the upper respiratory tract. However, 
other generators have been used, including in recent 
years the spinning top aerosol generator (STAG)18,19 
and flow-focusing aerosol generator (FFAG).20–23 
These generators allow for customization to larger 
particle size distributions, thereby allowing study 
of differential effects based on deposition in distinct 
compartments of the respiratory tract. Where it has 
been examined, in most instances particle deposition 
in the upper respiratory tract (as compared to deposi-
tion in the lower) increases the dose required to cause 
morbidity and mortality and alters the pathogenesis 
of the disease, and countermeasures are often more 
efficacious.18,21–24 It has been postulated that deposi-
tion of encephalitic viruses in the upper respiratory 
tract might more readily lead to infection of the brain 
as a result of infection in the olfactory region, but the 
data accumulated to date is contradictory and needs 
further examination.19,25–27 

All aerosol generators described in modern ex-
posure systems utilize “wet,” liquid aerosols rather 
than the dry powder aerosol systems that were used 
in the past during offensive development. The use 
of dry powder systems to aerosolize biologically ac-
tive microbial aerosols raises concerns regarding the 
potential for “dual-use” research and harkens back 
to the type of technical expertise common during 
the now-decommissioned offensive biological de-
velopment program. Dual-use research is defined by 
federal policy as, “life sciences research that, based 
on current understanding, can be reasonably antici-
pated to provide knowledge, information, products, 
or technologies that could be directly misapplied to 
pose a significant threat with broad potential con-
sequences to public health and safety, agricultural 
crops and other plants, animals, the environment, 
materiel, or national security.”28 In particular, it is 
noted among the scope that experiments of concern 
include those that, “increase the stability, transmissibil-
ity, or the ability to disseminate the agent or toxin.”28  
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Generation of dry-powder forms of virulent agents has 
been interpreted as falling into that category; however, 
that has not precluded the use of dry-powder research 
in biodefense, and in the pharmaceutical industry there 
is considerable interest and research into dry-powder 
delivery of vaccines and therapeutics.29–37

Exposure Chamber

The choice of exposure chamber is greatly dictated 
by the animal species being exposed.17 Rabbits and 
nonhuman primates are typically exposed one or 
two at a time using nose-only or head-only exposure 
chambers because of the animals’ size and laboratory 
space limitations. Rodents (mice and rats) and ferrets 
are exposed using either nose-only or whole-body 
chambers. Nose-only exposure chambers deliver the 
aerosol to the respiratory tract without contaminating 
the surface of the animal with the pathogenic organ-
ism, alleviating concerns regarding infection via swal-
lowing and/or fomites as opposed to true inhalation. 
However, the current designs of nose-only systems 
place far greater stress upon rodents as evidenced by 
increased corticosterone in the blood that could alter 
the outcome of infectious disease studies.38 In addition, 
recent studies evaluating deposition and retention of 
select agents and toxins have demonstrated that the 
majority of what is initially inhaled is removed from 
the respiratory tract and ends up in the gastrointestinal 
system.21–23 The choice of nose-only or whole-body ex-
posure chambers should be carefully considered prior 
to initiating studies.

Sampling

Traditionally, aerosol sampling of infectious 
organisms and toxins has been done using liquid 
impingement as a means to collect a representative 
sample to quantify both concentration and viability 
of the pathogenic agent (or activity, if a toxin) in the 
aerosol at the time of exposure. Impingers come in a 
variety of shapes and sizes but invariably reply upon 
impaction of an aerosol into a liquid interface. Imping-
ers allow assessment of viable bacteria or viruses in 
the aerosol but do not provide a means for assessing 
particle size or the number of bacteria or viruses per 
particle. Filters and cyclones are also routinely used 
for sampling bioaerosols to determine concentration 
of viable microorganisms.39–41

When selecting sampling devices, sampling ef-
ficiency should be evaluated, as well as the effects of 
sampling processes (eg, flow rate, collection media) 
on the viability of the organism being measured. Par-
ticle aerodynamic size can be measured during these 

types of exposures using either viable impactor-type 
devices, such as an Andersen cascade collector, or 
analytical devices that employ dual time-of-flight la-
ser technology. Other optical technologies for particle 
sizing are also employed, such as laser-scattering type 
instruments (eg, Grimm Technologies, Incorporated 
[Douglasville, GA] or TSI Incorporated [Shoreview, 
MN] particle spectrometers). Size characterization of 
liquid bioaerosols, whose malleability depends on 
prevailing environmental conditions in the exposure 
chamber, and the density of the formulation used are 
usually expressed as the mass median aerodynamic 
diameter (MMAD). The MMAD provides a median 
size of the particle distribution based on the behavior 
of the particles through the air and the corresponding 
velocity, rather than an actual physical measurement 
of size. This type of characterization is appropriate 
for liquid-based aerosols whose size can be dynamic 
within the exposure systems. Great care should also 
be taken to sample in the “breathing zone” where 
the animal is likely to inhale particles, as particle 
size could be different outside of that zone. Larger 
particles can break into smaller particles or shrink 
through evaporation, which can greatly influence 
where particles will deposit in the respiratory tract. 
This can also influence the viability of the microorgan-
ism in the aerosol, as has been seen with F tularensis, 
in which increased sodium chloride concentration 
resulting from particle evaporation resulted in a loss 
of viability, thereby requiring higher concentrations 
to achieve a lethal dose.42 Raising the relative humid-
ity in the chamber improved bacterial viability in the 
aerosol, but it does not alter infectivity.42,43 Particle 
density is also an important consideration because it 
will influence particle size based on the percentage of 
solids and volatile components that will be lost due 
to evaporation.44    

Monitoring and Control

Older biological aerosol exposure systems allow for 
monitoring and control of environmental parameters, 
although typically in a crude fashion via a manually 
controlled instrumentation panel that must be continu-
ously manipulated by a laboratory aerosol technician 
operator. Modern biological aerosol exposure systems, 
in contrast, are operated using fully integrated, process 
flow-control computer systems in addition to constant-
ly monitoring and recording changes in environmental 
parameters (relative humidity, temperature, pressure) 
and flow rates (nebulizer, secondary air, exhaust, sam-
pling).45 This improves accuracy in exposure timing 
and control as well as improving dosimetry precision 
in nonhuman primates. With the increased monitoring 
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comes the improved ability to control and alter these 
parameters during the exposure to evaluate the impact 
on aerosol concentration.

Dosimetry

The most critical aspect of biological aerosol expo-
sure systems is the ability to determine the dose deliv-
ered to the exposed animal based on the operational 
characteristics and performance of the system to the 
users’ requirements. Aerosol “dose” is reported in one 
of three ways: (1) inhaled (also called presented dose, 
the total number of infectious organisms or mass of 
toxin inhaled), (2) deposited (the amount that depos-
its within the respiratory tract), and (3) retained (the 
amount that remains in the respiratory tract after a 
specific time).17,46 The delineation between deposited 
and retained dose is time-dependent and is not fixed 
except within a given system. For example, in 1962 
Harper and Morton defined retention of Bacillus globigii 
spores as the number of spores remaining in the lungs 
of guinea pigs 1 day after an aerosol exposure.47 A 
considerable amount of what is inhaled is exhaled, re-
moved, or destroyed by the host’s innate mechanisms 
for clearing the respiratory tract (eg, the mucociliary es-
calator, mucin, defensins, and surfactants). Deposited 
and retained dose are difficult to measure for infectious 
organisms, which begin to replicate or escape from the 
respiratory tract into the circulation almost as soon as 
they deposit in the respiratory tract. Further, measur-
ing deposited and retained dose requires sacrificing the 
animal and harvesting tissues in the respiratory tract. 
Understanding deposition and retention is useful for 
understanding the aerosol biology and pathology of 
infectious organisms, but the impact on the efficacy 
of medical countermeasures is less clear.21,22,24,48,49 This 
must be evaluated on a pathogen- and host-specific 
basis, and the results from one system should not be 
generally applied to other systems (including other 
animal species infected with the same pathogen). Fur-
ther research is desperately needed.

Parameters Impacting Aerosol Dosimetry

Aerosol Performance

System performance between aerosols is compared 
using the ratio between the aerosol concentration and 
the nebulizer concentration, also known as the spray 
factor. Spray factor can be used to determine the nebu-
lizer concentration required to achieve a desired inhaled 
dose in future studies with that pathogen. Spray factors 
can only be compared within a given aerosol system 
for a particular agent, and different systems are not 

comparable using spray factor performance. Spray 
factor is essential to building a microbial database of 
relative aerosol viability within a particular aerosol 
system, and ultimately dictates the capability (and 
limitations) of dosing animal species within an aerosol 
system with that pathogen. Aerosols performed prior 
to animal exposures determine the spray factor as well 
as assess the impact of environmental parameters on 
aerosol performance. Relative humidity in particular has 
been shown to impact particle size distribution as well 
as viability of a number of bacteria and viruses.43,50–57 
Aerosol efficiency (the ratio of viable agent in the aerosol 
sample to the quantity of agent nebulized) and relative 
recovery (aerosol sampling of the challenge agent rela-
tive to a known standard included in the aerosol) have 
been used as alternatives to spray factor and serve an 
equivalent function.50,58,59 These effects are pathogen- 
and system-specific and require careful evaluation in de-
veloping new systems or working with new pathogens.

Anatomy and Physiology

Numerous studies have highlighted differences in 
the respiratory anatomy between mammalian species. 
In particular, the length and degree of branching in the 
bronchus and bronchioles vary greatly between spe-
cies, getting smaller in length and with less branching 
as species get smaller.60 Differences in the amount of 
branching have been noted between strains of inbred 
mice. There is also considerable difference in the thick-
ness of bronchial epithelium and the production of 
mucus,61 all factors that can impact particle deposition 
and retention in the respiratory tract.

Respiratory Function

To determine the inhaled dose requires measuring 
the respiratory minute volume (Vm) of the experimen-
tal animal.62 For experiments with smaller animals 
like rodents and ferrets, where multiple animals are 
exposed at a time, minute volume is determined using 
a simplistic formula based on the animal’s weight and 
corresponding surface area, and was developed by 
Arthur Guyton over six decades ago.63 Other methods 
to determine respiratory function were developed by 
Bide and Alexander and are also used.64,65 Respiratory 
function is typically measured using plethysmography 
if larger animals, such as rabbits and nonhuman pri-
mates, are employed in experimentation. Plethysmog-
raphy is typically performed either immediately before 
or during the aerosol exposure. Plethysmography 
(and the aerosol exposure) of nonhuman primates is 
performed while animals are anesthetized, which can 
dramatically suppress respiratory function. Rabbits, 
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although not anesthetized, are typically restrained, 
which can increase respiration and minute volume 
between rabbits of similar size, age, and gender, and 
can vary dramatically. Because of space limitations 
in the class III BSC, plethysmography of rabbits and 
nonhuman primates can typically be done more easily 
before the aerosol exposure. If plethysmography is per-
formed prior to exposure, minute volume is presumed 
not to change during exposure (or changes only mini-
mally), although data have shown tremendous varia-

tion in minute volume in larger animals irrespective 
of weight and other factors such as age, gender, and 
level of anesthesia. If not accounted for, this can lead 
to tremendous variation in presented dose delivered 
to animals during exposure. However, most biological 
aerosol exposure systems do not account for individual 
variation in minute volume between animals, instead 
relying upon a fixed exposure time. This is an area 
that needs further development to ensure similar and 
consistent dosing between treated and control groups.

SUMMARY

The interface of aerobiology, infectious disease, 
and the transmissibility of disease are ever present. 
Harnessing, controlling, and delivering pathogenic 
agents by aerosol remains the primary and most 
predicted route of exposure for both military and 
state-sponsored terrorist acts using biological weap-
ons. The threat of a biological agent being optimized 
for aerosol delivery holds the potential to reach a 
target population more efficiently and more com-
pletely than any other possible exposure modality 
available. Much of what is known in the scientific 
lexicon of aerobiology, as in many fields of study, 
is derived primarily from observation of nature and 
natural processes; namely the transmission of disease 
either through indirect sources, such as contaminated 
sewage aerosolized at a particle size distribution that 
approximates respirability, or direct sources, such as 
proximal contact with an infected host while cough-
ing or sneezing.4 The early challenge was to overcome 
the identified environmental and physiochemical fac-
tors that would most rapidly degrade or kill microbial 
preparations when in an aerosol form. Accordingly, 
modern development of aerobiological techniques 
was synthetically modeled after natural processes 
most efficient at disease transmission. Maintaining 
the physical characteristics and viability of a patho-
genic organism for delivery into the environment 
by virtue of munitions or secondary direct aerosol 
generator was no small task, and by all accounts 
in the history of the offensive biological programs, 
overcoming these barriers required sophisticated ap-
proaches. Early biological weapons programs in the 
United States and Soviet Union focused initially on 
transferring laboratory bench-based microbiological 
propagation into industrial-class operational capabil-
ity, first producing massive quantities of pathogenic 
agent. Preparation of live microbiological agents for 
airborne delivery relied heavily upon techniques for 
preservation and packaging that maintain viability 
and protect against environmental degradation once 
released. Concurrent to developing and perfecting 

industrial-class microbial propagation, preparation, 
preservation, and delivery techniques, significant ef-
forts were made to determine pathophysiology and 
pathogenesis in animal models and even in limited 
human studies. Complex systems for testing and 
evaluating optimized microbial preparations using 
select animal species emerged at this time to better 
support this effort. Sophisticated testing systems 
that integrated aerosol delivery to a varied array of 
animal species developed during this time. The small 
modular aerosol exposure systems in use in many 
modern laboratories, which are mere shadows of the 
industrial versions of the past, continue to function 
under the same basic design and performance crite-
ria. Conversely, the clinical studies that incorporated 
aerosol exposure with agents easily treated with 
available chemotherapeutic agents at the time were 
an advent that will forever remain in the annals of the 
offensive biological program. The massive dedication 
of scientific resources and infrastructure to respond 
to this effort was specifically focused on aerosol as 
the primary means of delivery to the enemy. This 
is an important consideration because a number of 
the biological agents selected for development were 
not naturally communicable through the airborne 
route; therefore no clinical experience with infection 
existed at the time. Predominant disease models and 
pathogens that catered to aerosol delivery emerged as 
cornerstones of the state-sponsored biological weap-
on programs. These very programs, at their zenith, 
optimized the industrial production, packaging, and 
prospective aerosol delivery of biological agents in a 
manner that history had never witnessed. The aero-
biology resources and capabilities adjunctive to the 
biological weapon programs ultimately experienced 
a dramatic reduction, and a complete shutdown in 
many cases, that coincided with the signing of the 
biological weapons convention in 1969. Some coun-
tries, however, continued covert operations, including 
the aerosol research components, well into the 21st 
century.    
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Collectively, in the aftermath of the decommis-
sioning of the offensive biological programs, much 
of the infrastructure needed to effectively perform 
research for medical countermeasures was effec-
tively rebuilt, albeit on a much smaller scale with 
significant technical and engineering limitations in 
mind. Present-day research organizations that incor-

porate aerobiology resources and expertise, such as 
the program at the US Army Medical Research Insti-
tute of Infectious Diseases at Fort Detrick, Maryland, 
embody a small-scale, sophisticated support struc-
ture similar to many programs at other federally 
supported, contracting, and academic laboratories 
throughout the nation. 
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