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PREFACE v

Preface

This report is the first of a two-phase response to a request from the
technical director of the U.S. Army Edgewood Research, Development and
Engineering Center (RDEC) that the National Research Council's (NRC) U.S.
Army Chemical and Biological Defense Command Standing Committee (CSC)
conduct technical assessments and program reviews within the command.
Specifically, the CSC was asked to conduct a technical assessment of the man-
in-simulant test (MIST) program and a program review of the mass
spectrometry and bioremediation programs. These programs represent a
continuum of technologies designed to protect, detect, and dispose of chemical
and biological weapons that soldiers may face in future combat. This report
focuses on the technical assessment of the MIST program.

Members of the CSC have a wide range of expertise in chemical
engineering, chemistry and biochemistry, toxicology and risk assessment,
simulation and modeling, bioremediation of chemical warfare agents, physical
chemistry and mass spectrometry, medicine, chemical modeling, epidemiology
and industrial hazards, and military science. Members of the committee whose
expertise was relevant to reviewing the MIST program were chosen to serve on
the review panel. The panel met three times between October 1996 and April
1997 and heard testimony from several Army research and development
experts, including representatives from the Edgewood RDEC, the U.S. Army
Center for Health Promotion and Preventive Medicine, the Natick RDEC, and
Dugway Proving Ground, in Utah, where the tests are conducted.

In this report, the committee documents the methodology used by the
Army to test protective suit ensembles and analyze data. The committee
carefully considered the best way to present its findings

Copyright © National Academy of Sciences. All rights reserved.
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PREFACE vi

and organize the report, given the critical nature of the MIST program and its
ramifications for Army personnel. The problem is complicated by the fact that
the Edgewood RDEC is faced with operating in an environment of constrained
defense budgets and reductions in military and civilian personnel. The
Edgewood RDEC's workforce has been reduced by 20 percent since 1990, and
the U.S. Army Material Command projects another 15 percent reduction by
2000. Funding that had been earmarked for defense research and development
is also being transferred to military operations. These reductions in personnel
and funding will require that priorities be precisely determined and that data be
generated efficiently. To that end, the technical director of the Edgewood
RDEC requested that the NRC provide expert, independent technical advice and
counsel on selected aspects of the nuclear, biological, and chemical research,
development, and acquisition program. The chair and the committee wish to
express their gratitude for the staff assistance and support provided by the NRC.
We are indebted to Bruce Braun, director, Board on Army Science and
Technology; George Davatelis, study director; Jacqueline Campbell-Johnson,
senior project assistant; Margo Francesco, staff associate; Alvera Gircys,
financial associate; and William Holm, consultant. The work of the committee
would not have been possible without these dedicated individuals. The
committee also appreciates the comments and written submissions of the
various groups who provided testimony and written material; Virginia
Gildengorin, for reviewing the data analysis procedures; and the group of
outside experts who graciously donated their time to review this report.

Francis G. Dwyer, chair

Standing Committee on Program and Technical Review of the U.S. Army
Chemical and Biological Defense Command
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EXECUTIVE SUMMARY 1

Executive Summary

In 1993 the U.S. Army established the Chemical and Biological Defense
Command (CBDCOM) to conduct research, develop and procure support
systems, and design equipment to protect U.S. military personnel from the
increasing threat by foreign entities and terrorist organizations to use chemical
and biological weapons. CBDCOM is the latest in a long history of military
organizations designated for chemical and biological defense research. Because
of the critical nature of its mission, the CBDCOM requested that the National
Research Council (NRC) establish an oversight committee of nationally
recognized experts to provide ongoing, impartial, independent advice and
assessments.

The NRC, responding through the Board on Army Science and
Technology of the Commission on Engineering and Technical Systems, created
a standing committee called the Program and Technical Review of the U.S.
Army Chemical and Biological Defense Command, better known as the
CBDCOM Standing Committee (CSC). This committee was assembled to
provide expertise in the areas of science and technology pertinent to the
concerns of the CBDCOM commander and executive director and the technical
director of the Edgewood Research, Development and Engineering Center
(RDEC), which historically has been an important organization in the Army and
Department of Defense for chemical and biological research.

The U.S Army has not established specific requirements for the chemical
protective qualities of its ensembles (chemical protective ensembles, or CPEs).
This is because test results (protection factors) have never been correlated with
biological endpoints. Instead, new CPEs have been evaluated in comparison to
the CPE currently in the

Copyright © National Academy of Sciences. All rights reserved.
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EXECUTIVE SUMMARY 2

field (e.g., the battle dress overgarment, BDO). The goal of the Army's program
has been to increase chemical protection factors while decreasing undesirable
properties (weight and heat stress), although there is no clear understanding of
how much chemical protection would be enough to maintain battlefield
effectiveness. The man-in-simulant test program (MIST) is responsible for
specifying protection factors, but it does not, by itself, link them to biological
effects and has not answered the CPE developer's question of how much
protection is enough.

The cornerstone of chemical and biological defense strategy is protection
(i.e., insulating personnel from chemical and biological agents using individual
clothing ensembles and respirators, as well as collective filtration systems and
shelters). The CSC was asked by the CBDCOM to undertake a technology
assessment of the Army's MIST program—which is designed to test protective
suit ensembles in simulated chemical attacks. Specifically, the CSC was asked to:

1. review the test methodology for the man-in-simulant test program!

2. review the use of biological markers (e.g., cholinesterase
inhibition) to predict the signs and symptoms associated with
exposure to nerve (VX) and vesicant (HD) agents

3. review the test methodology for employing passive and active
vapor and aerosol samplers during simulant tests at Dugway
Proving Ground, Utah, and assess the plan for data collection and
analysis

4. determine whether the current chemical simulant, methyl salicylate,
or an alternative simulant should be used in the MIST program

To accomplish this task the CSC established a panel of experts from
members of the committee to undertake the MIST review. The panel has
addressed each item on the list and has summarized the conclusions and
recommendations below. The background information and rationale behind
these findings are detailed in the full report.

! The original statement of task for Task 1 included "and the rationale for using methyl
salicylate as a chemical agent simulant in this test program." The committee felt that this
aspect of the review was reiterated in Task 4 and has addressed the question there.
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EXECUTIVE SUMMARY 3

TASK 1. Review the test methodology for the man-in-simulant test program.

Conclusion 1. The MIST is a well-designed test protocol for evaluating
chemical protective ensembles. However, the committee found that the test
methodology was not based on preliminary testing that would eliminate
ensembles with gross defects and allow more replications of tests be done on
fewer candidate protective ensembles, thereby increasing the statistical power
of the results.

Recommendation 1. The Army should screen ensembles prior to a full-
blown MIST by video imaging the skin of test subjects after exposure to a
fluorescent tracer or other physical tests. Screening should also include
variations in ambient conditions (temperature, humidity, wind, and, perhaps,
rain), activities (kneeling, sitting, and crawling), and sweat-soaked and dry test
challenges.

TASK 2. Review the use of biological markers (e.g., cholinesterase
inhibition) to predict the signs and symptoms associated with exposure to nerve
(VX) and vesicant (HD) agents.

Conclusion 2. Body region hazard analysis (BRHA) is an innovative
approach that takes into account regional variations in skin sensitivity to
chemical agents. Although the basic approach is sound, the committee has the
following reservations:

* A direct relationship has not been established between cholinesterase
depression and the percutaneous absorption of agent.

* The relationship between liquid and vapor absorption has not been
determined.

* BRHA was based on the local absorption of VX and may not
accurately predict the absorption of HD.

* BRHA does not account for functional impairments from mustard-
induced lesions in various body regions.

* BRHA does not account for individual differences in sensitivity to
chemical agents.

A direct determinant of the toxicity of a chemical agent is the permeability
of the skin by that agent at a given anatomic site.
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EXECUTIVE SUMMARY 4

Therefore, the committee concluded that rather than basing the BRHA on
highly variable indirect measures (cholinesterase depression) and assumptions,
a protocol should be designed to quantify the in vitro agent permeability of
excised human skin samples from different body regions. These techniques are
well established and well accepted and could also be used to compare simulant
uptake by human skin and passive samplers. Large differences may indicate a
need to redesign the samplers. The vapor uptake of agent and simulant could
also be determined for human skin and passive samplers. Large differences in
the behavior of agent and simulant may warrant the selection of a different
simulant or adjustments in the methods used to calculate protection factors.

Recommendation 2a. The Army should measure regional variations in
skin penetration for HD, VX, and simulant vapors using excised human skin
harvested from various anatomic sites.

Recommendation 2b. As a supplemental validation of the systematic
BRHA, a biomonitoring protocol should be developed for the MIST, analogous
to the protocol used to monitor pesticide exposures to agricultural workers. If
the appropriate simulant is used, the calibrations obtained from in vitro studies
could be used to relate suit performance to physiological effects based on the
absorbed dose.

TASK 3. Review the test methodology for employing passive and active
vapor and aerosol samplers during simulant tests and assess the data collection
and analysis plan.

Conclusion 3. Passive samplers are appropriate means for testing for the
presence of vapor. The protocol, however, may not be valid for aerosols
because the disposition of chemical agents in aerosol and vapor forms can be
quite different. From the information recorded in the documents given to the
committee for review, the committee could not confirm the uniformity of
simulant concentration within the test chamber. Variations in concentration
outside the protective ensemble could lead to errors in assessing the protective
qualities of the suit.

Although passive samplers are generally regarded as less accurate than
active samplers in bench trials, the differences in the results are
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EXECUTIVE SUMMARY 5

small. The precision and accuracy of the Natick sampler is adequate for the
intended purpose. The small size of the Natick sampler enables testing under
the suit without incurring a number of disadvantages (outlined in Chapter 4)
that would be incurred with active sampler pumps either inside or outside the
suit.

A residual disadvantage of passive samplers may be a lack of sensitivity to
brief variations in concentration, which would be of interest only for identifying
the body positions or activities associated with leakage. Conventional active
samplers would have the same disadvantage, but external samplers connected to
a near-real-time monitor could provide this information.

Recommendation 3. Agent uniformity in all parts of the test chamber
throughout the duration of the tests should be documented. In addition,
concentrations inside the suit could be monitored with either active or passive
samplers, despite their logistical problems. Comparing simulant levels in the
passive sampler with samples recovered from the stratum corneum of test
subjects (the outermost layer of the skin, which can be removed by repeated
applications of adhesive tape) would provide insights into sampler performance.

TASK 4. Determine whether the current chemical simulant, methyl
salicylate, or an alternative simulant should be used in the MIST program.

Conclusion 4. Methyl salicylate is an appropriate simulant for the
transport of chemical agent into protective ensembles. However, biological
interpretations of the MIST/BRHA using methyl salicylate are not warranted.

Recommendation 4. Additional studies should be undertaken to establish
absorption and transport properties of the simulant relative to the properties of
the agents. In vitro studies using excised skin and mannequin studies (capable
of simulating a bellows effect) can be used to accomplish this objective. With
the appropriate consent and the oversight of a human use committee, excised
human skin can be used for research. Samples can be obtained from cadavers or
from surgical samples (e.g., abdominal skin, facial skin, etc.) Large differences
in distributions may warrant that an alternative simulant be used.
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EXECUTIVE SUMMARY 6

GENERAL CONCLUSIONS AND RECOMMENDATIONS

General Conclusion 1. The first step in chemical and biological defense
strategy is early detection and warning to provide situational awareness and
permit steps to be taken to avoid the exposure of personnel and equipment. The
complement to detection is protection. Chemical protective ensembles, as well
as collective filtration systems and shelters, are used to insulate personnel from
chemical and biological agents. Modeling chemical protective ensembles is a
daunting task, and the Army's efforts to develop the MIST/BRHA should be
commended. Modeling and simulation technologies are invaluable tools for
training for operations in a chemical and biological warfare environment. They
provide material and equipment design parameters and enable field
commanders to integrate and interpret real-time data. However, deriving
physiological endpoints from the MIST/BRHA is a complicated process that
will require cooperation among the Army's scientists, as well as significant
input from academia and industry.

General Recommendation 1. The development of new test
methodologies should be done separately from routine ensemble testing. Once
the criteria for suit performance have been established, decision points should
be entered in a flow chart to reveal where additional work is needed. As of this
writing, the Army has not adopted a clear approach to establishing physiologic
endpoints from protective ensemble testing. However, this is an achievable goal
that should be pursued to protect soldiers

General Conclusion 2. The Army should ensure better cooperation among
various disciplines (i.e., chemistry, toxicology, engineering, human factors,
etc.). For example, scientists in CBDCOM's toxicology division have not
participated in any significant way in the development of ensemble test methods.

General Recommendation 2. More integration between the various
groups and technical disciplines will be essential for the development of future
testing methodologies. All relevant parties should participate in the planning
phase with the objective of reaching a consensus on research objectives, design
procedures, analysis, and documentation.
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1

Introduction

BACKGROUND

The purpose of chemical and biological (CB) defense research is to
develop equipment that will protect U.S. military forces, sustain combat
operations, and maintain system effectiveness in a CB agent-contaminated
environment. The cornerstone of a CB defense strategy is early detection and
warning to provide situational awareness and time to take steps to avoid the
exposure of personnel and equipment. The complement to detection is
protection (i.e., to insulate personnel from CB agents using individual clothing
ensembles and respirators, as well as collective filtration systems and shelters).
Modeling and simulation technologies are used to assess conditions, train
personnel, develop material for operating in a CB warfare environment, provide
equipment design parameters, and enable field commanders to integrate and
interpret real-time data.

In 1993 the Army established the U.S. Army Chemical and Biological
Defense Command (CBDCOM), which is responsible for nuclear, biological,
and chemical (NBC) defense, technology, products, and services to support
U.S. forces, ensure the safe storage of chemical material, oversee the
remediation and restoration of areas after exposure, and support chemical
treaties and demilitarization. The Edgewood Research, Development and
Engineering Center (RDEC) supports CBDCOM by performing basic research
and development for NBC defense programs for the Army.

In 1995, the CBDCOM requested that the National Research Council
(NRC), through the Board on Army Science and Technology of the
Commission on Engineering and Technical Systems, provide expert, impartial,
independent advice. In response to this request, the NRC organized a standing
committee called the Program and Technical
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Review of the U.S. Army Chemical and Biological Defense Command,
referred to here as the CBDCOM Standing Committee (CSC). This committee
was assembled to provide expertise in areas of technology pertinent to
CBDCOM's mission, which includes five primary areas:

* maintaining a chemical and biological defense technology base and
procurement capability

* accurately relating the results of tests on chemical and biological
defense equipment to battlefield performance

» responding to the Army, Congress, and the public about chemical and
biological issues

* transferring defense technology

* interacting with the Army's battle laboratories and integrating its
technology and advanced concepts

The CSC was asked to consider technology issues and systems to assist
CBDCOM in defining a vision for the future. During its first year, the CSC was
also asked to investigate potential studies that would address the concerns of the
CBDCOM commander and executive director and the technical director of the
Edgewood RDEC, which has historically been an important organization in the
Army and U.S. Department of Defense for chemical and biological research.

After numerous visits and interviews with key personnel at Edgewood
RDEC and CBDCOM and internal deliberations, the CSC focused on two major
areas: (1) a technical assessment of the man-in-simulant test (MIST) program;
and (2) a program assessment of the technical quality of the Edgewood RDEC's
mass spectrometry and bioremediation programs. It was decided that the CSC
would be split into two panels of relevant experts to address the two tasks. This
report, the first of the two-phase response, presents an evaluation of test
methodology and data assessment associated with the MIST program.

CHARGE TO THE COMMITTEE

The MIST was designed to test chemical protective ensembles for soldiers
in the field. The MIST is part of a program that includes designing protective
suits, developing test methodology, conducting tests, and conducting health
hazard analyses. The CSC was asked to make a technical assessment of the
MIST program. Specifically, the CSC was asked to:
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INTRODUCTION 9

1. review the test methodology for the MIST program'

2. review the use of biological markers (e.g., cholinesterase
inhibition) to predict the signs and symptoms associated with
exposure to nerve (VX) and vesicant (HD) agents

3. review the test methodology for employing passive and active
vapor and aerosol samplers during simulant tests at Dugway
Proving Ground, Utah, and assess the plan for data collection and
analysis

4. determine whether the current chemical simulant, methyl salicylate,
or an alternative simulant should be used in the MIST program

STUDY APPROACH

The CSC selected members of the standing committee to serve on a panel
to review the MIST program. The panel was composed of experts in the fields
of protective systems, toxicology, risk assessment, environmental and
occupational health, simulation and modeling, textile science, human factors,
organic chemistry, and chemical engineering. The panel collected data to assess
the methodology used in the MIST for suitability, validity, and thoroughness.
The panel received input from a variety of sources, including personnel from
the Natick RDEC, where the suits were designed; the Edgewood RDEC, where
the test methodology was developed; the U.S. Army Center for Health
Promotion and Preventive Medicine, where the health hazard assessment was
performed; and the West Desert Test Center at Dugway Proving Ground, where
the tests were actually performed. The panel also heard perspectives from the
Test and Evaluation Command at Aberdeen Proving Ground, Maryland; the
NBC equipment manager from Quantico Marine Base in Quantico, Virginia;
and program management perspectives from a representative of Fort Belvoir,
Virginia. The panel reviewed the selection processes used to arrive at the
current methodology for samplers, modeling, data collection, biomarkers, the
extrapolation of data to human use, and all assumptions.

! The original statement of task for Task 1 included "and the rationale for using methyl
salicylate as a chemical agent simulant in this test program." The committee felt that this
aspect of the review was reiterated in Task 4 and has addressed the question there.
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The panel collected the data, evaluated them for suitability, and came to
conclusions about the model as applied to the testing of chemical protective suits.

This report summarizes the activities and the recommendations based on
the CSC's review of the MIST program. Chapter 2 focuses on the test protocol;
Chapter 3 reviews the simulant selection; Chapter 4 focuses on test methods and
sampler selection; Chapter 5 outlines assumptions and limitations; and
Chapter 6 presents the committee's conclusions and recommendations.
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2

Test Protocol

UNDERLYING CONCEPTS

Introduction

Protecting an individual against CB agents requires a suit that not only
protects against the external threat of CB agents in both liquid and vapor form,
but also allows body moisture and heat transfer to the external environment
from the microclimate between the body and the clothing. Thus, the materials in
an effective suit must meet stringent performance demands and will be
necessarily complex. The currently accepted CB protective suit, referred to as
the battle dress overgarment, is constructed from a permeable, multilayered
material that incorporates activated charcoal to absorb chemical agents. A
permeable outer layer of fabric (a tri-blend of 58 percent cotton, 27 percent
Kevlar aramid, and 15 percent nylon twill weave) is backed by a charcoal-
loaded foam or nonwoven layer. The surface of the outer layer is coated with
formulations containing fluoropolymers to minimize surface energy, thereby
preventing wetting and wicking of aqueous and organic liquid chemical agents.
Protection against vapor chemical agents is provided by the absorbing charcoal.
The multilayered material is permeable to water vapor so that some body
moisture (perspiration) can escape from the body microclimate; however,
thermal stress to the individual is a significant limitation of this suit. To prevent
liquid perspiration, which can poison the activated charcoal, from coming into
contact with the charcoal-containing foam, a permeable, nonwettable inner
fabric is inserted.

The committee recognizes that protection against chemicals is just one of
several factors involved in the overall evaluation of a chemical protective
ensemble; heat stress is another. Because the committee
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was charged with reviewing the MIST program only for how well the program
evaluates the chemical protection of an ensemble, other factors, such as heat
stress, are not addressed directly.

Materials Evaluation

Reliable testing and evaluation procedures are essential in the constant
search for better protective suits. A battery of laboratory tests have been
developed and are available to evaluate the performance of candidate materials.
These tests include liquid and vapor chemical agent permeation tests through
fabric samples mounted on diffusion cells. These so-called "cup tests" are based
on measurements made under controlled laboratory conditions and are valid
only for homogeneous, continuous materials. They are designed to make
precise, accurate evaluations of both the protective aspects and the heat and
moisture transfer characteristics of materials. These tests utilize swatches of
material and are designed only for continuous, uninterrupted materials that are
globally homogeneous and uniform. Other tests are used to evaluate the
mechanical properties of materials, which must meet standard requirements for
strength, tear resistance, abrasion resistance, bending flexibility, and similar
characteristics.

Suit Technology

When a protective suit is constructed from a suitable material, the final
product can no longer be considered homogeneous and continuous. In other
words, its performance may no longer meet the required component
performance criteria despite the fact that the material from which it was
constructed meets all of the established performance standards. In contrast to a
homogeneous and continuous material, which is planar or two dimensional, the
final product is three dimensional, discontinuous, and otherwise structurally
complex. The suit is fabricated from many panels that are stitched, bonded, or
otherwise held together, which creates discontinuities. In addition, the suit must
be integrated with other protective gear, such as a hood, a mask, gloves, and
boots, which create additional discontinuities in the overall ensemble.

Furthermore, a protective system is required to function under dynamic
conditions. The individual must be able to move and perform
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a variety of tasks. Physical motion creates local deformations of the suit
material that can, under certain conditions, reach relatively high strains. These
deformations alter the pore structure (shape and dimensions) of the material and
modify both the barrier and the permeation properties. The physical motion may
especially affect the discontinuities in the suit created by the stitching and
bonding of component panels and by interfaces with other protective gear. In
addition, CB protective suits may also be subject to wear and damage during
use, potentially under extreme battlefield conditions. Perforations, punctures,
and tears in the suit material will create further discontinuities.

Evaluation of Suit Systems

For the reasons outlined above, evaluating the performance of a CB
protective ensemble under realistic, dynamic conditions is far more complex
than evaluating component materials and does not lend itself readily to
standard, controlled laboratory measurements. In recognition of this fact, the
MIST program has been developed to evaluate individual CB protective
ensembles under realistic, dynamic conditions. The essential elements of the
MIST involve placing individuals wearing candidate suits in an enclosed
environment (referred to as a defensive test chamber) containing a
nonhazardous chemical compound (methyl salicylate vapor) that is intended to
simulate a chemical agent. Dynamic conditions are created by individuals
performing various physical tasks according to a specified time schedule. The
test individuals are outfitted with sensing patches on their skin, referred to as
passive sampling detectors, that absorb the chemical compound when and if it
penetrates the protective suit system. The sensing patches are positioned at
various places on the body and are analyzed at the conclusion of the test
procedure. The raw data from the patch analyses are interpreted in terms of a
model referred to as body region hazard analysis (BRHA). This model is based
on the varying absorptive capacities of the skin in different regions of the body
and incorporates significant assumptions to determine the overall protection
factor.

Together, BRHA and the MIST attempt to provide a quantitative measure
of the relative effectiveness of a protective suit system under realistic dynamic
conditions. The MIST/BRHA must be viewed as a procedure for evaluating the
performance of a complex system,
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intended not only to characterize overall performance, but also to identify the
weakest elements in the system (probably the discontinuities discussed above).

METHODOLOGY

Methods for Evaluating Protective Clothing

Protective materials traditionally have been evaluated using physical
approaches in which the amount of chemical that passes through the material is
measured directly. The internally absorbed dose is calculated based on
estimates of skin deposition and percutaneous transport. A relatively new
approach to estimating the ability of clothing to protect humans from hazardous
chemicals is biological monitoring. Biological monitoring usually involves a
urinalysis to determine the amount of chemical or metabolite in the urine
following an exposure. If the proportion of the absorbed dose excreted in urine
is known through control studies, the urine level can be used to estimate the
total absorbed dose. Biological monitoring is now being widely used to assess
worker exposure to pesticides and other hazardous chemicals found in the
workplace and has become a benchmark for standardizing other procedures for
assessing worker exposure (Wang et al., 1989).

For obvious reasons, biological monitoring cannot be used directly in
human studies to evaluate protective materials against CB agents. It can be
used, however, with nontoxic agent simulants, as long as the comparative
penetration rates (ensemble material and discontinuities, as well as skin) and
other biokinetic factors of CB agents and simulants are known.

In addition to biological monitoring, several other techniques are available
to evaluate the effectiveness of protective suits in the MIST scenario. These
include air sampling, passive dosimetry, and fluorescence imaging. Briefly, air
monitoring involves sampling the air between the skin and the protective
clothing. Passive dosimetry involves placing patches between the skin and the
protective clothing to estimate dermal exposure; skin deposition is then
extrapolated from patch deposition. Fluorescence imaging involves a simulant
that incorporates a fluorescent dye; video imaging of the test individuals
provide estimates of dermal deposition. Table 2-1 summarizes the essential
features of each technique.
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TABLE 2-1 Techniques for Evaluating Protective Clothing

Technique Measurement Advantages Disadvantages
Air sampling Withdrawal and Simple analysis Restricts
analysis of air movement

Passive dosimetry

between skin and
clothing

Analysis of
deposition on
patches placed on
skin or clothing

Ease of
sampling Simple
analysis

Artificial airflow
Provides no skin
deposition or
absorption data

Extrapolation error

Provides no skin
absorption data

Fluorescence Measurement of Quantitative Provides no skin
imaging fluorescent tracer assessment of absorption data
deposited on skin skin deposition

Biological Measurement of Integrates body Requires
monitoring chemical or exposure, skin information on
metabolite in deposition distribution or
urine, blood, or absorption, and metabolism
expired air possibly
inhalation;
Closest estimate
of total body dose

The biggest advantage of the air sampling technique is the simplicity of
direct chemical analysis. However, the removal of air from the space between
skin and clothing for sampling purposes can cause local turbulence and create
artificial airflow through the fabric. Air lines and connections also restrict the
movement of the test individuals. Furthermore, air sampling provides no
information on skin deposition and absorption, and biological effects must be
extrapolated directly from air concentrations.

The biggest advantage of passive dosimetry is the ease with which samples
can be obtained and analyzed. The simulant is usually analyzed, and no
metabolism data are necessary. A disadvantage is that deposition on the skin
may differ from deposition on the patch; thus no information on real skin
deposition is obtained, and skin absorption cannot be calculated. A potential
source of error in passive dosimetry is inherent in the extrapolation of
deposition from relatively small patches to the entire body surface.

Video imaging of fluorescent tracers is a relatively new technique, which
has the advantage of providing a visual image of affected body
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areas. The technique provides a measure of dermal deposition but assumes that
the transport and adsorption of the tracer and chemical simulant are similar.
Again, no information on skin absorption is obtained.

The primary advantage of biological monitoring is that the actual internally
absorbed dose can be determined provided that information regarding the
distribution or metabolism of the compound is available. The technique
integrates absorption from all body sites, eliminating the concern over
positioning of patches. The integration makes it impossible to pinpoint the
location of suit failures; information regarding skin deposition and absorption is
inherent in the measurement. Biological monitoring can be done with
compounds or their metabolites that are excreted in a variety of biological
materials, including blood, urine, feces, expired air, and saliva. The technique
has been used successfully by a number of investigators in human studies to
determine internally absorbed doses following exposures (Franklin et al., 1981).

Combining two or more testing techniques (e.g., biological monitoring and
passive dosimitry) in skin exposure studies has been useful. The first three
techniques (air sampling, passive dosimetry, fluorescence imaging) are best
suited to determining exposure (i.e., the amount of chemical that reaches the
skin). These techniques would be most helpful for designing effective gear. In
contrast, biological monitoring determines an absorbed dose and would be most
useful for assessing a soldier's effectiveness.

MIST Test Procedure

The MIST and BRHA were developed to provide a system-level
evaluation of CB protective suits (Fedele and Nelson, 1996). Briefly, each
subject in a group of up to eight volunteers is fitted with approximately 20
passive detector patches for methyl salicylate vapor, which simulates the vapors
of VX (an organophosphorus cholinesterase inhibitor) or HD (the vesicant bis(2-
chloroethyl) sulfide). The detectors, which contain an absorbent powder (Tenax
TA), are placed at various anatomical locations (Figure 2-1). The subjects don
test suits, gas masks, and hoods and enter a test chamber containing methyl
salicylate at a concentration of 100 mg/m? at an air temperature of 21°C to 32°
C, 50 to 80 percent relative humidity, and an airflow rate of 3 to 16 kph (2 to 10
mph).
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Figure 2-1 Placement of passive sampling devices for the MIST.

The test chamber is a stainless steel, environmentally-controlled unit that
can accommodate eight test subjects. The chamber is maintained at a negative
pressure by an air filtration system and a controlled air intake system. The
chamber was designed for agent testing of large systems and has a design
specification to provide controlled temperature (-32°C to 38°C) and a nominal
wind speed of 2 to 10 mph, provided by two large propellers to ensure a
unidirectional airflow, which is recirculated through the chamber through a
false ceiling and a series of vents (see Figure 2-2).

The test chamber is supported by several modules: a control room on the
west side of the chamber, which is the central location for
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monitoring and controlling all physical parameters; two separate
instrumentation rooms; and an airlock chamber entry/exit room, which allows
test participants to enter and exit the chamber without releasing large amounts
of simulant to the atmosphere. The egress area is also used as a clean undress
location (Hanzalka et al., 1996).
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Figure 2-2 MIST system test chamber.

Additional subjects wear suits virtually impermeable to vapor (i.e., control
suits) with corresponding detectors on the outer surface of the suit. All subjects
follow a prescribed exercise or movement routine for the duration of the
exposure (120 min). The exercise protocol consists
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of eight "stations." Station #1 consists of jumping jacks, Station #2 seated rest,
Station #3 walking simulation (treadmill), Station #4 seated rest, Station #5
moving weights, Station #6 a "take cover" maneuver, Station #7 walking
simulation (treadmill), and Station #8 climbing and reaching (Hanzelka et al.,
1996). The threat or challenge is defined in terms of a concentration x time
factor (Ct) of 12,000 mg/m3-min (100 mg/m? x 120 min). After the subjects exit
the test chamber, the detectors are removed for gas chromatographic analysis.
Because the background level of methyl salicylate in control detectors ranges
from 50 to 100 nanogram (ng), detectors with values of less than 100 ng are
assigned a value of 100 ng.

Body Region Hazard Analysis

When the methyl salicylate is intended to simulate mustard vapor (HD),
the BRHA is "local" because HD exerts its toxicity primarily on localized
regions of the skin. When exposure to VX vapor is being simulated, the BRHA
is "systemic" because VX toxicity results from cumulative absorption through
exposed skin.

The mass of VX required to produce systemic toxicity after exposure to
various regions of the skin was derived from the work of Sim (1962) who
estimated the dose of liquid VX required to cause a 70 percent depression in
cholinesterase from studies in which droplets of VX were applied to various
skin sites on volunteer subjects (see Table 2-2 and the Acetylcholinesterase
Inhibition as a Biological Marker in Chapter 5). The symptoms exhibited by the
subjects included local sweating, erythema, weakness, muscular fasciculation,
dizziness, headache, abdominal cramps, repeated vomiting, and diarrhea. The
wide range of the data in Table 2-2 reflects the variation of skin permeability at
different anatomic sites. Factors that affect the regional permeability of the skin
have not been precisely defined. However, the thickness of the stratum corneum
and the density of adnexal structures (e.g., hair follicles) may be contributors.
VX does not appear to undergo appreciable metabolism by the skin, in contrast
to soman, which undergoes hydrolysis (van Hooidonk et al., 1983). At a given
anatomic site, the absorption rate generally increases as the dose increases,
whereas the efficacy of absorption (the percentage of agent absorbed) generally
decreases as the dose increases. The effects of dosage on regional variations in
skin permeability have not been adequately studied.
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TABLE 2-2 Estimated Topical Dose of VX That Would Cause a 70 Percent
Depression in Red Blood Cell Cholinesterase in a 70-kg Human

Area of Application Single-Drop Dose of VX (mg)
Cheek 0.36
Ear 0.46
Top of head 0.76
Forehead 0.78
Groin 1.22
Back of neck 1.72
Axilla 2.07
Popliteal space 2.09
Abdomen 2.23
Elbow 2.25
Back 2.65
Forearm (volar) 2.80
Hand (dorsum) 2.91
Buttocks 4.26
Forearm (dorsum) 6.57
Foot (dorsum) 6.60
Foot (plantar) 7.14
Knee 7.14
Hand (palmar) 9.24

The BRHA assumes that (1) the effective vapor exposure (Ct factor) for
each region of the body would produce toxicity (e.g., nausea and vomiting); in
other words, when vapor is presented to that body region only, toxicity will
result; and (2) the relative differences in exposures to VX vapor required to
produce an equivalent toxicity from the various skin sites are the same as the
corresponding differences for the exposures to VX liquid.

For exposure to HD vapor, the Ct factor necessary to produce equivalent
toxicity at various anatomic locations is based on a vapor exposure of 1,000 mg/
m3-min to a human forearm causing severe burns in hot (above 27°C), humid
conditions. The BRHA calculates the exposure necessary to produce equivalent
toxicity at other anatomic locations based on the regional toxicity data for VX.
For example, the amount of VX required to cause equivalent toxicity after
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application in the chin and neck area (5.1 pg/kg, Table 2-3) is approximately
one-eighth of the corresponding amount for the forearm (40 ug/kg). The
associated HD vapor exposure for chin and neck is then calculated as
approximately one-eighth of the forearm vapor. As indicated in Table 2-3 and
by other data, the scrotum and areas of the head and neck are particularly
vulnerable because of higher skin permeability. These areas are also near
discontinuities in the typical chemical protective ensemble (CPE), which
increases their vulnerability. These areas should receive special attention in the
design of the new CPE.

Evaluation of Suits against Exposure to HD (Local Analysis)

To calculate the "protection value" of test suits against a simulated
exposure to HD vapor (local analysis), the "protection factor" for each
anatomical site is calculated by dividing the amount of methyl salicylate found
in the detector on the outside of the control suit by the amount found in the
corresponding detector on the inside of the test suit. Each site protection factor
is multiplied by the exposure to HD necessary to produce severe bums (column
4 in Table 2-3). The lowest value of the resulting site protection factors is
assigned as the test suit's protection value, expressed as a Ct value in mg/m?>-
min. The results for tests of 41 different candidate ensembles are given in
Table 2-4, which gives the number of test replicates (n) and the geometric mean
and standard deviation of the local effect of concentration vs. time (Ct) for each
protective ensemble. Ensembles are ranked from most protective (1) to least
protective (41). The battle dress uniform (41) is a standard military uniform not
specifically designed for chemical protection. Table 2-5 contains the log,
transform of the geometric mean and standard deviation contained in Table 2-4,
as well as the 95 percent confidence intervals (95 percent CIs) for the log, (local
effective Ct).

The geometric: mean! has been used to average ratios (here protection
factors) when each ratio is to be given equal weight. A log transform of local or
systemic Ct has the effect of further reducing the

! The geometric mean, the n'" root of the product of the n data or > VLA X))
was used in the calculation to give each test result equal weight (Zar, 1984).
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variability of the data. An alternate statistical analysis of the data should be
done to investigate the influence of these mathematical treatments on the
ranking of CPEs. The data should also be analyzed for the influence of test
subject characteristics, such as body size and weight.

TABLE 2-3 Parameters for Local Body Region Hazard Analysis®

Region Area (cm?) VX Whole Body Local Exposure to
Dose (ug/kg) HD (mg/m3-min)
Scrotum 200 1.6 39
Chin and Neck 200 5.1 1290
Ears 50 6.6 164
Cheeks and neck 100 6.8 171
Nape (back of neck) 100 24.6 614
Scalp (top of head) 350 10.8 271
Abdomen 2,858 31.8 796
Back 2,540 37.9 946
Buttocks 953 60.9 1,521
Arms (lower, volar) 487 40.0 1,000
Arms (upper, volar) 488 40.0 1,000
Elbows (back) 50 32.2 804
Arms (lower, dorsum) 706 93.8 2,346
Arms (upper, dorsum) 706 93.8 2,346
Legs (plantar, lower) 948 40.0 1,000
Legs (plantar, upper) 1,422 60.9 1,521
Legs (dorsum, lower) 1,897 93.8 2,346
Legs (dorsum, upper) 2,845 93.8 2,346
Knees (front) 200 102 2,550

@ Anatomical site, surface area of anatomical site, dose of VX that would cause a 70 percent
depression in red blood cell cholinesterase, and estimated local exposure to HD (mg/m3-min) that
would cause severe burns.

Source: Fedele and Nelson (1996).
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TABLE 24 Ranking of Protective Ensembles by Local Effective Ct”

Geometric
Geometric Standard
Rank Ensemble? N¢ Meand Deviation®

. Emraloga chemical § pmtecdve suii (worn aver p&rsoml
undergarments only or aver duty uniform) (w) 6 5,800 178

Alr crew unifcrms ‘model 2 (w)
on-fire resistant, sodel 3 (i :
Sam!aga chemical protective suit (worm over pt:r‘im'la]
undcrganncnm on}y oF over duly umfnn’n (n

40 Samtoga Chﬁrl:!.ll:il] pm[ectivr suit (wum over
_ undergutmcms mly ar over clutv unlfurm) (nﬁ 5 23 233

“ Cris agent concentration (mg/m") x time of exposure (in minutes)
b various protective ensembles tested (w = worn, r = repaired, or = not repaired)
¢ Number of test replicates for each ensembled

‘The geometric mean, the o * root of the mgmdud of the » data or "Vayax. . Xy
"Thr: gmm standurd du’!«l!km bt Ontmrnkerd devistinn of logarithems of values)
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TABLE 2-5 Analysis of Variance (ANOVA) on Log. (Local Effective CI) of
Protective Ensembles
Log,(local effective €N
Log,.
Log, (Geometric
(Geometric Standard
Rank N7 Mean) Deviation) Based on Pooled Sundard Deviation?.
1 g 9.1 0.9 G-*-)
2 2 89 6.3 r R
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6 4 8.6 0.6 | e P
7 [ 85 0.8 [
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9 6 8.3 1.2 Cantend)
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11 4 8.3 0.9 A |
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Evaluation of Suits against Exposure to VX (Systemic
Analysis)

To calculate the protection value of test suits against a simulated exposure
to VX vapor (systemic analysis), the protection factor for each anatomical site
is calculated in the same manner as for the local analysis. The site protection
factors (PFy;,) along with the site size (skin areay;,) and the VX dose site (VX
doseg,,) that would cause a 70 percent depression of red blood cell
cholinesterase (Table 2-2) are used to calculate a "whole body effective
exposure" (WBEE) according to the following formula:> where the total body
surface area (excluding the face) is 18,950 cm?. This calculation is essentially
the sum of the VX dose sites that have been weighted for the area and
protection factor of each site. The WBEE for an unprotected person weighing
70-kg was calculated by setting all the site protection factors equal to unity to
yield a value of 2.45 mg for the data in Table 2-3.

WBEE (mg) = 18,950 (cm”)
SUM [ (skin areasite J{PFsite X VX dosesite ) |

The protection factor for a test suit is calculated by dividing the WBEE
(mg) by 2.45 mg. The protection factor for a test suit is multiplied by the Ct
factor for VX (25 mg/m3-min), which is assumed to be the vapor equivalent of
the WBEE for the unprotected person (Reutter and Wade, 1994). This figure is
called the "systemic effective Cr," and the geometric mean of replicate
evaluations is used to rank the test suits relative to the battle dress overgarment.
The results from tests involving 41 protective suits are given in Table 2-6.
Geometric mean, geometric standard deviation, and CIs for these data are given
in Table 2-7.

Table 2-8 shows the total mass of methyl salicylate collected in the passive
samplers and the geometric mean of the local effective Ct (local analysis for
HD) for the 41 protective ensembles (see also Figure 2-3). There is no linear
relationship between total mass and local effective Ct for the protective
ensembles. Instead, there may be an exponential relationship of the type [Y= A"
)] where Y is the local effect Ct and x is the total sampler mass. This equation
is plotted in Figure 2-3, where the constants are A = 14,600 and k= 3.40 x 103,
The results suggest that the total sampler mass alone may be useful for the
preliminary ranking of chemical protective values.

2 See Appendix A for the derivation of this equation.
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TABLE 2-6 Ranking of Protective Ensembles by Systemic Effective ¢t?

Druty uniform, non-fire resistant, mndei 1

" Du:s-' u.nlfcrm nén—ftn. :i:slmml modtl 2

2
5
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6
8
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Alr .cn:w ur_:ifums, mk-.l 2

"\amwg:a cheméc:a] prorecuve suu (wom over pez'sonal
undergarments only or over duty uniform (1) 5 487 L.64

Aguy smemvmany

? €1 is agenl concentration {mg(m3) x time of exposure (In minutes)

b\'anous protective ensembles tested (w = worn, r = repaired, nr = not repaired)
© Number of test replicates for each ensemble

A The geametric mean, thee # root of the product of the # data or "™X12255. ..
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TABLE 2-8 Comparison of Total Mass of Methyl Salicylate Collected in Passive
Samplers versus Geometric Mean of Local Effective Cf (Local Analysis for Mustard
Gas)

Total Mass (ug)
Collected Geametric Mezn of Local
Protective Ensembles® in Samplers Effective €1 (mg/m?-min)

Saratoga chemical protective suit {worn over persoral
undergarments only or over duty uniform (w) 338

protective suit {wnm over pcrm:ml
_Smdenganments omiy of ovest duty unifon)

BT
Du(}umfarm.non—ﬂmrwimm model 2 (w)

Ovctm.nncnt .rmn fire rﬁs!stmt nxxlcl 3 (n.r)

At crewd uniforms, model {w)
Saratogn chemical protective sult {worn over persoml
und:..rg'dﬂnnnls only or uver duty mufmm (r)

Chvergannent, 1
Saratoga Llw:mcal pwtacﬁw. sun rwam over perunn:ll
_ undmxammms only or over duty uniform (nr)

1, Cstandard mlitary wniform)

“w = wom, r= repaired, nr = not repaired
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3

Simulant Section

IMPORTANCE OF DERMAL PENETRATION

The importance of protective ensembles to prevent penetration of vapors is
based on the consequence of dermal exposure. Dermal penetration has been
shown to play a significant role in exposure to both chlorinated pesticides and
organophosphates. In an attempt to account for both dermal penetration and
inhalation, Finland and the United States now monitor chlorophenols in urine
for setting air standards for workers exposed to chlorinated compounds. The
importance of dermal exposure has also been shown in the treatment of wood
(Fenske et al., 1987; Kauppinen and Lindross, 1985). Dermal exposure to
organophosphates has also been found to be significant (Environmental
Protection Agency, 1992).

The effects of changes in the skin barrier can be critical. For example,
although parquet is not known to be absorbed by the skin, a fatal case involving
skin penetration has been reported (Newhouse et al., 1978). In this case, the
patient had numerous scratches on his arms and legs, and skin absorption over a
period of time was fatal. Besides cuts and scratches, other conditions that
enhance dermal penetration include skin hydration and dermatitis. Fenske and
co-workers (Fenske et al, 1987) reported on skin contamination by
tetrachlorophenol (detected by a fluorescent tracer) in timber workers who wore
polyvinyl chloride gloves. More than 86 percent of the contamination was
detected on the palms (in the case of one worker, a cut through the glove
material was found). As all of these and other studies have shown, dermal
penetration by chemical agents can be significant. Consequently, evaluating the
potential penetration of protective ensembles is necessary for determining the
amount of chemical that might be deposited on the skin and/or absorbed
through the skin.
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Because of the acute toxicity of the agents being considered, simulant
compounds must be used for testing. Regardless of the permeability of the
simulant, passive dosimitry is an effective testing method for determining the
relative distribution of the chemical to assess potential problem areas of the suit.
Most problem areas appear to be at closures or around tears. If a simulant is
used to predict actual skin penetration, the simulant should have similar
physical and chemical characteristics as the agent of concern. Otherwise,
comparative absorption rates, specific to each body region for each agent and
simulant, must be developed.

USE OF SIMULANT TO PREDICT DERMAL PENETRATION

Protective garments may be required for an array of chemical agents.
These include the organophosphate nerve agents, GA, GB, and VX, as well as
the vesicant blister formulations of sulfur mustard, H, HD, and HT. Protection
against these agents may be needed during wars, during terrorist attacks (such
as the Japanese subway incident).

The World Health Organization (WHO) (1990), has reported that each
year approximately 3 million people worldwide are poisoned by pesticides
(nerve agents) resulting in 220,000 deaths. (According to the WHO, acute
poisonings, including suicide attempts, mass poisonings from contaminated
food, chemical accidents in industry, and occupational exposure in agriculture
constitute the most serious health hazards from agricultural pesticides).
Operations like Desert Shield and Desert Storm revealed the need for protective
clothing. Because of the aggressive toxicity of nerve agents, the highest quality
of protection is critical. At the same time, the soldier's operational capability
must not be impaired.

In the 1940s, mustard gas was used on human test subjects. Observations
showed that infiltration occurred at the head, neck, and ankles. The suits that
were tested performed well except for closure areas. However, testing on
human subjects with real agents has been discontinued. Therefore, an
appropriate surrogate compound must now be used to test protective clothing.

There are two basic types of surrogate compounds for chemical warfare
agents (CWAs): analogs and simulants. Analogs are not classified as CWAs but
are structurally similar and are considerably toxic. Examples are chloroethyl
ethyl sulfide, a powerful vesicant, and diisopropyl fluorophosphonate, a potent
cholinesterase inhibitor.
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Simulants have similar physical properties to CWAs but are essentially
nontoxic. Simulants for fabric testing include methyl salicylate (MeS) for HD,
dimethyl methylphosphonate for VX, and di-isopropyl methyl phosphonate for
GB. Challenges from a surrogate should reveal weaknesses in protective gear.
For example, in a 1990 test evaluating vapor protection capabilities of the jacket
and trouser interface of a chemical protective ensemble, the mean vapor level
measured in the abdominal area was 17 percent of the outside level. This
demonstrated that a significant amount of vapor infiltrated the CPE through the
interfaces and could pose a threat to the wearer (Scott and Pointer, 1990).

The military has used simulants of chemical agents in a variety of studies
where it was important to estimate the disposition or movement of chemical
agents and where a toxic endpoint was either unnecessary or undesirable. A
simulant was selected on the basis of low toxicity and similarity of certain
physical properties to the chemical agent. Chemical structure could be quite
different. For example, MeS has a structure that bears no similarity to HD or
VX (Figure 3-1), but its vapor pressure, density, and water solubility are similar
to those of HD (Table 3-1). The general assumption is that chemicals with
similar chemical and physical properties will behave in similar ways. For
example, it is known that at low to moderate pressures, binary diffusion
coefficients vary inversely with pressure or density (Reid et al., 1987). These
coefficients would be important for selecting chemical agent simulants for MIST.

COOCH,,
OH ?
CH,—P—SCH,CH, N[CH(CH,),],
OC,H,
Methyl salicylate VX

_~CH, CH,CI
S,

CH, CH, Cl

Mustard

Figure 3-1 Chemical structures of methyl salicylate, VX, and mustard.
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TABLE 3-1 Characteristics of Chemical Agents and Methyl Salicylate?

Chemical GB VX H, HD HT MeS
Agent

Common Sarin - Sulfur Sulfur Methyl
Name mustard mustard salicylate
CAS No. 107-44-8 50782-69-9 505-60-2 Blend 119-36-8
Chemical C4H10F02 Cl leﬁNOZP C4H8C125 Blend C803H8
Formula P S

Molecular - 267 159 (HD) - 152
weight

Vapor 2.9 0.0007 0.08 0.104 0.091¢ (20°
Pressure O)

(@ 25°C

mm Hg)

Liquid 1.089 1.008 1.27 1.27 1.18°
Density

(@ 25°Cg/

cm’)

Freezing -56 -39 8-12(H) - -8.3¢
Point (°C)

Water ad 3.14 0.094 - 0.07¢
Solubility

(g/m @25°

O

Mode of Nerve Nerve agent Blister Blister Relatively
Action agent agent agent nontoxic

¢ Characteristics of agents from Daughtery et al., 1992.
b Conkle et al., 1986.

¢ Arca, 1996.

4 Reifenrath, 1980.

¢ The Merck Index, 1996.

A gas can move through protective clothing by sorption onto the ensemble
surface, diffusion into the material, and desorption of the molecules from the
inner surface of the fabric. A gas can also move through closures, seams, and
imperfections in protective clothing. Component level tests of fabric swatches
showed that penetration by chemical agents and MeS occurred only after three
or four days of exposure (Dugway Proving Ground, 1994). Therefore, MeS
penetration in the two hour system level MIST test was probably due to
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movement of the gas through discontinuities in the ensembles. It follows that
the value of the MIST conducted with MeS was in predicting ensemble fit and
closure integrity.

SELECTION OF A SIMULANT

A number of simulant compounds have been used to predict agent
penetration of ensembles. In 1994, the Army attempted to determine the
relationship between fabric penetration by the vesicant agent HD and the
simulant MeS in order to correlate the penetration of these two chemicals. The
results of those tests were the basis for choosing MeS as a simulant for the
MIST program (Dugway Proving Ground, 1994).

The Army has conducted penetration tests of various fabrics with both HD
and MeS vapors. Vapor breakthrough was evaluated by plotting penetration
curves (breakthrough concentration vs. cumulative Cf). Ct accounts for minor
fluctuations in concentration during the test and represents the true loading of
agent on fabric.

The resulting penetration curves indicated that MeS penetrates the fabrics
about 30 percent slower than HD. It appears that the initial breakthrough occurs
after three or four days of challenge (Dugway Proving Ground, 1994).
Breakthrough levels increase gradually to about 5 percent, after which there is a
dramatic increase. The data reveals a large amount of scatter. However,
breakthrough curves were similar enough to support MeS as a simulant for
evaluating the ensembles to protect against HD. Some similarities between the
physical and chemical characteristics of MeS and other agents suggest that MeS
may also be an appropriate surrogate for organophosphates. However, the
significant difference in vapor pressure between MeS and nerve agents suggests
that MeS would not be as good a simulant for nerve agents (see Table 3-1).

Because vapor penetration of the fabric was reported only after three or
four days after onset of challenge, the two-hour testing period can be expected
to test only penetration through seams and closure areas. It is not possible to
conclude from the MIST that the most significant penetration of CPEs in actual
use occurs around closures because the MIST results would logically be skewed
toward penetration through closure areas. The MIST can, however, predict
closure/seam areas of greatest penetration. This information is valuable for the
immediate protection of personnel under attack.
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Because penetration during the first few days of exposure are most
significant at closure regions, any simulant might be able to provide the
necessary information. In this case, both closure areas and folds could change
because test subjects don ensembles slightly differently on different days. The
mean suit penetration is the most important measurement for comparing
garments.

The similar physical properties of MeS and HD support the use of MeS in
the MIST. However, MeS and the nerve agents (satin and VX) do not have
similar physical properties. Additional data would be required to support the use
of MeS as a simulant for measuring the skin penetration of blister or nerve
agents.

TOXICITY OF METHYL SALICYLATE

MeS is an oily liquid with wintergreen flavor. It is used in perfumes; as a
flavoring in foods, beverages, and pharmaceuticals; and as an ultraviolet
absorber in sunburn lotions. MeS is not acutely toxic (lethal doses are reported
as 30 ml for adults and 10 ml for children) and does not cause dermal irritation
in humans (Sax and Lewis, 1987). It has been used historically as a simulant
and has been approved for use with humans by the Army's surgeon general. The
environmental toxicity and persistence of MeS have also been studied (Cataldo
et al., 1994), including the interaction of MeS with foliage and soils.

FINAL CHOICE OF A SIMULANT FOR MIST

The Army's choice of MeS as a simulant was based on the following
information:

e Tests for MeS and HD have been conducted with protective suit
fabrics. Penetration curves indicate that MeS penetrates fabrics about
30 percent slower than HD, but the differences in penetration rates are
not as significant as they first appear because the amount of vapor that
penetrates incomplete closures or tears far exceeds the amount of
vapor that penetrates intact fabric (Hanzelka et al., 1996).

* The MIST is a system level test of chemical protective ensembles
(CPEs). The MIST and BRHA require a simulant only for generating
protection factors for the CPEs.
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* MeS has low toxicity.

MeS was chosen as the simulant for the MIST program. A single challenge
level for the simulant was set at 100 mg/m3. However, comparisons with other
surrogates should also be developed to confirm that MeS is the most appropriate
simulant.

MeS can provide a relative ranking of the vapor protection of various
CPEs. However, comparative skin penetration rates for MeS and chemical
agents, which would be required to relate MIST data to physiological endpoints,
cannot be determined.
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4

Test Methods and Sampler Selection

PURPOSES OF MONITORING

The MIST (man-in-simulant test) program is intended to establish
protective factors for a personal protective equipment ensemble. Estimates of
possible battlefield concentrations of chemical agent, the BRHA (body region
hazard analysis), estimates of the cutaneous toxicity of agents, and personal
factors, such as heat loading, may ultimately provide a rational basis for
determining the relative acceptability of chemical protective ensembles. A
protective factor is defined as the ratio of the concentration of the contaminant
in air outside the suit to the concentration of the contaminant in air inside the
suit. In the MIST program, the concentrations inside and outside the suit are
measured at multiple sites by passive samplers. These concentrations can be
determined by a variety of methods, which are discussed below. The precision
and accuracy of any system is limited by its least precise or least accurate
component. Measurements inside the suit will obviously be more difficult to
take than measurements in the chamber and will be a more likely source of error.

The current monitoring system includes two layers of sophistication
beyond determining a simple protective ratio, an estimate of the protection
afforded to each region of the body and, ultimately, an estimate of the absorbed
dose of simulant. Measuring protection by body region requires taking multiple
samples at the same time from different places inside the suit. Although this
creates a few special problems, it is still easier than estimating the absorbed
dose of simulant.

Absorbed dose refers to the amount of simulant that penetrates the skin and
enters the regional tissue or blood. The effective dose is the amount that
actually reaches and injures living cells. Because the outer layer of skin consists
of dead cells, simple skin exposure cannot be
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equated with poisoning. But there are many other routes to a living cell. For
example, the toxicant may be ingested with food or water, it may be injected
through the skin (carried on a shell fragment, injected by rupture of a pressure
line, or deliberately injected), or it may be inhaled and absorbed through the
large surface area of the lungs. Injection and ingestion are routes of exposure
that are beyond the scope of the MIST program and are not considered here.

The absorbed dose differs from the effective dose because some of the
agent that enters viable tissue or the blood stream may be destroyed before it
reaches cells in the target organs. In addition, rates of detoxification may vary
greatly among individuals. These differences can be genetically determined or
modified by the environment (e.g., exposure to other drugs or chemicals).

Direct measurements of absorbed dose would require biological
monitoring (i.e., drawing blood specimens, collecting urine, saliva, or breath
samples, or taking tissue samples for analysis). Indirect estimates of absorbed
dose require either simulating resistance to penetration by the skin or
knowledge of how skin penetration varies with body region. The skin acts as a
barrier in several ways. First, the keratinized epithelium (the layer of dry dead
cells on the surface) acts as a passive barrier. The effectiveness of the passive
barrier depends partly on the lipid solubility of the simulant but also on the
thickness of the keratinized layer and the degree to which the skin is populated
with sweat and sebaceous glands, which allow easier access to the blood. The
thickness of the living layers of tissue below the keratinized layer also varies
widely. Differences in thickness have a slight effect on penetration by simply
increasing the opportunity for passive diffusion but may have a greater affect by
increasing the hydrolysis and metabolism of the simulant during passage.

RATIONALE FOR THE SELECTION OF MONITORING
METHODS

The monitoring methods for both chamber and in-suit concentrations
should be precise and accurate. Ideally, monitoring methods should report
concentrations to within a few percentage points of the true concentration of the
simulant. In fact, the concentrations in the test chamber may vary more than a
few percentage points; and the variations among suit trials and different wearers
may greatly exceed the error introduced by monitoring. Nevertheless, precise
and accurate
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measurements should be attainable within the design constraints of the test
program and should be one of the most important criteria for choosing
monitoring systems.

A monitoring method should not introduce errors. The chamber monitors
should not alter the airflow within the chamber in such a way as to cause the
concentrations to vary in different parts of the chamber. The in-suit monitor
must not compromise the integrity of the CPE. Sampling systems that penetrate
the suits alter the barrier properties of the suits or alter the form, fit, or function
of the suit in other ways and could influence test results. Tubes that penetrate
the suit to draw air from sampling points are the most obvious example of a
monitoring system that alters the suit integrity. The barrier properties of a suit
might be altered by adhesive tape used to affix samplers to the outer shell or by
belts that compressed the sorbent layers or held them against the body allowing
them to absorb perspiration. Alterations in the form, fit, or function most often
apply to masks but could also affect suit performance. For example, bulky
objects under a protective garment could increase the "bellows effect” whereby
contaminated air enters the suit during some motions and leaves during others.
Relatively small exchanges, if repeated often enough, can rapidly equilibrate
concentrations inside and outside a garment. Bulky samplers under the garment
could stretch neck, wrist, or ankle openings and degrade suit performance.

The weight and bulk of sampling equipment that a subject carries under the
suit must not change activities or the level of effort required to accomplish
tasks. Thus, the subject could not carry sampling pumps next to the skin, even
though they would probably give the most precise measurements.

Many studies have shown dramatic differences in the absorption of
chemicals through the skin of various body regions. In other words, absorption
through the skin, unlike absorption through the lungs, is not simply proportional
to the vapor concentration. Therefore, it may be desirable for the MIST program
to simulate at least some skin penetration and absorption properties with the
sampler rather than attempting to estimate the absorption from air concentrations.

CHAMBER MONITORING

The concentration in the chamber (outside the suit) is determined by the
airflow rate into the chamber and the rate of simulant release
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into the air. According to the MIST test plan (Hanzelka et al., 1996), surfaces of
the test chamber are stainless steel. Air flows through the chamber at 3.2 to 16.1
km/hr (2 to 10 mph or 0.89 to 4.5 m/s). The concentration is monitored by fixed
samplers, called miniature infrared analyzers (MIRANS), located on the upwind
end of the room and on the right and left sides of the inflow wall. Additional
miniature automated chemical air monitoring systems are located in
antechambers but are not used to monitor concentrations in the chamber. The
detailed test plan does not indicate how the simulant is introduced into the air
stream, what mechanisms are used to assure uniformity of simulant
concentration within the air stream, or how much of the front wall is occupied
by the inflow ducts. The MIST plan provides no information about the precision
or accuracy of the MIRANS.

Supplying air with a fairly constant concentration of simulant over an
extended period of time, in the absence of a mechanism for removing or
absorbing significant amounts of the simulant, would tend to create a uniform
concentration in all parts of the chamber. Maintaining uniform concentrations in
animal exposure chambers, however, has proved to be a problem in toxicology
experiments (Smith and Fowler, 1985).

The simulant is removed from the chamber air by respiration through the
mask filters at a rate equal to the concentration in the air times the respiratory
minute volume. The breathing rate will vary with activity. The respiratory rate
for moderate activity in a workplace setting is assumed to be 10 m>3/8-hr shift,
or 20.83 1/min. Exact chamber dimensions are not given in the test plan, but if
one assumes a flow path of 5 m, there would be more than 600 air changes per
hour even at the lowest flow rates. Therefore, removal is unlikely to appreciably
diminish even the local concentration at any point in the chamber.

The simulant is also removed from the air by adsorption in or on the
chamber surfaces and especially on protective garments. That rate will clearly
vary with the efficacy of the suit and the type and intensity of activity and the
position of the subject within the chamber. Army officials indicated that the
chamber is allowed to reach equilibrium before tests are begun (Malabarba and
Fidele, 1996). This should adequately control for the deposition of simulant on
chamber surfaces but not necessarily on the suits. The large number of air
changes per hour, even at low flow rates, should preclude an appreciable effect
of simulant adsorption to chamber surfaces or protective garments on the
simulant concentration. Actual chamber measurements are the only way to
confirm this.
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As an alternative to chamber monitoring at various locations, the MIST
program has adopted the ingenious approach of placing passive monitors,
identical to those used inside candidate ensembles, at identical positions on the
outside of an impermeable garment. The impermeable suit is then worn by
another subject who mimics the motions of the subject testing the candidate
protective ensemble. This allows for comparisons of simulant concentrations at
specific locations around the suit (e.g., elbow, knee, etc.)

OPTIONS FOR IN-SUIT MONITORING

This section outlines three major approaches that might be used to
determine the amount of simulant inside a protective ensemble. Advantages and
disadvantages of each sampling system are considered.

Active Sampling Systems

Overview

Active sampling systems, whether internal or external to the suit, draw air
through a sorbent at a measured rate. The sorbent removes most (ideally all) of
the chemical of concern. The chemical is then removed from the sorbent by
solvent extraction or by heating the sorbent until the chemical is released. A
variety of chemical analysis systems can then be used to measure the total
amount of chemical desorbed. The total is then divided by the volume of air
drawn through the sorbent to approximate the concentration. Because some
chemical is usually retained on the sorbent and cannot be measured, chemists
usually refine the estimate by calculating the fraction of chemical recovered
from sampling tubes that have been spiked with a known amount of the analyte
and dividing the quantity observed in samples by that fraction. This mechanism
adjusts for proportional errors (the slope of the recovery curve). Other
measurements can be used to adjust the zero-point (the interception of the
recovery curve).

Active systems can introduce errors through uncertainties or variations in
the flow rate. The pump is one potential source of variation. If tubing connects
the pump to the sorbent tube or canister, bends or kinks in the tubing may also
introduce error. The pump rate of
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battery-powered pumps may diminish as the battery discharges, but that
problem has been well studied, and industrial hygienists usually calibrate the
pumps at the beginning and end of each sampling period. For small changes, an
average flow may be used. Nickel-cadmium batteries usually fail along a
gradual, nearly linear curve, with rapid decay in voltage and current near the
end of the cycle life. By avoiding the late phase, an average flow rate will give a
satisfactory estimate provided that the concentration does not vary greatly
during the test period. With some analytes, especially particulates or aerosols, a
mechanical barrier may be created by clogging of the sorbent bed, which may
increase resistance and decrease flow rates during the sampling period. It is not
anticipated that this problem will arise with MeS as the primary simulant.

With either active or passive systems, the recovery of chemical decreases
as the sorbent becomes saturated. For that reason, the size of the sorbent bed,
the sampling rate, and the sampling time must be chosen so that the sorbent
remains well below its saturation point. The problem is simpler with active
systems, in which retained quantities may be large as long as the sorbent binds
the analyte tightly enough to prevent breakthrough (passage of analyte
completely through the system).

Other sources of error with either passive or active systems include
influence of temperature, humidity, and the presence of other vapor
constituents. These factors can be assessed by controlled trials of the system
prior to a study. Data for the passive samplers show small, predictable
variations with temperature and little variation with humidity effect. The effect
of humidity on active samplers would probably be greater than on passive
samplers with nonporous membranes.

External Pumps and Tubes

A system with pumps, connecting tubes, and samplers on the outside of a
suit, with tubes passing through openings into the suit, has the advantage of
permitting the use of bulkier equipment with better control over flow rates,
sorbent bed volume, and operating temperature of the sorbent bed. Instruments
that take direct readings might even be adaptable for intermittent monitoring.
Measurements of airborne chemical concentration, the sorbent-to-analysis phase
of the measurements, should not be affected, providing that the simulant does
not adhere strongly to the tubing. Because of its low volatility,
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however, adherence to tubing is a severe problem with VX analysis systems,
making direct collection of VX on a sorbent essentially impossible. With VX,
the monitoring problem has been solved by installing a conversion pad, which
substitutes a fluorine atom for the N,N-diisopropylamino-2-ethyl-thiol group of
VX (see Figure 3-1). Similar solutions might be found for testing low volatility
simulants.

The major disadvantages of external monitors are: (1) they compromise the
integrity of the chemically protective ensemble being tested; (2) they limit
motion if a fixed or bench-top system is connected to the subject; and (3) they
add weight and bulk if the subject carries portable samplers.

The MIST study is designed to monitor in-suit concentrations at a large
number of body sites. Tubes running either through the shell of the suit or
parallel to the skin through neck, wrist, waist, or ankle openings could easily
introduce gaps that would allow contaminated air to penetrate in a way that
would not occur with an intact suit. Holes in the shell could be more readily
sealed than gaps at openings, but this would require either multiple openings or
passing tubes through the waistline or other sealing points, which creates the
risk of abnormal simulant migration between body regions. Tubes running
through the suit to external samplers would need to be collected into a bundle to
prevent tangling during activities. To prevent distortion in the fit, the bundle
would need to be attached to the suit with adhesives or to the soldier with a belt
or harness. Adhesives can alter the barrier properties of the suit either by
increasing or reducing permeability and can alter the fit by pulling on and
distorting the suit, potentially aggravating the bellows effect that moves air in
and out of the suit with motion. Straps may alter the results in a number of
ways: they could decrease the normal flow of air between body regions by
constricting the space between suit and skin; they could alter permeation
qualities by compressing the suit material; they could decrease the area exposed
directly to simulant concentrations and thereby decrease the in-suit
concentration; and they could increase sweat absorption by holding the suit next
to the skin, which could alter suit permeability. Finally, an active sampling
system draws make-up air from outside the suit into the suit, which would
necessarily increase the amount of simulant beneath the shell. This might be
partially corrected by introducing an amount of clean air that precisely matches
the amount of air that was removed. The process, however, would alter the
motion of simulant within the suit leading to artificially high or, more likely,
abnormally low readings.
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Although many of these problems could be overcome with sufficient
ingenuity and effort, collectively they indicate a significant potential for altering
the form, fit, and function of the suit in ways that are difficult to predict. Using
a single vacuum line or pump with a manifold system to multiple sampling
points, for example, would solve some of the problems but would introduce
uncertainty in the volume of air pulled through each sampler. Balancing a
manifold system is difficult even with rigid tubing and would be even more
difficult with flexible tubing. If a fixed or bench-top system were connected to
the subject, the connecting tubes would serve as a tether, limiting the activities
the subject could perform. Several pumps could be carried within the weight
limits of a field pack, but then exercise protocols that do not require use of the
field pack would be severely limited. The bulk of external portable samplers
would be less problematic than the weight but might create problems if exercise
protocols required crawling. The design of active samplers would make it
difficult to simulate the barrier properties of skin. An absorbed dose could not
be approximated with this system.

The problems described here do not necessarily eliminate sampling with
pumps external to the suit. That strategy might still be the best option because
of the physical constraints of active samplers and the inaccuracy of passive
samplers. The precision and accuracy of the analytical results of active samplers
would probably not compensate for their disadvantages.

Pumps and Sampling Systems inside the Protective Garment

As an alternative to penetrating the shell of a protective ensemble with
sampling tubes, pumps could be worn between the garment and the skin. An
advantage of this scheme is that the pump would exhaust air into the space
inside the garment, so no make-up air would have to be drawn from the outside.
A disadvantage is that a new error would be introduced by placing a clearing
mechanism within the suit. If the amount of simulant removed on the sampling
medium were small in comparison to the flux through the suit, however, the
error would be negligible. The precision and accuracy of internal pumps could
be comparable to external samplers.

Although the structural integrity of the chemical protective ensemble being
tested would be maintained by sampling pumps hung inside the garment, the
garment's form, fit, and function would all be altered significantly. Form would
be altered by pulling the garment away from
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the body over the pumps, which could open gaps at the waist or neck. It would
also pull the garment closer to the skin on the opposite side, increasing sweat
loading. The fit could be altered in many ways at various places, especially at
friction points (waist, groin, underarm, neck, etc.) Protective garments that are
designed to be "form fitting" would make the introduction of air sampling
equipment particularly difficult. Function could be altered by increasing the
heat loading within the garment as the result of the heat generated by the pump.
If the number of pumps required does not fit practically under the suit,
compromises in the number of sample points or the number of tests might be
necessary.

In general, the design of active samplers does not lend them to simulation
of skin barrier properties. An absorbed dose could not be approximated by a
physical system. Sampling with pumps under the suit might still be the best
option if the inaccuracies of passive samplers or other constraints preclude their
use. Reducing the number of sampling points per test with active sampling
would be troubling, but the requisite data could be gathered using more tests.
The effect of heat loading could be calculated from information about the rate
of heat generation by the pumps. If only a few pumps are used, the added stress
might be negligible.

Passive Samplers

Passive dosimetry has become very popular for personal monitoring in
recent years (Soule, 1991). The dosimeters or monitors use Brownian motion to
control the sampling process, enabling lightweight, low-cost personal monitors
that do not require a power source. They rely on a concentration gradient across
a static or placid layer of air or other medium to induce a mass transfer. The
following equation, based on Fick's law, gives the steady-state relationship for
the rate of mass transfer:

W = D(A/L) (C~Cy)

where W is the mass transfer rate, D is the diffusion coefficient, A is the
frontal area of the static layer, L is the length or depth of the static layer, C; is
the ambient concentration, and Cj is the concentration at the collection surface.

If an effective collection surface is chosen, C, can be essentially zero, so
the mass transfer or collection rate is proportional to the vapor
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concentration C;. Note that the units of D(A/L) are volume per unit time, the
same as for volumetric flow in a pump monitoring system. The rate of sampling
of the contaminant is then the product of the D(A/L) term and the average
ambient concentration.

The precision and accuracy of the overall system depend on the sampling
process and the analytical steps. Precision and accuracy of the sampling process
depend on the measured exposure time, velocity, and temperature, whereas the
precision and accuracy of the analytical steps depend on the calibration
standards, properties of the collection media, and the analytical method. The
potential effects of velocity and temperature distinguish this type of monitoring
device from the conventional dynamic or flow monitor.

When L (dependent on the resistance of the film barrier in this type of
sampler) is large compared with the average boundary-layer thickness,
sampling is barely affected by velocity. For temperatures between 10°C and 31°
C, the variance should be no more than 1.8 percent. At higher or lower
temperatures, corrections may be required.

An internal Army memo from 1994 discusses the effects of several factors
on accumulated mass. The temperature effect is about 0.1 percent/degree F. In a
cavity-type passive collector, the ratio of the sampler length to its diameter must
be greater than three so as to minimize the effect of convection within the
chamber. At low tangential face velocity, V, the uptake rate decreases because
of external resistance to mass transfer in the boundary layer. Diffusion
resistance through the boundary layer is proportional to V*° for laminar flow
and V%8 for turbulent flow. A commercial passive sampler (DuPont PRO-
TEK™) exhibits a marked decrease in sampling rate below a laminar flow
velocity of 1,000 cm/min (0.17 m/s). At a face velocity of 12 cm/min (0.2 m/s),
the sampler collects 20 percent less vapor than the predicted amount, regardless
of boundary-layer effects.

Theoretical models, laboratory evaluations, and field studies agree that
diffusion samplers provide a reliable measure of mean vapor concentration if
the fluctuation frequency is at least five 5 seconds. Specifically, steady-state
mass uptake is approached closely if the period of the concentration change is
less than 1.4 times the mean residence time of vapor in the diffusion zone ftg,
where tz = L?/2D. The DuPont PRO-TEK™, which has a diffusion path length
of 0.95 cm, will attain steady-state uptake if the fluctuation period is less than
nine seconds, assuming that the diffusion coefficient for MeS at 80°F (27°C) in
air is about 0.05 cm?/s.
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The key selection criteria for the MIST passive sampler include: (1)
projection into the under-the-garment air space is sufficiently small so that it
accurately samples the unaltered vapor stream in the vicinity of the sampling
device; and (2) the absorption velocity W, for MeS under MIST conditions is
between 1 and 4 cm/min, the range observed for skin uptake of agents. Orifice-
based samplers for which W, = D/L would require a diffusion path length of
0.75 to 3 cm to achieve the desired W, range with MeS. Although this exceeds
the dimensional requirement, interposing a barrier membrane in proximity to
the adsorbent with a minimal diffusion path would solve the problem.

Natick Sampler

The Natick sampler is a type of passive sampler developed at the Natick
RDEC specifically to detect MeS vapor for the MIST. The Natick system
clearly protects the integrity of the protective ensemble. The samplers are no
thicker than a common adhesive bandage and are less than 1 inch square (see
Figure 4-1). Solubility of MeS in high-density polyethylene (HDPE) was
reasonably linear over concentrations from 0 to 135 mg/m 3 with a coefficient
of (1-mg MeS/gm HDPE)/ (125-mg MeS/m3) = 0.0082 m 3 /gm HDPE. The
weight of a 1-mil HDPE cover on a Natick sampler is about 0.018 gm, so at a
chamber concentration of 150 mg/m3, the quantity of adsorbed MeS would be:

(0.0082-m3/gm HDPE)(0.018-gm HDPE/sampler)(150 mg/m3)
= 0.022 mg per sampler

After treating the polyethylene films by heating to 95°C to 100°C for 16
hours, permeability to carbon tetrachloride increased substantially. At 18°C,
permeability increased from about 55 gm/m2-day before treatment to about 80
gm/m2-day after treatment. At 40°C, the corresponding values were 120 and
160. Army scientists recommend pretreating the films in all cases to assure
uniformity.

Water vapor often competes with other chemicals for binding sites on the
sorbent, decreasing the sorbent's capacity to absorb the test chemical.
Ambersorb and Tenax show less variation with humidity than carbon, but Army
officials assert that the humidity effect has been insignificant in the Natick
RDEC sampler. In contrast, humidity increased the skin absorption of organic
compounds with partition
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coefficients in the range of 0 to 3 (Hawkins and Reifenrath, 1984). The partition
coefficients of many chemical warfare agents fall within this range. These
findings lead to the obvious conclusion that the permeability properties of skin
and polyethylene are different, especially for a nonporous lipophilic membrane
like polyethylene, which does not readily transmit water to the sorbent layer.
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Figure 4-1 Diagram of Natick sampler.
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The committee asked whether the same basic design would work with a
different simulant. Army officials stated that the membrane has been tested
successfully with a large number of chemicals. Confirming the effectiveness of
a complete sampler would involve repeating some tests, but it seems likely that
a suitable sorbent could be attached to the membrane and the design used to test
other simulants.
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5

Assumptions and Limitations

TEST PROTOCOL CONSIDERATIONS

An important aspect of the technical review of the MIST methodology is
identifying all assumptions in the BRHA model. These assumptions must be
closely examined to establish their impact on the design and implementation of
the model. The resulting limitations must also be identified and evaluated to
establish their impact on the applicability of the model to real-life situations.
The committee's analysis of the test protocol raised the following questions.

The basic measurements of MIST/BRHA are protection factors for test
suits for various anatomical sites against a 12,000 mg/m3-min (concentration x
time [Ct] factor) exposure to MeS (methyl salicylate). The protection factors are
used to derive effective Cts against VX and HD. The MIST/BRHA can be used
to rank the relative protective value of test suits against VX and HD but should
not be used to predict physiological effects. For example, it would be wrong to
suggest that wearing a given protective suit in a VX exposure of 3,225 mg/m3-
min (see Table 2-7) would result in symptoms of VX poisoning associated with
a 70 percent depression in red blood cell cholinesterase. The data do not support
a calculation of agent percutaneous absorption from the mass of MeS collected
in passive samplers attached to the skin.

Given an effective Ct of 25 mg/m3-min for VX exposure to produce a 70
percent depression in cholinesterase in an unprotected person, and 1,000 mg/m>-
min for HD to produce severe burns on an unprotected forearm, a Ct of 12,000
mg/m3-min in the MIST would be considered a massive challenge, especially
for VX (if 1 mg of MeS is taken as the equivalent to 1 mg of chemical agent).
Because all exposures were at a Ct of 12,000 mg/m3-min, suit rankings might
be different at lower Ct challenges.
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The selection of MeS as a simulant for both VX and HD was based on its
historical use as an agent simulant and on its safety for human use (see
Chapter 3). One must ask, however, whether MeS is a reliable simulant of
chemical agents. How does the diffusivity, solubility, surface tension,
wetability, etc., of MeS compare with chemical agents? The physicochemical
properties of VX, HD, and MeS are very different. MeS has a vapor pressure
approximately 2 orders of magnitude higher than VX. Also, we do not know the
relative distributions of these chemicals in system-level tests of chemical and
biological protective suits.

The BRHA is based on the assumptions that the regional variation in VX
skin toxicity is the same for liquid and vapor exposures and that the relative
regional variation in skin toxicity to HD is the same as for VX. These
assumptions have not been tested. For some compounds, some studies have
shown that the regional variation in skin permeability appears to be compound
dependent (Table 5-1); other studies have shown that permeability coefficients
for liquid and vapor exposures are different (Barry et al., 1984).

Based on the statistical analyses of local and systemic effective Cts (Tables
2-5 and 2-7, respectively), approximately 75 percent of the

TABLE 5-1 Regional Variations in Human Skin Permeability as a Function of Test
Substance

Relative Permeability

Anatomic Site Hydrocortisone Parathion =~ Malathion = Benzoic Acid
Forearm (ventral) 1.0 1.0 1.0 1.0
Forearm (dorsal) 1.1 - - -
Foot arch (plantar) 0.1 - - -
Ankle (lateral) 0.4 - - -
Palm 0.8 1.4 0.9 -
Back 1.7 - - 0.8
Abdomen - 2.2 1.4 1.6
Scalp 35 3.7 - -
Axilla 3.6 74 4.2 -
Forehead 6.0 4.1 34 3.0
Jaw angle 13.0 39 10.0 -
Scrotum 42.0 12.0 - -
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test suits have overlapping Cls (confidence intervals) (at 95 percent significance
level) with the battle dress overgarment. The CIs may be accurate reflections of
the performance of the test suits; however, because the suits were not all tested
the same number of times, conclusions cannot be drawn about the relative
merits of the suits or about the discriminatory power of the MIST/BRHA. One
must question then whether the tests have been replicated adequately to draw
statistically reliable conclusions.

Because the MIST procedure is expensive, the natural tendency is to
minimize the number of replications. It might be more appropriate to screen
suits more rigorously prior to the MIST and to subject only the most promising
candidates to the MIST/BRHA with more replications. Data from the MIST/
BRHA have undergone ANOVA (analysis of variance). Additional tests (e.g.,
Dunnett, Neuman-Kuels test) should also be employed for multiple
comparisons of protective ensembles. It may be of value to analyze data from
individual anatomic sites as well as data from different test subjects.

The passive detectors are intended to measure skin deposition of MeS.
However, no data have been established to compare MeS skin deposition
directly with passive detector deposition.

The MIST is an accelerated test. In other words, higher concentrations of
simulant are used for shorter periods of exposure (two hours) than are specified
and required for suit protection (24 hours). Is this trade-off of time/
concentration justified?

Have the temperature and relative humidity in the test chamber been
appropriately chosen and controlled? One might suspect that the barrier and
permeation properties of materials are temperature and humidity dependent;
thus, performance must be evaluated under appropriate, relevant conditions. In
the MIST procedure, is MeS introduced in the appropriate concentration (vapor
challenge) to simulate a realistic chemical and biological threat? Are the
convective dynamics (airflow rates) realistically reproduced and adequately
controlled in the test chamber?

HUMAN FACTORS CONSIDERATIONS

The committee has two concerns about human factors associated with the
test operations procedure for the MIST that should be addressed. The first deals
with the closures of the protective garments
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and the second with the physical exercise routine to simulate field conditions
under which the soldier would be expected to function.

The test operations procedure ensures that garments are properly closed at
the beginning of each test. However, a complete, reliable interpretation of test
results requires knowing the degree to which the closures remain closed during
the test. The closures could be checked by the test supervisors at the end of the
120-minute exposure period when they check the positions of the passive
samplers. Information about the closures would be helpful for interpreting
differences in absorption levels at different anatomical sites. A related issue is
the probability that soldiers would keep the garments closed under real combat
conditions. The test procedure also specifies that an interview be conducted and
a human factors questionnaire be completed by the test subject at the conclusion
of the test. The interview and questionnaire could be critical to determining
whether the suit would be worn as intended, with full closure, to evaluate test
results from a practical standpoint.

The physical exercise routine in the MIST protocol may not adequately
simulate field conditions, if for no other reason than that field conditions cover
a wide range of variables and are almost impossible to specify. Nevertheless,
the physical exercise must be rigorous and as reflective of anticipated field
conditions as possible. The extent to which the movement disturbs the suit
closures could be very important. Furthermore, body heat generated during
exercise would increase the likelihood that a soldier might loosen the garment.
The perspiration level during exercise is also important because perspiration
changes the distribution of chemicals on the skin surface. It would be
advantageous to review relevant literature comparing the types of exercises
used in the MIST with actual field conditions to ensure that field conditions are
adequately simulated.

ACETYLCHOLINESTERASE INHIBITION AS A
BIOLOGICAL MARKER

Acetylcholine is neurotransmitter released at many autonomic nerve
endings that binds to neurons and causes them to fire. Acetylcholinesterase is
the enzyme that breaks the acetylcholine bond and returns the neuron to the
resting state. Certain nerve toxins have long been believed to inhibit neural
acetylcholinesterase enzyme activity based on the demonstrated ability of these
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agents to decrease acetylcholinesterase activity in vivo and the observation of
the continued firing of neurons that could be explained by the action of these
toxins. Understanding how known cholinesterase inhibitors work has proven to
be very useful for developing neurotoxic pesticides and diagnostic tests for
humans affected by them. These diagnostic tests are based on the presence in
human red blood cell membranes of readily measurable levels of
acetylcholinesterase activity, as well as the presence in plasma of a related
enzyme known as pseudocholinesterase. However, in recent years a debate has
developed about the usefulness of blood cholinesterase activity as a biological
marker to predict neurotoxic effects.

Biological markers can be divided into markers that indicate the amount of
exposure and markers that indicate presumed susceptibility. There is a
continuum between markers of exposure and markers of susceptibility, and
some markers can be classified as both. Interpreting biological markers depends
on understanding the toxicology of the chemical, including its absorption,
distribution, metabolism, excretion, and toxicity to the target organ.

Blood cholinesterase activity, either red blood cell or serum, should be
considered both as an exposure marker and an effect marker. An example of an
ideal marker of both exposure and effect is carboxyhemoglobin. Carbon
monoxide bound to hemoglobin is both an integrated measure of carbon
monoxide exposure in the past 8 to 12 hour period, and, through our
understanding of the mechanism of CO toxicity, a predictor of adverse
consequences.

Blood acetylcholinesterase activity is also, to some extent, a marker of
both exposure and effect. The major limitation is the obvious fact that the target
organ of concern is the brain, but the measurements are of enzyme activity in
the blood. Subtle variations in enzyme structure between different tissues must
be taken into account. Another limitation is that blood cholinesterase levels may
vary due to genetic and disease factors. For most individuals, however, blood
cholinesterase activity is a suitable biological marker of exposure. It is also a
very useful biological marker of effect, as long as it is recognized that
observable effects, such as fasciculations, do not begin until there is perhaps a
40 to 50 percent decrease in cholinesterase. Thus a 20 percent decrease in
enzyme activity can be a useful marker of exposure but is not a definitive
marker of effect.

The Army has used the data from a study by Sim (1962), which detailed
the amount of liquid VX required to cause a 70 percent depression in red blood
cell cholinesterase following application to
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different body regions as a quantitative indicator of regional sensitivity to HD
or VX. Because cholinesterase measurement is quite variable, however, the data
alone cannot be used to assign regional differences in agent sensitivity. The data
may also have been compromised by prior, incidental, exposures, such as those
found at Rocky Mountain Arsenal where low red blood cell cholinesterase
levels could not be correlated with test exposure but were associated with
carelessness in putting suits on and eating food placed on surfaces where used
protective gloves had been placed.

BIOLOGICAL INTERPRETATION OF THE MIST/BRHA

The MIST generates an ensemble protection factor based on the ratio of
simulant concentration outside the suit to the concentration inside the suit at
each of many locations around the body (see Chapter 2). A protection factor for
each specified location or region of the ensemble is calculated as the ratio of
simulant detected in the absence and presence of the ensemble. Because
component or swatch tests have been used to eliminate ensembles constructed
from unacceptable materials, the MIST is particularly useful for detecting leaks
around seams and closures.

The BRHA, combined with the MIST, simply weights the mass of
simulant collected at a particular anatomic site by the surface area of a given
skin region and the estimated regional variation in human skin permeability to
chemical agent vapor. The results of the MIST/BRHA are still based on
protection factors and require knowledge of the regional variations in skin
penetration by the agent vapor. Currently, BRHA estimates of regional
variations in VX and mustard vapor penetration are based on the data from Sim
(1962), who studied droplets of liquid VX in humans.

The only way to validate the BRHA is through direct measurements of VX
and mustard vapor penetration on excised human skin from different anatomic
sites. An apparatus used at Dugway Proving Ground for generating stable vapor
concentrations in swatch tests could be adapted for studies of excised skin.
Regional variations in skin penetration, based on the small amount of data
currently available, depends on the compound in question (Wester and
Maibach, 1989) and may not even be relevant to vapor exposures (Barry et al.,
1984) because most of the studies used solvents with the test chemicals.
Sufficient data are not available to support the use of regional
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variations in transepidermal water loss in humans or regional variations in
pesticide absorption in animals as measures of regional variations in skin
absorption of agent vapor in humans.

Translating data from the MIST/BRHA into the biological effect of a
simulated agent exposure (physiologic endpoint) will probably require
developing a simulant for each chemical agent of concern because VX,
mustard, and soman, for example, have different physical properties. Passive
detectors may need to be modified or abandoned altogether because no artificial
membrane has yet been shown to simulate the differential permeability of the
skin and its response to changing temperatures and humidity. Noninvasive
measurement of a simulant in the stratum corneum or the measurement of
simulant and metabolite in urine or saliva may be more practical. The
experience gained from monitoring civilians exposed to pesticides and other
chemicals should be used to advantage. For example, scientists at the National
Institute for Occupational Safety and Health have outlined a protocol for
validating diffusive sampling techniques in the laboratory and in the field
(Cassineili et al., 1987).
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6

Conclusions and Recommendations

The MIST was developed to evaluate individual chemical protective suits.
The MIST procedure is designed to compare the effectiveness of chemical
protective garments and assess the operational requirements for protective
garments. BRHA (body region hazard analysis), which complements the MIST,
is an attempt to take into account regional body sensitivities to a chemical agent
that has penetrated the protective garment. Together these models attempt to
provide a quantitative measure of the effectiveness of a chemical protective
ensemble under realistic dynamic conditions. The MIST/BRHA must be
considered as procedures for evaluating the performance of complex systems,
intended not only to characterize overall performance but also to identify the
weakest elements in the system.

The committee understands that the MIST protocol includes the necessary
procedures for data collection for evaluating the performance of candidate
protective ensembles but excludes the site-specific analysis of data needed for
the complementary BRHA. Thus, protection factors for protective ensembles
can only be derived from the MIST.

However, the BRHA modifies the protection factor by introducing a
consideration of the surface area and relative sensitivities of different body
regions. The result of the MIST/BRHA remains a protection factor, but it
cannot be used to derive a physiological interpretation of the data, which
requires the translation of data for simulant disposition into an absorbed dose of
agent.

In response to the charge to perform a technical assessment of the MIST
program, the committee developed the following specific conclusions and
recommendations. The committee also developed the general conclusions and
recommendations presented at the end of this chapter.
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SPECIFIC CONCLUSIONS AND RECOMMENDATIONS

TASK 1. Review the test methodology for the man-in simulant program.'

Conclusion 1. The MIST is a well-designed test protocol for evaluating
chemical protective ensembles. However, the committee found that the test
methodology was not based on preliminary testing that would eliminate
ensembles with gross defects and allow more replications of tests be done on
fewer candidate protective ensembles, thereby increasing the statistical power
of the results.

Recommendation 1. The Army should screen ensembles prior to a full-
blown MIST by video imaging the skin of test subjects after exposure to a
fluorescent tracer or other physical tests. Screening should also include
variations in ambient conditions (temperature, humidity, wind, and, perhaps,
rain), activities (kneeling, sitting, and crawling), and sweat-soaked and dry test
challenges.

TASK 2. Review the use of biological markers (e.g., cholinesterase
inhibition) to predict the signs and symptoms associated with exposure to nerve
(VX) and vesicant (HD) agents.

Conclusion 2. Body region hazard analysis (BRHA) is an innovative
approach that takes into account regional variations in skin sensitivity to
chemical agents. Although the basic approach is sound, the committee has the
following reservations:

* A direct relationship has not been established between cholinesterase
depression and the percutaneous absorption of agent.

* The relationship between liquid and vapor absorption has not been
determined.

* BRHA was based on the local absorption of VX and may not
accurately predict the absorption of HD.

! The original statement of task for Task 1 included "and the rationale for using methyl
salicylate as a chemical agent simulant in this test program." The committee felt that this
aspect of the review was reiterated in Task 4 and has addressed the question there.
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* BRHA does not account for functional impairments from mustard-
induced lesions in various body regions.

* BRHA does not account for individual differences in sensitivity to
chemical agents.

A direct determinant of the toxicity of a chemical agent is the permeability
of the skin by that agent at a given anatomic site. Therefore, the committee
concluded that rather than basing the BRHA on highly variable indirect
measures (cholinesterase depression) and assumptions, a protocol should be
designed to quantify the in vitro agent permeability of excised human skin
samples from different body regions. These techniques are well established and
well accepted and could also be used to compare simulant uptake by human
skin and passive samplers. Large differences may indicate a need to redesign
the samplers. The vapor uptake of agent and simulant could also be determined
for human skin and passive samplers. Large differences in the behavior of agent
and simulant may warrant the selection of a different simulant or adjustments in
the methods used to calculate protection factors.

Recommendation 2a. The Army should measure regional variations in
skin penetration for HD, VX, and simulant vapors using excised human skin
harvested from various anatomic sites.

Recommendation 2b. As a supplemental validation of the systematic
BRHA, a biomonitoring protocol should be developed for the MIST, analogous
to the protocol used to monitor pesticide exposures to agricultural workers. If
the appropriate simulant is used, the calibrations obtained from in vitro studies
could be used to relate suit performance to physiological effects based on the
absorbed dose.

TASK 3. Review the test methodology for employing passive and active
vapor and aerosol samplers during simulant tests and assess the data collection
and analysis plan.

Conclusion 3. Passive samplers are appropriate for testing for the presence
of vapor. The protocol, however, may not be valid for aerosols because the
disposition of chemical agents in aerosol and vapor forms can be quite different.
From the information recorded in the documents given to the committee for
review, the committee could not confirm the uniformity of simulant
concentration within the test
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chamber. Variations in concentration outside the protective ensemble could lead
to errors in assessing the protective qualities of the suit.

Although passive samplers are generally regarded as less accurate than
active samplers in bench trials, the differences in the results are small. The
precision and accuracy of the Natick sampler is adequate for the intended
purpose. The small size of the Natick sampler enables testing under the suit
without incurring a number of disadvantages (outlined in Chapter 4) that would
be incurred with active sampler pumps either inside or outside the suit.

A residual disadvantage of passive samplers may be a lack of sensitivity to
brief variations in concentration, which would be of interest only for identifying
the body positions or activities associated with leakage. Conventional active
samplers would have the same disadvantage, but external samplers connected to
a near-real-time monitor could provide this information.

Recommendation 3. Agent uniformity in all parts of the test chamber
throughout the duration of the tests should be documented. In addition,
concentrations inside the suit could be monitored with either active or passive
samplers, despite logistical problems. Comparing simulant levels in the passive
sampler with samples recovered from the stratum corneum of test subjects (the
outermost layer of the skin, which can be removed by repeated applications of
adhesive tape) would provide insights into sampler performance.

TASK 4. Determine whether the current chemical simulant methyl
salicylate or an alternative simulant should be used in the MIST program.

Conclusion 4. Methyl salicylate is an appropriate simulant for the
transport of chemical agent into protective ensembles. However, biological
interpretations of the MIST/BRHA using methyl salicylate are not warranted.

Recommendation 4. Additional studies should be undertaken to establish
absorption and transport properties of the simulant relative to the properties of
the agents. In vitro studies using excised skin and mannequin studies (capable
of simulating a bellows effect) can be used to accomplish this objective. With
the appropriate consent, and oversight of a human use committee, excised
human skin can be used
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for research. Samples can be obtained from cadavers or from surgical samples
(e.g., abdominal skin, facial skin, etc.) Large differences in distributions may
warrant using an alternative simulant.

GENERAL CONCLUSIONS AND RECOMMENDATIONS

General Conclusion 1. The first step in chemical and biological defense
strategy is early detection and warning to provide situational awareness and
permit steps to be taken to avoid the exposure of personnel and equipment. The
complement to detection is protection. Chemical protective ensembles, as well
as collective filtration systems and shelters, are used to insulate personnel from
chemical and biological agents. Modeling chemical protective ensembles is a
daunting task, and the Army's efforts to develop the MIST/BRHA should be
commended. Modeling and simulation technologies are invaluable tools for
training for operations in a chemical and biological warfare environment. They
provide material and equipment design parameters and enable field
commanders to integrate and interpret real-time data. However, deriving
physiological endpoints from the MIST/BRHA is a complicated process that
will require cooperation among the Army's scientists, as well as significant
input from academia and industry.

General Recommendation 1. The development of new test
methodologies should be done separately from routine ensemble testing. Once
the criteria for suit performance have been established, decision points should
be entered in a flow chart to reveal where additional work is needed. As of this
writing, the Army has not adopted a clear approach to establishing physiologic
endpoints from protective ensemble testing. However, this is an achievable goal
that should be pursued to protect soldiers.

General Conclusion 2. The Army should ensure better cooperation among
various disciplines (i.e., chemistry, toxicology, engineering, human factors,
etc.). For example, scientists in CBDCOM's toxicology division have not
participated in any significant way in the development of ensemble test methods.

General Recommendation 2. More integration between the various
groups and technical disciplines will be essential for the development of future
testing methodologies. All relevant parties
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Appendix A
Body Region Hazard Analysis

INTRODUCTION

The purpose of this appendix is to summarize the BRHA (body region
hazard analysis) model showing its rigorous basis and highlighting areas where
additional articulation of the current model or model development might be
useful. The discussion is intended to support not only the practical evaluation of
protective suits but also the analysis of the efficacy of using MeS (methyl
salicylate) as a simulant. This discussion relies heavily on the excellent
presentations to the committee by Army personnel (Fedele, 1996; Fedele and
Nelson, 1995).

CONCEPTS

The practical goal of the BRHA is to convert the information derived from
a multidimensional experimental testing plan into a concise measure of the
relative protection value provided by a given candidate protective ensemble.
The basic idea is to convert measurements of exposures at 20 different body
locations into a single measure that accounts or the variability of both chemical
exposure and relative sensitivity at each body location.

The BRHA analysis provides two distinct modeling opportunities. The
first, already in practice, is reducing the MIST data to a concise measure of the
protective performance of the suit. The second is to examine the model
derivation from first principles, thereby exposing key physical properties and
approximations that enter into, and allow reduction of, the governing equations,
in order to assess the efficacy
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of using MeS as a simulant. The model could thus define experiments that
should be conducted.

The essential mathematical starting point for the BRHA is the probability
distribution for response to an exposure level. It is evidently well accepted that
this is the normal function of the log of the exposure. Equation 1 summarizes
this information in terms of s, the normal equivalent deviate, n, the natural log
of the population response geometrical standard deviation, M, the exposure, and
Ms, the exposure value at which half the population shows a physical reaction.

5 =n InfM/Msp) 1)

The BRHA applies this concept to each body region j. To do so, the terms
of Equation 1 are rewritten as Mj, the exposure in region j, and Ms;, the specific
exposure for each body region j that alone causes the mean response. Two
additional concepts are A;, the surface area of the body region j, and ¢g; the
transport efficiency in region j. The parameter ¢; accounts for the transport from
skin deposits or absorbed agents to physiologically active sites or, in the
parlance of Equation 1, M = 2¢g;M;.

Regional sensitivities have been measured, but an experimental
determination of the transport efficiencies has not been made yet. The transport
efficiency can be eliminated from the mathematical analysis by exploiting the
behavior of the response probability distribution. Because at s = 0, half of the
individuals will show a response, Equation 1 shows that this occurs when M =
Ms. Therefore, e; = Msy/Msg; when local body region exposures are used in
Equation 1. This also allows Equation 1 to be rewritten as Equation 2, which
accounts for the 20 different body locations:

s=mnin(z M;j/Msp ) )

The use of Equation 2 in the BRHA is facilitated by relating M; to the
vapor exposure. Far from saturation, exposure is the integral of the rate of
delivery over time. This is shown in Equation 3, where C, is the external vapor

concentration, ¢ is the time, v is the absorption velocity, and A; is the surface
area:

Mj = Co tvjA; 3)

Equation 3 allows Equation 2 to be rewritten as:
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s = n In(ZCy tviAyMsop) “

An exposure index C,T can therefore be calculated as the point where half
of the individuals in a population will respond s = 0, which provides Equation 5
for the median response exposure:

CoT = 1(EviAyMsop) ®)

The BRHA compares exposures under protected and unprotected (bare
skin) circumstances. These exposures can be written as Equations 6 and 7,
respectively:

Mpj = CoTtpjd; ©)
Mpj = CoTvpiAdy 0]

Critical dosages taken from studies in the literature result in an effective
amount of absorption Ms,; when the exposure is to bare skin at various body
regions. This is a useful standard and can be defined by substituting Ms,; for M,
and CgT’sg; for CoT in Equation 7. This is shown in Equation 8:

Mso; = CeTs0iUbidy ®)

Equation 8 and Equation 7 combined show that M;,/Msy; = C,T/CgT’s;.

The BRHA seeks to account for M,; by using the empirically determined
relationships between M,; and CgT’sy. To do so, it is convenient to define the
local body region protection factor, P; = M/M,;. This allows Equation (5) to
be rewritten in terms of the experimentally determined protection factors

Py = My/M,; and their effects as summarized by CgTsy. The result is
shown as Equation 9, which provides the mean challenge level for individuals
using protective systems relative to dosages that influence individuals through
unprotected bare skin:

CoTs0= 1/EINCETs0; Pl )

In using Equation 9, the values of CgT’sy; are obtained from referenced
toxicity studies involving human exposure to liquid VX (Sim, 1962). The
application of these notions is slightly different for local and systemic analysis.
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For local analyses, the Py values for each location j are multiplied by the
locationds cutaneous mustard vapor toxicity value. The lowest vapor challenge
level defines the effectiveness of the protective system. For systemic analyses,
the critical whole body exposure C, T, is calculated from an area-weighted
variant of Equation 9 with Py = I for all j, as shown in Equation 10:

N CoTs0)e = £ A CETs0p) (10

The resulting C,Ts5o. has a value of 2.45 using Sim's (1962) data for A;
percent and CgT’sg; represent the whole body exposure that, when uniformly
applied to the 20 different locations on an unprotected person, results in the
reaction.

The BRHA computes the actual challenge whole body exposure (or the
whole body effective exposure discussed in the body of the report) by
incorporating the location-specific, normalized exposures Py; as in Equation 11:

1/CoTs0 = § AY(CETs501 Ppy) (11

The protective clothing is then rated with a protective actor PF as in
Equation 12:

PF = CoTs50/( CoTs50)c (12)

OPPORTUNITIES AND APPLICATIONS

BRHA calculations are executed in terms of a spreadsheet, which appears
to be automated and systematic. Defending the logic of the BRHA model is
more problematic. Perhaps the most basic question involves the normalization
of exposures and the subsequent normalization of overall effects. Why is the
starting point, although intuitively quite reasonable, rigorously correct? What is
the physiological or transport basis for it? What are the essential
approximations? Another question is the transformation of Equation 1 to
Equation 2. It would be useful to articulate the rigorous logic on which these
exposure "mixing rules" are based. Why normalize on a "spot-by-spot" basis
before calculating the overall effect, for example? Why not use the actual
exposures for each spot and then normalize? The weighting of
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the Pj; in Equation 11 is intuitively reasonable, but is it rigorously correct?
Again, further articulation of the model derivation would be helpful.

Thus, the conceptual approximations, assumptions, and related limitations
of the model would emerge from a more systematic derivation, complete with
sample calculations. But another, more global benefit would also result.
Systematic development would reveal the dependence of the model parameters
on the physical properties (e.g., diffusivities, adsorption and absorption
constants, viscosity, vapor pressures) of the system. This would, in turn, provide
a more quantitative basis for assessing the efficacy of MeS as a chemical agent
simulant.
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Appendix B

Panel and Committee Meetings

PANEL MEETINGS

October 22, 1996 Aberdeen Proving Ground, Maryland

Objectives: Review statement of task; approve the project plan; approve
the outline and study concept as articulated in the draft report concept; begin
gathering data by discussing the man-in-simulant test (MIST) program with
personnel from the Edgewood Research, Development and Engineering Center
(RDEC) and the U.S. Army Center for Health Promotion and Preventive
Medicine (USACHPPM); schedule writing assignments for chapters of the
report.

Presenters

Joseph Vervier, Technical Director, U.S. Army Edgewood RDEC

James Baker, Chief Scientist, Office of the Technical Director, U.S. Army
Edgewood RDEC

Janet Jensen, U.S. Army Edgewood RDEC

Sandra Thomson, U.S. Army Edgewood RDEC

John Ferriter, U.S. Army Edgewood RDEC

Ronald Crosier, U.S. Army Edgewood RDEC

Paul Fedele, U.S. Army Edgewood RDEC

Sharon Reutter, U.S. Army Edgewood RDEC

Douglas Nelson, USACHPPM

Steven Kistner, USACHPPM
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March 12, 1997 Ft. Mitchell, Kentucky

Objectives: Provide panel members an overview of the role of the MIST;
provide panel members perspectives of the organization involved in the MIST
program; review and refine first full message draft; discuss report schedule.

Presenters

James Hanzelka, Protection Group Leader, Dugway Proving Ground
Donald Riven, Principal Scientist, Natick RDEC

Teresa Kocher, Test Integrator, Aberdeen Proving Ground

Douglas Bryce, Product Manager, Quantico, Virginia

Charles Gidley, Deputy Project Manager, Fort Belvoir, Virginia

FULL COMMITTEE MEETINGS

December 11-13, 1996 Aberdeen Proving Ground, Maryland

Objectives: Introduce and orient the new committee members to the
National Research Council and the Edgewood RDEC; discuss the committee's
goals, objectives, milestones, and statement of task for the new contract; discuss
the background and approach for the planned assessments.

Presenters

Joseph Vervier, Technical Director, U.S. Army Edgewood RDEC

Harry Salem, Chief Scientist for Life Sciences, U.S. Army Edgewood RDEC

Paul Fedele, Team Leader/Simulation, U.S. Army Edgewood RDEC

D.G. Parekh, Team Leader/CB Detection, U.S. Army Edgewood RDEC

Randall Wentsel, Team Leader/Environmental Technology, U.S. Army
Edgewood RDEC

Jeffrey Smart, Command Historian, CBDCOM
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April 24-25, 1997 Washington, D.C.

Objectives: Provide standing committee members with an overview of
current activities; update milestone chart for both panels; conduct composition
and balance discussion.

MIST Panel

* Breakout session to write, review, and approve first full message draft

Presenters

Joseph Vervier, Technical Director, U.S. Army Edgewood RDEC
James Baker, Chief Scientist, Office of the Technical Director, U.S. Army
Edgewood RDEC
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