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Preface

The Committee on Determining a Standard of Measure for Biological Aerosols was
convened by The National Academies in response to a request from the U.S. Department of
Defense (DOD), Joint Program Executive Office for Chemical and Biological Defense (JPEO
CBD), Joint Project Manager, Nuclear, Biological and Chemical Contamination Avoidance
(JPM NBCCA), Product Director, Test Equipment, Strategy and Support (PD TESS).! As the
committee title indicates, PD TESS requested the evaluation of current units of measure of
biological aerosols and, if necessary, the development of a new standard unit of measure to aid in
the development and testing of biological warfare agent detectors. Specifically, an evaluation of
the continued use of Agent-Containing Particles per Liter of Air (ACPLA) in test and evaluation
of detectors was requested. The full statement of task for the committee can be found in
Appendix B.

In approaching the statement of task, the committee requested input from representatives
of the Joint Program Manager for Biological Defense; the Joint Program Manager for Nuclear,
Biological, and Chemical Contamination Avoidance; the Joint Requirements Office (JRO);
Dugway Proving Ground (DPG); and the United States Army Medical Research Institute for
Infectious Diseases (USAMRIID). These speakers brought important, complementary
perspectives to the question, and gave the committee useful insights on the impact a new unit of
measure would have on the testing and evaluation community. These presentations and
discussions were instrumental in guiding the committee to the development of the framework for
evaluating health risk described in the report. We believe the recommendations will strengthen
the existing testing and evaluation community by creating a single unit based on the specific
health risks presented by different biological agents.

The committee met three times in person in Washington, DC, and numerous times by
teleconference over the course of eight months. The timeline and workload required considerable
attention from the committee, and this report would not have been possible without their
consistent dedication and patience. Throughout the project, the staff of the sponsoring office, PD
TESS, provided considerable support and interest in the study. The committee sincerely
appreciated their willingness to answer questions and provide necessary background information.

J. Patrick Fitch, Chair

" The abbreviation PD TESS will be used to indicate this organization.
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Summary

INTRODUCTION

Biological warfare agent (BWA) detectors are designed to provide alerts to military
personnel of the presence of dangerous biological agents. Detecting such agents promptly makes
it possible to minimize contamination and personnel exposure and initiate early treatment. It is
also important, though, that detectors not raise an alarm when the situation does not warrant it.
Such “false positives” may result in unnecessary precautionary measures and could impact a
mission’s success. For biological agents, establishing an appropriate level of sensitivity for an
alarm is especially difficult because biological agents are diverse and vary widely in infectivity
and virulence. Thus, detectors ideally should be capable of discriminating between highly
infectious or virulent agents—to which they must be very sensitive—and innocuous ambient
environmental microorganisms or low-risk ones—for which an alarm would be undesirable.

It is a challenge, then, to choose what physical characteristic detectors should measure,
since the effect of interest is inherently biological activity. Ideally, a single characteristic,
common to all hazardous agents, and accurately quantifiable, would be most useful. Such a
characteristic would make it straightforward for a test and evaluation program to compare the
accuracy and sensitivity of different detectors. The U.S. Department of Defense (DOD); Joint
Program Executive Office for Chemical and Biological Defense (JPEO CBD); Joint Project
Manager, Nuclear, Biological and Chemical Contamination Avoidance (JPM NBCCA); Product
Director, Test Equipment, Strategy and Support (PD TESS)' sought a standard unit of measure
that could be used for biological material independent of the state of the material and
independent of agent type. PD TESS asked the National Academies to conduct this study,
addressing the use of measurement in the test and evaluation of aerosol detectors and evaluating
whether the standard unit currently in use, Agent-Containing Particles per Liter of Air (ACPLA,)
is the most appropriate measure and what alternatives exist. As the name suggests, ACPLA is a
measure of the number of particles in a liter of air that contain a viable biological agent.
Formally, the term applies to bacteria, but it can be modified to refer to viruses or toxin
molecules. The question considered in this report is whether ACPLA is an appropriate unit of
measure for use in the evaluation of aerosol detectors and whether a better, alternative measure
can be developed.

This report discusses several problems with the use of ACPLA. First, ACPLA does not
distinguish between “active” and “inactive” biological agents. (While the term “active” can have
different meanings, for the purpose of this report the term is used as shorthand for the form of the
biological agent that can cause harm—Ilive bacteria, infective viruses and active biotoxins. The
term is more general than “viable”, which is specific to bacteria and refers to the capacity to
grow in culture, as opposed to the ability to cause harm.) Second, ACPLA does not distinguish
between virulent and innocuous strains of bioagents. Third, even as a simple measure of
quantity, ACPLA falls short because it does not distinguish between particles containing a single

" The abbreviation PD TESS will be used to indicate this organization.
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organism or molecule and those that might contain hundreds or thousands of units of the
bioagent. Finally, the health effects of particles containing bioagents can be dramatically affected
by the size of the particle—small particles can be drawn deeply into the lungs where they are
more harmful, while large particles may only reach the nasal passages, or not be inhaled at all.
ACPLA makes no particle size distinction.

The problem with a unit of measure that does not include such parameters can be
illustrated by imagining the response to two different threats of a detector measuring ACPLA: in
one scenario, an average liter of air contains 100 particles, each carrying one avirulent bacterium.
The detector would give a reading of 100 ACPLA. In the other scenario, an average liter of air
contains 1 particle carrying 100 extremely virulent, live bacteria. The detector would need to be
sensitive down to the level of 1 ACPLA to detect this attack. If the detector were set to sound an
alarm at, say, 10 ACPLA, the detector would alert military personnel to the first attack—which
is, in fact, harmless—and fail to alert to the second attack—which might be extremely
dangerous. Even if the detector were sensitive enough to detect 1 ACPLA, it would still sound
an alarm in both situations, where only one warrants taking precautionary measures.

The challenges described above are just some of those associated with the measurement
of biological species. The complexity of the bioagent threat is such that there is only one relevant
characteristic shared by all agents of interest: the capacity to interact with the human body and
potentially cause harm. Thus, a unit of measure that considers the health hazard posed by a given
concentration of aerosolized biological agent in air would allow comparison across all agent
types against a characteristic that would have real utility both for test and evaluation of detectors
and in the field.

ACPLA is easily understandable and measurable; thus, it is straightforwardly
incorporated into a system of detector requirements and evaluation, but it fares poorly in the
more complicated task of providing a tool to measure the actual hazard posed by a biological
attack or a system’s ability to detect that hazard. ACPLA focuses attention on a generic
characteristic (quantity of agent containing particles) that cannot be related, even relatively, to
health hazard. Instead, it would be more useful to adopt a framework of measurement that makes
it possible to evaluate relative hazard by including agent identity and activity, particle size and
infectious dose. The new measurement framework would be more complicated than ACPLA.
Not all of the information needed to compare the health hazard of different agents is readily
available. Even with imperfect knowledge, however, the new framework could be implemented
with current technology. More importantly, implementing the new framework would serve to
focus future development efforts on detectors that measure parameters relevant to health risk in
both military and civilian settings.

CHARGE TO THE COMMITTEE

At the request of PD TESS, the National Research Council was asked to evaluate current
units of measure for biological aerosols and, if necessary, determine a standard unit of measure
that can be used for biological material independent of the state of the material (aerosol or
aerosol resuspended in liquid) and independent of agent type (bacteria, viruses, or toxins).

The committee addressed the following questions:

e s there a single unit of measure that is appropriate for use in the evaluation of aerosol
detectors?

Copyright © National Academy of Sciences. All rights reserved.
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e What are the possible alternatives to the use of ACPLA and what are the advantages
and disadvantages of their use?

e Are different measures appropriate in different circumstances?

e s there a robust way to convert between various units of measure?

RESPONSE TO THE CHARGE
Evaluation of existing units

Some of the limitations ACPLA were discussed above. Even the real advantages of
ACPLA—its relative simplicity and clear quantifiability—are compromised by the fact that, in
practice, ACPLA is measured in many different ways. Some instruments may determine the
identity and amount of live agent by culturing concentrated air samples on solid agar medium.
Other instruments measure such characteristics as the particle count or sample fluorescence.
ACPLA does not explicitly make a distinction between active and inactive agent, and
instruments that measure different characteristics may provide different ACPLA assessments of
the same sample. For example, an instrument that counts colony-forming units (CFUs) would be
measuring live bacteria, while an instrument that counts agent genome equivalents using
polymerase chain reaction (PCR) would be measuring both live and dead bacteria. Each could be
used to infer the number of agent-containing particles, but they could give different measures of
concentration. Finally, because ACPLA does not account for the dramatic differences in the
health risks posed by different agents, the recipient of an ACPLA count must know what agent is
detected, and understand the health risks posed by the specific strain in order to determine the
proper course of action. Therefore, ACPLA alone does not provide enough information to
determine the truly relevant information—whether a health threat exists.

Another possible unit, agent concentration in irreducible units (e.g., spores), suffers from
similar issues as ACPLA. This unit, unlike ACPLA, does reflect the total amount of agent
present, but like ACPLA, fails to measure activity or particle size, which can significantly
change both the lethality and the infectivity of the attack.

Another alternative measure is the number of colony-forming units (CFU) of bacteria,
plaque-forming units (PFU) of virus, or mass of toxins per unit volume of air. These measures
also lack the detail needed to fully assess hazard. Important factors, such as particle size, are
again lost with these units. These measurements, in the case of bacteria and viruses, do provide
useful information on biological activity—a necessary condition to determine whether an agent
is capable of producing an adverse biological outcome—but they reflect fundamental biological
differences of the different classes of agents and are not directly interconvertible.

After a survey of the literature to identify units describing the concentration of biological
aerosols, the committee concluded that no single unit of measure is available that could be used
directly to compare the health hazard posed by different biological agents and the many forms in
which they might be encountered in an attack.

An integrated framework that allows comparison of hazard

Copyright © National Academy of Sciences. All rights reserved.
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The committee concluded that in order to be useful and comparable across all biological
agents and detection systems, measurements of biological agents must ultimately be related to
health hazard. The capacity to cause harm is a quality shared by all pathogens, including those
not associated with biological warfare, such as SARS, avian influenza, or the toxins associated
with red tide. While this report focuses on biological warfare agents, the concepts presented can
be applied to a broad range of airborne pathogens and biological toxins.

Two critical factors determine the probability that a BWA aerosol exposure will produce
an adverse health outcome—the hazard posed by the agent and the physiological responses of
the individuals exposed to it. A cloud of smallpox virus is a hazard, but it may pose no health
risk if all of the exposed individuals are effectively immunized against smallpox. The hazard
posed by an agent is determined by its physical and biological characteristics: identity and strain
of agent, activity, virulence, and particle size.

For the purpose of developing, testing and evaluating bioaerosol detectors, it is the
hazard that would be measured. This report proposes a unit—Biologically Active Units/Liter of
Air or BAULAp,— that quantifies the hazard posed by a particular bioaerosol where D, is the
particle aerodynamic diameter. The BAULAp,. unit can then be embedded in a full health risk
framework that places that hazard in the context of the likely physiological impact on the
particular population in question. The parameters that are included in BAULAp, are
summarized in Figure S.1.

A framework for evaluating health hazard
(BAULA: Biologically Active Units/Liter of Air)

Health Hazard =

Physical Characteristics + Biological Characteristics

How many particles per liter of air? Which agent is present?
How much agent per particle? How much agent is active?
What is the particle size distribution? What is the LD, of the agent?

FIGURE S.1 A framework for evaluating the health hazard posed by aerosolized biological warfare
agent exposure.

Proposal of BAULA (Biologically Active Units per Liter of Air) as a new framework for
evaluation of health hazard

The proposed unit of hazard—Biologically Active Units per Liter of Air (BAULAp,.)—

Copyright © National Academy of Sciences. All rights reserved.
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is a particle aerodynamic diameter (D,.) dependent measure of biologically active units per liter
of air, such that a biologically active unit is the amount of agent required to have a certain
probability of causing a negative health outcome. BAULA . incorporates the key information
needed to estimate health hazard. Because different threat agents pose different hazards,
biologically active units would be measured and calculated differently for each threat agent. For
example, two agents present in the same quantity—as determined by CFU—but with differences
in virulence would result in different values of BAULAp,. although their concentration as
reported in the current unit, ACPLA, would be the same. Normalizing agent concentration to
health hazard enables direct comparisons between all types of agents.

It is important to note that all of the factors in BAULAjp,, cannot currently be
accurately quantified for every biological agent. For example, the dose required to sicken 50
percent of a particular exposed population is not known for every agent. Nor is it known, for
every agent, how health hazard varies as a function of location in the respiratory tract.
Extrapolation of animal data to human effects has uncertainties. In addition, obtaining non-
human primate data of adequate precision and accuracy is extremely challenging but required
due to the low natural occurrence of many of the pathogens of military concern. While the
information used to calculate the health hazard may not be ideal (for example, LDs, levels
determined in animal studies), even reasonable estimates of health hazard would improve the
utility of the information given by detectors compared to a unit that does not even account for
activity, much less virulence. The BAULA framework illustrates what type of information would
be needed if detectors were able to provide warning not only of agent presence, but also of
biological activity that can be related to health hazard. If it can be agreed that this is the ultimate
goal for BWA detectors, then the BAULA framework provides an appropriate standard for
reaching this goal. Initially, referee systems, and subsequently detector systems, can be
developed with the new unit as their reference point, which will guide research and development
and assist in identification and prioritization of knowledge and data gaps. Until these gaps have
been filled—and some of these data (e.g., non-human primate LDsp) may never be obtained—it
will be necessary to make appropriate assumptions to effectively use the unit and the framework.

Application of the BAULA Framework to Detector Assessment

The effective evaluation of detectors requires an effective set of test protocols and
requirements.” During a test, the referee system, which does not have to evaluate the aerosol in
real time and may consist of several different instruments, is used to provide an accurate measure
of what the detector is being exposed to during testing. Because BAULAp,., like ACPLA,
requires assessment of the physical properties of the aerosol, existing referee equipment can be
used to quantitate the physical characteristics of the BWA aerosol. BAULA also requires
biological activity to be assessed as a surrogate indicator of infectivity. The information acquired
from these measures will then need to be related back to a chart providing population level lethal
dose rates to determine BAULA p..

Detector developers and testers operate at the interface of the physical and life sciences;
both physical measures (e.g. particle size, presence of an agent) and biological measures (e.g.,

2 For the purposes of this report, the term “detector” is used to describe equipment that is under evaluation or used in
the field, “referee” corresponds to the description provided here, and “instrument” is used generically to describe the
equipment and components in either detector or referee systems.
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viability, virulence, host susceptibility) are needed to fully characterize the hazards of
bioaerosols. Currently, and for the foreseeable future, there are insufficient scientific data to have
an absolute performance measure for all detectors against all biological agents. Despite this
limitation, there is sufficient scientific evidence to allow effective testing, particularly through
the comparison of relative performance. These comparisons can be used to link to policy and
requirements as well as to prioritize investments for improving detector performance. As an
example, consider two candidate detectors and their performances detecting the bacteria Bacillus
anthracis and Francisella tularensis. (Dennis et al. 2001; Inglesby et al. 2002) If both agents are
equally likely to be used by an adversary, and data suggest that Francisella causes infection at a
lower dose, then the detector that is more sensitive to Francisella would be preferred. Over time,
this framework could help direct detector research and development to focus on developing
measurement techniques to monitor the specific physical and biological characteristics that have
the greatest impact on the hazard posed by BWA.

It should be noted that real-time detectors themselves will not likely directly measure
BAULAp,.. Because detectors can be designed to measure fundamentally different qualities of
the BWA (e.g., CFUs, PFUs, quantity of nucleic acid, immunofluorescence), their outputs are
not directly convertible to BAULA ., but can be inserted into the BAULA framework. Referee
systems will quantitate the BAULAp,. level to which the detector is exposed. Reducing the
challenge amount until the detector can no longer discriminate challenge from background noise
would define the detector’s minimum detectable concentration.

A major consideration in adapting current testing procedures to the proposed new
framework is that it requires differentiation of active and inactive agents. Current detectors and
referee systems measure either active agent (in the case of instruments that measure CFU, for
example) or all agent (for example, instruments that measure immunofluorescence) but do not
distinguish active from inactive agent. This limitation is currently circumvented by making the
conservative assumption that all agent detected is active. However, as technology progresses and
instruments are developed that can distinguish between active and inactive agent, it will be
important to take into account both whether the detector and referee systems are measuring the
same thing and how much of the sample is remaining active throughout the testing process. Loss
of activity during the testing process could cause discrepancies between detector results and
referee instrument measurements. For example, if the sample preparation and aerosolization
processes result in a 50 percent loss in activity, detector A (that senses both active and inactive
agent) may appear to have twice the sensitivity of detector B (that detects only active agent) if
the referee system is based only on active agent detection. This may translate to an inaccurate
assessment that detector A is more capable of detecting the amount of agent needed to pose a
health hazard than it actually is.

Current testing protocols often require that the aerosolization process produce an aerosol
with fairly narrow particle size distributions. Accurate assessment of health hazard would require
the generation of particle sizes that reflect different health hazards; the eventual goal would be to
develop detectors capable of characterizing these physical characteristics of the aerosol. For now,
improvements in the referee system are needed to obtain the particle size data identified in the
equation. In the long term, use of the BAULA framework may facilitate the development and
deployment of detectors that can determine the sample’s particle size distribution.

There is significant value in implementing the use of BAULAp,. in the near term, even
though the scientific basis for quantitatively linking all biological agents to health hazard is
currently incomplete. With appropriate documentation of standard operation procedures,
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methods, and reagents, many of the measurements needed to assess BWA exposure in
BAULA .. units can be accomplished with current detection technologies. For instance, particle
sizing and counting; collection rate; sampling time; concentration; and CFU, PFU, and toxin
mass can all be implemented today. Adoption of BAULAp, as the standard approach to
determining hazard will highlight the necessity to develop accurate factors for converting CFU
(or other direct measurements) to biologically active units, thereby providing a focus for where
research would be most productive. Overall, although the proposed BAULAp, unit is more
complex than the current ACPLA unit, BAULAp,. has the advantage both of providing a valid
basis for comparison across all biological agents and, when incorporated into the broader risk
framework, of providing an assessment with true operational value: the risk to health of those
exposed to biowarfare agents.

RECOMMENDATIONS

Recommendation A: A unit of hazard should be adopted as part of the evaluative
framework. The committee recommends the unit be a particle size (D,.) dependent
measure of biologically active units per liter of air (BAULAp,.).

Recommendation B: In support of an overall DOD detector evaluation philosophy that
relates health risks and aerosol exposure, the committee recommends using the relationship
in Figure S.1 to provide a framework for relating health hazard and aerosol exposure and
to identify the information provided by different types of detectors.

Recommendation C: Standardize testing procedures for evaluating detectors.

C.1 Aerosol challenges need to be well characterized, including D,,, BAULAp,,,
BAPLAp,. (size-resolved number of Biologically Active Particles per Liter of Air), and
material rendered inactive during the process of aerosol dissemination and transport.

C.2 Challenge biodetectors with aerosols of defined size distributions. At least three
challenge aerosols with different median aerodynamic diameters (D,,) should be used in
chamber or component testing of detectors. These should be chosen to represent deposition in the
three regions of the respiratory tract.

C.3: The standardized unit of hazard, BAULAp,., and the broader evaluative
framework for health hazard should be adopted as DOD-wide standards, including use in
T&E and procurement. The method for implementing the unit and framework should be
documented, externally peer reviewed, and published. Revisions and updates should follow
similar vetting processes so that calibration, referee instruments, and testing reagents are
standardized and variation is identified.

Recommendation D: Survey the literature to better understand the transport and inhalation
of particles to improve selection of appropriate D,, (median aerodynamic diameter)
challenge aerosols for test and evaluation. Balance this knowledge with intelligence of
possible threats. Specifically examine whether to include testing of particles smaller than 1um
and larger than 10um.

Recommendation E: Maintain ability to learn from unanticipated events by archiving data.
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E.1. Archive parameters, methods, measurements, and test conditions during T&E
of detectors.

E.2. Consider archiving raw data collected by deployed systems to guide future
development of detectors through performance evaluation.

Recommendation F1: For priority DOD scenarios, an evaluation of uncertainty in the
science, measurements, and situational awareness should be conducted so that resources
can be invested in reducing the largest uncertainties that impact decision making.

Recommendation F2: An applied science program should be designed and executed to
obtain information that will both improve the accuracy of the equation and help evaluate
threats and their inherent uncertainties. This will require information about different biothreat
agents, instrumentation types, and scenarios important to DOD.
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Introduction

Biological warfare agents (BWAs) possess properties that complicate defensive measures
against them. First, the effective concentrations can be sufficiently low that an airborne attack
need not be obvious or even directly sensible. Secondly, latencies or incubation periods between
exposure and the onset of physiological reactions or symptoms are typically long (hours to days).
By the time symptoms appear and clinical diagnosis is possible, the most effective treatment
period may have passed. Simple awareness of an attack allows for the possibility of taking
preventive action, such as donning protective equipment, to minimize exposure and initiate
timely treatment. Awareness of the type and extent of an attack would also permit commanders
to assess impact of the attack on meeting mission goals. These considerations make the
development of fast, reliable BWA detectors that can alert personnel to possible BWA aerosol
exposures a priority for the Department of Defense (DOD).

The development of detectors capable of providing the protections described above is a
complex process. This report specifically addresses one step in that process, that of performance
validation (test and evaluation) of candidate biological aerosol detection systems. Candidate
detectors are subjected to biological aerosol test samples and their responses are evaluated to
identify those that meet currently established requirements, such as minimum detectable
concentration thresholds. The committee was asked to evaluate agent-containing particles per
liter of air (ACPLA), the current standard unit of measure for biological aerosols.

1.1 REQUEST TO COMMITTEE

The DOD Joint Chemical and Biological Defense (CBD) Program’s current requirements
for evaluating biological aerosol detectors are stated in Agent-Containing Particles per Liter of
Air (ACPLA). ACPLA is not a measurement that can be made directly. It is inferred both from
the measurement made by the referee instruments and by what is known about the test sample.
For example, instruments may measure colony forming units (CFU) of bacteria, plaque forming
units (PFU) of viruses, and nanograms or picograms of toxins in a given volume of air. The test
protocol for evaluating detectors is often designed with a controlled release of a test agent or
simulant that challenges the candidate detector. Referee systems are used to calibrate the source
as well as the detection system being tested.! However, these systems are not standardized across
all tests and evaluations done for DOD and are often appropriately designed to be as simple as

! For the purposes of this report, the term “detector” is used to describe equipment that is under evaluation or used in
the field, “referee” corresponds to the description provided here, and “instrument” is used generically to describe the
equipment and components in either detector or referee systems.
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possible. Referee equipment may also include instruments to measure overall aerosol particle
count, sample fluorescence, and other characteristics of the aerosol. Variation in both the
methods of characterization and the units used to quantify the amount of airborne agent material
has created a barrier to comparison and cross-correlation of quantitative test results.

To address these issues, the DOD Joint CBD Program seeks a standard unit of measure
that can be used for biological material independent of the state of the material (aerosol or
aerosol resuspended or captured in liquid) and independent of agent type (i.e., bacteria, viruses,
or toxins). The department asked the National Academies to conduct this study addressing the
use of measurement in the testing of aerosol detector, whether ACPLA is the most appropriate
measure and what alternatives exist. If one unit of measurement is not obtainable, the DOD seeks
to establish a relationship for comparison of different units.”

1.2 DETERMINING A STANDARD UNIT OF MEASURE

The charge was to determine whether it is possible to develop a single unit of measure for
airborne biological agents that may include bacterial vegetative cells, bacterial spores, virions,
and biological toxins. The ultimate purpose of this unit of measure is to aid in the evaluation of
sensors that are designed to warn and provide a measure of protection against the risk of
exposure. Modes of action and the nature of the health threat vary widely among the different
possible agents, and may even vary with the mode of exposure to a particular agent. However,
the different biological agents share a common feature, and that is the hazard they pose to
exposed humans. This feature is also shared by pathogens associated with naturally-occurring
epidemics such as SARS, avian influenza, or toxins associated with red tide. This report focuses
on biological warfare agents, but the concepts presented are equally applicable to a broad range
of airborne pathogens, biological toxins, and chemical agent aerosols.

The potential harm of a BWA attack depends on such factors as the type of agent, activity
or viability of the agent, quantity released, and method and circumstances of dispersal. As an
illustration, the received dosage of a biological agent, such as anthrax, from which 50 percent of
the exposed population dies (lethal dosage 50 percent, or LDsy) can be obtained from multiple
(e.g., internet) sources as a number between 5000-20,000 spores. What is not generally discussed
in this type of reference is the dependence of the LDsy quantity on the specific strain of anthrax.
For example, the Aum Shinrikyo cult conducted several unsuccessful biological warfare agent
(BWA) attacks in Tokyo in the early 1990s. Only one of these attacks, in 1993, was even
recognized at the time. The lack of harm and the failure to detect the attack were due in large part
to the selection of a vaccine strain of B. anthracis as the agent. If the group had selected a
virulent strain to distribute, the outcome could have been different. Thus, LDs, is a critical
characteristic of a BWA, and one can quickly appreciate that in order to gauge the effectiveness
of an attack, a detection system should not only measure the number of B. anthracis spores
present but also provide a measure of both viability and virulence of the agent. If a unit of
measure does not take biological activity of the agent into account, it will have little use as a
measure of the hazard a released agent presents.

Despite the many sources of potential variability in BWA attacks, it is useful to consider
an idealized detector to help define appropriate units of detector performance. If consensus can
be reached on an appropriate method of quantification for BWA aerosol sensors, the new method

2 See Appendix B for the full statement of task.
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can serve as a reference point to guide research and development, and to prioritize knowledge
and data gaps. The actual measurement and characterization of biological aerosols will always be
constrained by current scientific understanding and technological capability. It is necessary to
develop a unit that can be implemented with current capabilities, but that will be robust enough
to accommodate improvements in instrumentation and changes in the understanding of BWA
aerosols.

1.2.1 Biological Warfare Agents

This study seeks to address appropriate detector measures for traditional biological
warfare agents (BWAs): bacteria (both vegetative cells and spore forms), viruses, and toxins.
Each of these can be regarded as having an irreducible minimum unit:

e Bacteria—a single cell or spore;
e  Viruses—a virion; and

e Toxins—a single molecule.

Although the three traditional classes of BWAs are our focus, some attention was given
to making the overall framework relevant to broader classes of toxins, including chemically
synthesized toxins, non-protein biological effectors, and pathogens that are not traditionally
considered in BW including protozoa and fungi. The approach recommended in this report is
sufficiently flexible to accommodate any future modification or expansion of the BW threat
classes.

At present, the definition of chemical versus biological agents is based primarily on the
method of production. However, this distinction may be blurred somewhat as the capability to
synthesize biological toxins expands. Therefore, the categories of biological toxins and chemical
warfare agents can seem similar, from the perspective that exposure effects of certain BW toxins,
such as botulinum, may be similar to some CW nerve agents, such as sarin. However, another
important physical distinction exists: while CWAs include both molecular vapors (gasses) and
particles, all BWAs are particulate materials (powders, aerosols). None of the BWAs, including
biological toxin compounds, has a measurable vapor pressure at normal temperature and
pressure, and therefore BWA exposure by an airborne attack necessarily involves the release or
dispersion of suspended particles as aerosols. Consequently, a physical description of a BWA
release would include some enumeration of the quantity of particles that contain these irreducible
agent entities per unit volume of air. (The different types or classes of BWAs are described in
more detail in Chapter 3.) Currently, Agent-containing Particles per Liter of Air (ACPLA) is the
DOD standard for describing the concentration of BWA aerosols for all agent types.

1.2.2 Characteristics of an Ideal Unit of Measure
What would an ideal detection system provide? To manage risk to troops or exposed

populations, decision makers need a measure of the existing and future risk from an attack.
During the attack, decision makers would need to know the identity of the hazardous biological
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material and the concentration per unit volume of air. Later, it will be necessary to consider such
additional risks as the propagation of the bioaerosol cloud, continuing exposure risks, and
resuspension of settled material.’ Determining the actual exposure to a BWA that troops are
likely to experience from an aerosol attack is difficult to assess for several reasons, many of
which will be discussed further in subsequent sections of this report. Specific agent type or
strains; method of dissemination; method of preparation, meteorological conditions, viability,
and infectivity as a function of particle size all affect the exposure experienced by troops.
Comprehensive assessment of the threat is substantially complex, with significantly greater
information being required of the detection system than only the quantification and identification
of a particular class of agent.

The goal of this report is to address one small part of this picture by exploring the
possibility of a standard unit of measure for accurate performance comparison of bioaerosol
detection systems. The report argues that an ideal unit of measure would also set the foundation
for using detection systems to measure health risk and facilitate informed judgments. The goal of
this section is to illustrate why an ideal assessment of a BWA threat is inherently complex, and
not all of the information needed to assess the risks is currently available. Any proposed unit of
measure should not only be useful given current technological capabilities but also be capable of
approaching this ideal goal as more information becomes available. This is not to suggest that
definitive empirical information, for example, from non-human primate studies will be readily
forthcoming due to the inherent challenges in such studies. In addition, limited opportunity
exists for gathering information for agents of interest during naturally occurring disease
outbreaks. Nevertheless, even imprecise measures of lethality would be helpful in setting
priorities for how sensitive detectors need to be to different bioagents.

At present, exposures to bacteria, virions, and toxins are expressed in units that reflect the
numbers of agent-containing particles per unit volume (typically a liter) of air. For bacterial
agents, this quantity has been called ACPLA. Informally, the term has been extended to virus or
toxin exposures as well, but the information contained in the unit does not adequately reflect the
biological effects of the different agents. ACPLA says nothing about the number of agents to
which a person may be exposed (because it does not account for how much agent is contained in
each particle), nor does it provide insights into the nature of the exposure (i.e., the difference
between large particles that will deposit agent in the nose or throat when inhaled, and smaller
particles that may convey agent into the lower airways). ACPLA also fails to account for the
dramatic differences in the health hazard posed by different agents; the recipient of an ACPLA
count must know what agent is detected and understand the health hazard posed by that agent in
order to determine the proper course of action (e.g. antibiotics will not be effective treatment for
viral or toxin agents). ACPLA is, therefore, not suitable for use as a single unit of measure for
reporting bioaerosol data.

Another possible unit, agent concentration in irreducible units (e.g., spores), suffers from
similar issues as ACPLA. For example, assume a concentration of one anthrax spore per cm’,
which is equivalent to 1000/liter, or 10°%m’, and that a single spore has a volume of 1 pm’
(approximately true, on average). This means that an equivalent mass concentration would be
achieved by one 10 pm particle per liter, or one 100 um particle per m’. The larger agglomerate
particle will settle out of the air faster and will likely not be as persistent, nor be transported as
far as smaller particles, although turbulence and convection will allow particles to be transported

3 For more information about factors influencing a health risk assessment in a military context see Strategies to
Protect the Health of Deployed U.S. Forces: Analytical Framework for Assessing Risks (NRC 2000).
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much farther than simple sedimentation models may suggest. While they are airborne, the larger
particles are less likely to be inhaled. As the particle size increases the point of deposition moves
from deep in the lungs to the bronchi to higher locations in the nasopharyngeal system,
significantly changing both the infectivity and the lethality of the attack. At the point where the
aerodynamic drag force on the particle for normal breathing intake velocities is small compared
to its inertia, the particle has a low probability of being inhaled at all.

An alternate representation of concentration of biological material in an aerosol is the
number of colony-forming units (CFU) of bacteria or plaque-forming units (PFU) of virus or
molecules or mass of toxins per unit volume of air. These measures better reflect the
concentration of agent to which a person may be exposed and provide the ability to determine
whether an agent is capable of producing an adverse biological outcome, but still lack the detail
needed to fully assess risk. As will be discussed in greater detail in later chapters, important
factors, such as particle size, are lost with these units.

None of the above units of measure adequately achieves the goal of providing
information about the potential health risk to exposed populations or troops, and an
understanding of the possible health outcome could significantly affect a decision maker’s course
of action.

1.3 THE HEALTH PROTECTION OBJECTIVE

Exposure to biological agents can decrease personnel efficiency due to impaired health
and the need to don restrictive protective equipment, whether individual or collective. Loss in
efficiency may be suffered in the fighting force or in the support logistics and either can
compromise mission objectives. A decision maker must weigh the perceived risks from exposure
to biological agents versus the impacts of the intervention.

An adversary can launch a hazardous BW attack in many ways. From the defensive point
of view, the end goal is always the same: to reduce health risk while maintaining the troops’
ability to carry out their missions. Biological warfare agent (BWA) aerosol detectors play an
integral role in the systems designed to defend troops. The role of biodetectors is at the
community level (i.e., more of a public health tool than a predictor of individual disease) and
should be viewed as supporting decision makers with a statistical estimation of health hazard.
The probability of disease depends both on exposure and on host response, but the two factors
are related because the nature of the exposure influences the host response. For example, the
quantity of agent and the size distribution of the particles in which the agent is distributed are
both critical physical characteristics influencing host response. Biodetection systems can help
assess the probability of exposure and support approaches to reduce exposure. Knowledge of the
population (e.g., vaccination history), in potentially exposed military personnel, can help
estimate potential host response.

Ideally, bioaerosol detection systems provide information that explicitly links
environmental measurements to potential health hazards in time, space, and disease potential for
a specific population. As is argued in the coming chapters, there is only one relevant shared
element in the various BWAs: all have a measurable effect on human health. This direct link to
health risk is the basis of the final, recommended measurement framework that:

e establishes an absolute measure of performance;
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e allows comparisons across a variety of detectors and agents;
e links health hazard to environmental measurement;

e can be implemented with current technology, although worst-case assumptions
will have to be employed for some parameters that cannot currently be measured or estimated;

e supports and helps direct innovations in technology; and

e anticipates emerging scientific discoveries.
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Exploring the Complexity of Health Risk

In developing a standard framework for evaluating the detection of biological
aerosols, it is necessary to consider the biological and physical characteristics of the samples
under study. Biological warfare agents (BWAs) are currently grouped into three categories:
bacteria, viruses, and toxins.

2.1 BIOLOGICAL WARFARE AGENTS

2.1.1 Bacteria

Bacteria are single-celled microorganisms that are capable of replication independent of
other living cells. Some can be grown in a simple liquid medium containing amino acids, salts,
and other basic substances or on the surface of agar medium in a petri dish. The ease with which
large quantities of pathogenic bacteria can be prepared in the laboratory contributes to their
threat as biological weapons. Bacteria are often characterized by morphology (e.g., rod, sphere,
or spiral), motility, and nutritional requirements (e.g., oxygen consuming). Bacteria can be
pathogenic, parasitic, symbiotic, or free living, though combinations of these broad categories
also exist (e.g., pathogenic, parasitic bacteria). Examples of bacterial pathogens and their
associated diseases are:

e Bacillus anthracis—anthrax
o Yersinia pestis—plague

e Francisella tularensis—Tularemia

There are several approaches to quantifying bacteria, including flow cytometry,
fluorescent labeling, and culture (i.e., colony counting). The ability to form colonies is one
commonly used indication of viability for bacteria and their spores." While there are other
indications of viability, colony counting is the accepted “gold standard”; the resultant unit of
measure is the colony forming unit (CFU). A limitation of the CFU is that several bacteria in
close proximity on the plate will form a single colony (i.e., one CFU does not necessarily equal

'For the purposes of this report, the ability of bacteria to form cultures on artificial media will be considered a
measure of viability. The committee acknowledges that this is more a direct measure of culturability rather than
viability, but finds the uncertainty introduced by this issue falls into the broader category of uncertainty in threat
assessment. See Box 3.1 for more information regarding uncertainty in bioaerosol detection.

15
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one viable bacterium). An additional limitation is that some bacteria are non-culturable on
artificial laboratory media, which could result in an underestimation of the quantity of viable
bacteria present.

CFUs are determined using a standard culturing protocol (i.e., growth media, time,
temperature), dispersal of a fixed quantity (i.e., volume, weight, or sample collected from a fixed
volume of air) of sample on the growth media, and counting the number of visible growth
patterns of the same type. By diluting or disrupting the sample and then repeating the standard
protocol, it is possible to release bacteria that are clumped together to determine the total number
of viable agent entities in the sample.

2.1.2 Viruses

Viruses are minute infectious agents that lack an independent metabolism and are able to
replicate only within a living host cell. An individual viral particle (a virion) consists of nucleic
acid (either DNA or RNA) and a protein capsid shell that contains and protects the nucleic acid;
the shell may be multilayered. The host range of viruses is extremely broad; virions may infect
bacteria (i.e., bacteriophages), plants, animals, and humans. Individual virions range from
approximately 20 to 200 nanometers in size. However, without special treatment virions are
usually associated with larger particles. Since viruses depend on a viable host cell for replication,
naturally derived virions are often found in a mixed matrix with material in which they were
grown. Viruses can be cultivated under controlled conditions in animals, eggs, and cell cultures.
The material associated with virus-containing aerosol particles depends on how the virus was
grown and processed before aerosolization. Therefore, aerosol particles containing viruses can be
very diverse in size, chemical make-up and number of virions contained in an aerosol particle.
Further complexity arises from the variation in potential host responses to viruses presented in
such diverse size distributions and chemical matrices. Examples of viral pathogens and their
associated diseases are:

e  Variola major—smallpox
e  SARS associated corona virus—severe acute respiratory syndrome (SARS)

e  FEbola virus—ebola hemorrhagic fever

Aerosol particles containing viruses can be characterized using physical and chemical
means as well as biological activity. Physical and chemical characterization methods are used to
identify the presence of virus component materials. Viral nucleic acid is routinely analyzed by
polymerase chain reaction (PCR). Capsid surface features are routinely identified by molecular
recognition assays involving antibodies and other recognition moieties. These techniques do not
assess whether the viruses are biologically active. (The ability of a virus to infect and replicate in
a cell can be compromised by many environmental factors, including heat, sunlight, and
humidity; different viruses are vulnerable to different environmental conditions.) Knowing
whether the aerosol particle can establish an infection in a host cell culture or animal model is
critical to determining the health hazard. Methods that are specific to a number of types of virus
have been developed to characterize biological activity. These methods employ challenge of a
known susceptible host cell culture, whole animal model, or other suitable host tissue, such as
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embryonated eggs. The challenge is followed by incubation of the host or cell culture for a
period of time after which biological effects are assessed. The biological effect is often an
obvious end point, such as host death or cell death that produces a plaque (an area of dead cells)
on a tissue culture monolayer. The results of tissue culture assays are presented in such units as
plaque-forming units (PFU) per unit volume for tissue culture assays, while such units as 50
percent lethal dose (LDs) or infective dose (IDsg+) per unit volume, or sero-conversion, are used
for whole animal models. These assays involve surrogate host cells and animal models that are
meant to simulate or predict infectivity, morbidity, and mortality in humans.

The above brief description of viruses, methods by which they can be characterized, and
the challenges in predicting their impact on human health illustrates the difficulties associated
with developing a unit of measure for virus-containing aerosol particles.

e A very large number of virions can be contained in a single respirable aerosol
particle and the minute size of the viruses make optical counting or physical dissociation of
viruses impractical;

e The virions may or may not be infective for a human host; direct assessment of
human infectivity is currently virtually impossible to accomplish; and

e  While a quantitative analysis of viral constituents (e.g., nucleic acids, surface
epitopes) can be readily accomplished, relating analyte mass to infectivity is extremely
difficult, even for well-characterized viral strains.

2.1.3 Toxins

Biotoxins, the third class of BWAs, are biologically derived substances that have a
deleterious effect on an organism. Biotoxins range in size and composition from small molecular
weight nonprotein toxins (e.g., aflatoxins) to large molecular weight protein toxins (e.g.,
botulinum). Biotoxins are naturally produced by a wide range of organisms, such as bacteria,
fungi, algae, snails, and higher organisms. Advances in chemical synthesis and bioengineering
have provided additional approaches to producing toxins that were originally isolated from
naturally occurring organisms. The mode of production of a toxin and how it is processed affects
the composition of the particle or other environment in which it is found. Unless a great effort is
made to purify the toxin, it may be a minor fraction of the total mass of an aerosol particle. This
presents a sensitivity challenge for direct detection of the toxin, but opens up additional
opportunities for detection of toxin-related substances (e.g., castor bean DNA associated with
ricin).

Toxins can be quantitatively characterized in terms of chemical composition and physical
structure or biological activity. A number of analytical techniques, such as mass spectrometry,
provide great selectivity and sensitivity in analyzing the chemical composition of toxins; their
physical structure can be recognized by antibody-based assays. These techniques determine the
mass of sampled toxin, from which the mass concentration (mass/volume) can be calculated.
Once again, it is their biological activity that is of principal importance. In some cases, toxins
can be deemed to be present by chemical analysis even after biological activity has been lost due
to conformational changes or inhibition. Toxins perturb host processes in many different ways
(e.g., diphtheria toxin inhibits protein synthesis whereas botulinum toxin blocks neuronal
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transmissions); biological activity must be assessed by a method that mechanistically mirrors the
toxicity pathway of the particular toxin in humans. Such in vivo and in vitro assays have been
developed and the units of measure are often expressed in effective dose 50 percent (EDsg) per
unit volume.

Toxin-containing aerosol particles present a relatively simpler case for characterization
than that of bacteria or viruses. Nonetheless, complexity exists in host response depending
deposition site in the respiratory tract, so aerosol particle size remains important. The host dose
response curve and the effects of duration of exposure relative to total dose add additional
uncertainty that must be addressed. At present it is not clear how the distribution of toxin
molecules on aerosol particles will affect the health outcome.

2.1.4 Sampling and Analysis of Biological Warfare Agents

There are two somewhat disparate elements contributing to the challenge of bioaerosol
assessment, which sensor development efforts attempt to combine: microbiological measurement
and aerosol measurement. Starting with microbiological measurements, three approaches have
been employed historically to indicate microbial organism presence or identity: (1) culturing, (2)
nucleotide sequencing or sequence recognition, and (3) antibody-antigen reactivity
(immunological response). In these broad categories many specific measurement techniques
have been developed. For example, enzyme-linked immunosorbent assay (ELISA) and
electrochemiluminescence (ECL) are two of the many possible examples of distinctive
measurement protocols that share a common detection mechanism of antibody-epitope binding.
Of these three basic categories, only culturing conveys an assessment of viability, or more
generally, biological activity. Results from culturing can be difficult to quantify or automate and
often require lengthy incubation times. The combination of these features makes this
measurement approach impractical for use in autonomous, continuous-operation detection
systems. It should be noted that, as a measure of viability, the ability to culture an organism is
limited by the inherent challenges of growing viruses or bacteria in artificial environments.
Because of its acceptance as a legal precedent for microbial identification, culturing will likely
continue to be used for confirmatory analysis beyond the immediate detection system capability.

On the aerosol measurement side, three methods have been used historically to collect an
aerosol sample from a volume of air: (1) filtration, (2) impaction, and (3) impingement. Filtration
involves collection onto a filter substrate and is used to determine a time-averaged aerosol
concentration. Filtration methods with adequate pore size will collect most particles larger than
a minimum penetration size. Impaction uses the principle that an aerosol particle has
significantly greater inertia than aerodynamic drag, making it unable to follow the air as it is
deflected by an obstacle. This is exploited to separate the particle from the gas, typically onto a
substrate. Impingement involves the transfer of a particle suspended in air into a liquid by
impaction or by bubbling the air through the liquid. As with microbiological measurements,
there are many specific embodiments of these three generic aerosol sample collection
mechanisms and each has its unique characteristics. However, all methods require trade-offs that
must be considered when developing and testing bioaerosol detectors.

A simple bioaerosol detection system will consist of one of the above microbiological
measurement methods combined with an appropriate aerosol collection method. This basic
approach is illustrated by the Department of Homeland Security (DHS) Biowatch program,
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which couples aerosol filter collection with PCR, a technique that detects and amplifies specific
DNA sequences. A strategy in which some aerosol property is monitored continuously is used
for military applications. This monitoring does not necessarily require the collection of particles.
Detection of a change in this property consistent with the presence of bioaerosols triggers the
more intensive process of aerosol sample collection and microbiological measurement. One of
the most successful aerosol monitoring methods to date has used optical spectroscopic properties
of biological aerosols, especially ultraviolet excited fluorescence in conjunction with elastic
scattering. Similar optical spectroscopic properties have also been exploited to provide a
preliminary indication of the presence of bioaerosols at extended distances (i.e., provide some
remote sensing or standoff detection capability).

It should be noted that current capabilities are constantly changing due to fairly intensive
research and development efforts to introduce and validate alternative measurement techniques.
On the microbiological side, proteomics has been pursued to create an alternative to antibody-
based identification such as measurement of an array of specific epitope binding units other with
aptamers and antimicrobial peptides. There are also several physical-chemistry-based approaches
involving mass spectrometry, ion mobility spectrometry, and higher resolution optical
spectroscopies, such as infrared absorption or Raman scattering. Some of these developmental
measurement approaches can be used both for rapid detection of single particles and with a
collected macroscopic sample. It is possible that one of these approaches, or combination of
approaches, could exhibit sufficient discrimination to be used as the main microbiological
detection mechanism, displacing the microbial measurement methods listed previously. For
aerosol measurements, recent developments in air-to-air particle concentrators, particle charging
and manipulation, and selective particle collection may also augment current BW detection
system capabilities.

For the purposes of this report, it is important to remember that whichever collection
method is used and whichever physical characteristics of the agent are measured, it is necessary
to be able to relate the measurements made by a detector to the health hazard posed by the
aerosolized agent.

2.2 PROPERTIES OF AEROSOLS

2.2.1 Transport and Dissemination

The likelihood of disease in a person exposed to a BWA aerosol is dependent in large part on
the properties and characteristics of the aerosol itself. Biological agents, including biotoxins,
behave as particles when they are disseminated in air. Airborne particle size depends on the
formulation of the agents and the method of dissemination. Large particles sediment more
quickly than smaller ones, reducing the time they are likely to remain airborne.(Seinfeld and
Pandis 2006) Settling velocity, while important, does not entirely determine how long
particles will remain airborne, or how far they will be transported as shown in Figure 2.1. It
has been suggested that based on their high settling velocities, large particles containing
BWAs do not pose a threat except very near the source. If this were true, pollen-induced
allergic rhinitis (e.g., hay fever) would be less common, because pollen grains range from 20
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um to 100 um in diameter, corresponding to settling velocities ranging from 1 to 30 cm/s.”
However, atmospheric turbulence and convection enable long-range transport by raising
particles to altitudes well above those at which they were released. While most large particles
may land close to the source, some are transported much farther than the terminal settling
velocity would suggest.
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FIGURE 2.1 Particle sedimentation over distance. The top figure shows a cross-section through the
center of the plume from a point release of 25 pm particles at a height of 100 m with a mean wind speed
of 3 m/s and an eddy diffusivity of 10 m*/s. Shading denotes relative particle concentration. The gray line
shows the trajectory of the particles in the absence of atmospheric turbulence. The bottom figure shows
the concentrations at ground level. Turbulent dispersion causes the ground level concentration to peak
well upstream of the point predicted by the kinematic model, but also allows particles to reach distances
well downstream of the point estimated by fall time alone, and to be dispersed well to the side of the
original release trajectory.

SOURCE: Courtesy of Richard C. Flagan.

Aerodynamic diameter (D,.) depends on several particle characteristics, including size,
morphology, relative hygroscopicity, and density. The longer a particle remains airborne, the
greater the potential for human respiration, so the aerodynamic diameter is directly related to risk
of bioaerosol exposure. Diameter also greatly influences where a particle will be deposited in the

2 Birch and other tree pollens have been detected in Finland weeks before the trees there begin to flower, but after
flowering has occurred farther south in Europe. Long-range transport of the pollen grains is the likely cause for this
early appearance.(Hjelmroos 1991), (Matikainen and Rantio-Lehtimdki 1998)
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respiratory tract and thereby further links this physical characteristic with health risk. A number
of aerosol collectors have been designed to collect fractions of the aerosol that crudely relate to
their behavior in the respiratory tract; others (such as cascade impactors, aecrodynamic particle
sizers, optical particle counters, and aerosol mass spectrometers) segregate or measure particles
in a number of size fractions from which more detailed assessments of respiratory tract
deposition patterns can be determined.

2.2.2 Deposition in the Human Respiratory Tract

Particle size is a major factor determining the probability that an inhaled particle will be
deposited in a specific region of the human respiratory tract. The other two major factors
affecting the deposition pattern of inhaled particles are the airway morphology and breathing
physiology.

The human respiratory tract can be divided into three anatomical regions as shown in
Figure 2.2: (1) the extrathoracic (ET), or head airway, is the entry to the respiratory tract and the
first defense against hazardous inhaled material; (2) the tracheobronchial (TB) tree, or
conducting airway includes the trachea and 16 generations of branching airways. Gas exchange
takes place in (3) the pulmonary region (P), which consists of alveolar ducts and alveolar sacs.
Most people breathe through the nose during rest or light exercise, but switch to a combination
of oral and nasal breathing during heavy exercise or work, because resistance through the oral
airways is much lower than through the nasal airways. Some people are habitual oral breathers
even at rest.

When an airborne particle is transported near a person, it may be inhaled and enter the
respiratory tract through either nasal or oral passages. The ability of the particle to enter the head
airway, labeled its inhalability, is a function of its aerodynamic diameter.(Phalen et al. 1986)
Based on experimental data obtained largely in aerosol wind tunnels, the inhalability (which is a
fraction of airborne particles entering the human airway) is near 100 percent for particles smaller
than 5 um. The inhalability decreases as the particle size increases and stays at 50 percent for
particles greater than about 50 um.

Once a particle enters the body through either the nose or mouth, it is deposited in
different regions of the respiratory tract: larger particles deposit by inertial impaction or
sedimentation, smaller particles deposit by diffusion. Electrostatic effects may enhance or
modify deposition of charged particles of any size. Condensation of water in the humid
environment of the respiratory tract may cause particles to increase in size, changing the way
they move and deposit in the respiratory tract. The efficiency of particle deposition and the
spatial distribution of deposition in the human respiratory tract have been measured
experimentally in human volunteers using test aerosols, usually comprised of spherical particles
tagged with radiolabel. Computational models have also been developed to estimate deposition
in each airway region by each of the deposition mechanisms based on known properties of the
aerosol particles. These models have been used to predict the aerosol deposition patterns in
human lungs.

Lung deposition models, such as those developed by the International Commission on
Radiation Protection (ICRP 1994) and National Council on Radiation Protection and
Measurements, (NCRP 1997) are based on airway anatomy and breathing patterns of standard
men. These models have been used extensively to estimate radiation dose from exposure to
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FIGURE 2.2 Schematics of the human respiratory tract.
SOURCE: Courtesy of Yung Sung Cheng.

radioactive aerosols. Figure 2.3 shows an example of the deposition fractions as a function of
aerodynamic diameter in men with nasal breathing for a tidal volume of 1.25 L/breath and 20
breaths per minute. Figure 2.4 shows an example of the deposition fractions as a function of
aerodynamic diameter in a man with mouth breathing for a tidal volume of 1.25 L/breath and 20
breaths per minute. With mouth breathing, deposition in the oral airway region is much lower
than in the nasal passages for particles of all sizes between 0.01 and 10 than with nasal breathing.
As a result, there is substantial increase in deposition in the TB and P regions when mouth
breathing is the primary inhalation method. Therefore, aerosol delivery of pharmaceutical agents
to treat lung diseases or to target systematic effects uses the oral delivery route. In the battlefield,
oral breathing is likely during light to heavy workload, increasing the risk of lung deposition for
agent-containing particles of all sizes.

2.3 BIOLOGICAL EFFECTS OF INHALED PARTICLES

Because particle size determines where aerosol material deposits in the respiratory tract, it is an
important factor in predicting the health consequences of exposure to aerosolized bacteria,
viruses, or toxins. However, there are only a handful of experimental studies in the medical
literature that describe the effect of particle size on the nature of disease resulting from inhalation
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FIGURE 2.3 Distribution of particle deposition for different regions of the respiratory tract system for
100 percent nasal breathing. For bacteria, the relevant region is 1 um and larger. For virus and toxins,
dimensions much less than 1 micron are relevant. For particles larger than 0.02 um in diameter,
deposition in the extrathoracic (ET) region increases as particle size increases up to 8 um. ET deposition
also increases when particle size decreases from 0.02 pum. Increased deposition of the larger particles is
driven by an inertial mechanism, and deposition of the smaller particles is a result of diffusion. ET
deposition decreased slightly for particles greater than 6 um, because of decreasing inhalability of large
particles. Particles greater than 6 pum in diameter deposit primarily in the nasal airways with little
penetration to the lung. Particles in the size range between 0.002 and 5 pm can penetrate into lower
airways and deposit in the pulmonary regions. The data were calculated using the LUDEP software
(NRPB, Oxon, UK) based on the ICRP model. (ICRP 1994)

NOTE: ET = Extrathoracic region, P = Pulmonary region, TB = Tracheobronchial region.

SOURCE: Courtesy of Yung Sung Cheng.
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FIGURE 2.4 Distribution of particle deposition for different regions of the respiratory tract system for
100 percent mouth breathing. For bacteria, the relevant region is 1 um and larger. For virus and toxins,
dimensions much less than 1 micron are relevant. The data were calculated using the LUDEP software
(NRPB, Oxon, UK) based on the ICRP model (1994).(ICRP 1994)
NOTE: ET = Extrathoracic region, P = Pulmonary region, TB = Tracheobronchial region.
SOURCE: Courtesy of Yung Sung Cheng.

of a biological aerosol and most were published before 1960. In the first report to examine this
question from the point of view of BWAs, laboratory animals were exposed to radiolabeled
spores of a simulant for B. anthracis, of various mass median aerodynamic diameter
(MMAD).(Harper and Morton 1953) That study showed that a large fraction of particles in the 1-
4 um MMAD (in guinea pigs) or 1-6 pum (in monkeys) size range entered the lungs, while larger
particles were almost entirely retained in the head and trachea. Even though deposition patterns
in humans and various animal species differ because of variations in respiratory tract anatomy
and breathing dynamics, experimental studies are in agreement that the infectivity of an
aerosolized pathogen is greatest when it includes significant numbers of 1-5 um particles that
can reach the bronchioles and alveolar spaces.(Druett et al. 1953; Druett et al. 1956; Druett,
Henderson, and Peacock 1956; Schlesinger 1985)

The lower probability of disease initiation per inhaled organism for particles of greater
than 5 pm results from a combination of factors. First, the upper airway presents a much smaller
target for deposition than the huge total surface area of the bronchioalveolar spaces. In addition,
particles that deposit above the level of the respiratory bronchioles encounter a layer of mucus
that limits their contact with epithelial lining cells. Those depositing above the respiratory
bronchioles and below the trachea are also subject to the sweeping action of cilia that propel
them upward out of the lung for removal by coughing or swallowing.

These larger particles cleared from the ET and P respiratory regions will mostly be
ingested. This introduces another disease pathway that strongly overlaps alternative BW attack
modes of food and water source contamination. For this reason, pathogenesis of the digestive
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system was not specifically explored in this report, but may be particularly relevant to toxin
agents. Although this section focuses on respiratory system response as a main pathway for
airborne agents, the framework recommended here is easily extended to additional routes and
mechanisms of disease. Similar considerations of efficacy as a function of particle size for
cutaneous or ingestive routes likely exist. Prior literature or experimental data on these routes are
even less prevalent than for respiratory effects.

By contrast, the greater pathogenicity of a microbe or toxin delivered in a 1-5 um particle
reflects its ability to reach the large exposed surface area of the alveoli that lacks both a mucus
barrier and ciliated epithelium. Instead, such particles are cleared by local macrophages that may
actually serve as sites of replication for such pathogens as Bacillus anthracis, Francisella
tularensis, Mycobacterium tuberculosis, and a number of viral agents. In the case of inhalational
anthrax, when the anthrax spores reach alveolar spaces, infected cells are cleared by the immune
system into the mediastinal lymph notes, resulting in more severe disease than when the agent is
confined to the upper respiratory tract and the agent is cleared to the cervical and peribronchial
lymph nodes.(Druett et al. 1953) Even though pathogen-containing particles larger than 5 pm
MMAD have a lower probability per particle of initiating infection than smaller particles, they
are still capable of causing severe or fatal disease. The illness induced by large particles in
laboratory animals differs in its clinical features from that produced by a small-particle aerosol.
It is generally characterized by a lower mortality rate and usually, but not always, by a longer
incubation period. For example, a 1-5 um MMAD aerosol of B. anthracis caused hemorrhagic
mediastinitis in rhesus macaques, similar to inhalational anthrax of humans, but delivery of the
same agent in 12 um particles resulted in massive edema of the soft tissues of the head and neck,
presumably as a result of the initial spread of infection to cervical lymph nodes.(Druett et al.
1953) Similarly, while both small- and large-particle aerosols of Yersinia pestis caused fatal
disease in guinea pigs, an aerosol composed of single organisms produced bronchopneumonia,
leading to septicemia and death. A 12 um MMAD aerosol actually produced septicemia more
rapidly, but without causing pulmonary disease.(Druett, Henderson, and Peacock 1956)
Experiments using aerosolized Brucella suis ranging in size from single organisms through 12
um particles showed that the smallest particles were 600-fold more likely to initiate disease,
presumably because they were able to replicate more readily after depositing on the vast exposed
surface of the pulmonary alveolar epithelium.(Druett et al. 1956) Similarly, monkeys exposed to
aerosols of F. tularensis in which mean particle sizes were 2.1 or 7.5 um became ill and died
more quickly than those exposed to the same agent in 12- or 24-pum particles.(Day and Berendt
1972) As might have been predicted, the first group developed a diffuse pneumonitis, while the
second showed massive infection of the upper airway. Another study compared the effect of
small- and large-particle aerosols of influenza virus in mice and found that a much lower
delivered dose of the small-particle aerosol was required to initiate disease.(Hatch 1961)

Particle size is also a factor that determines the biological effects of an aerosolized toxin,
especially if the substance exerts its damaging effects directly on the lining of the respiratory
tract. A recent study using the toxin ricin showed that a small-particle aerosol caused lethal
illness in guinea pigs, while the same dose of delivered material in the form of 12-um particles
did not cause death.(Roy et al. 2003) Although ricin-containing particles presumably cause
mucosal injury wherever they are deposited in the respiratory tract, deposition of large particles
in the upper airway was apparently less damaging to the animals' ability to breathe than the
deposition of small particles in the linings of small bronchi and alveoli, which led to diffuse
airway obstruction.
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Once particles deposit on the surface of the respiratory tract, they do not necessarily
remain intact; they may absorb water and disperse into their smaller component parts. Therefore,
it follows that the threat to health posed by an aerosol of bacteria, virions, or toxins would be
greater as the average number of infectious agents or the mass of toxin contained in each
delivered particle increases. This logical conclusion was verified in the only experiment of its
kind to be found in the medical literature; guinea pigs were exposed to aerosols of B. anthracis
of different particle sizes, and the average number of spores per particle was controlled by
adding dextrin to the suspension before aerosolization.(Druett et al. 1953) The investigators
found that different combinations of particle size and the number of spores per particle could
produce similar health effects, and concluded that “ to achieve the same mortality, the total
number of spores presented to the animal, in particles of a given size, must be the same,
irrespective of the number of particles carrying them.” This result suggests many different
factors contribute to the nature of the disease produced by an aerosolized microbe or toxin,
including the identity of the agent, the vulnerability of the host, and the size of the aerosol
particles. The severity of the disease will increase with the average number or microbes or mass
of toxin in each particle. However, when an aerosol contains a variety of particle si