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Preface

So vivid were the memories of the first use of “mustard gas” (sulfur
mustard) by the Germans in World War I that the United States
government began to prepare for chemical warfare even before the
Japanese attacked Pearl Harbor in 1941. This work was alse spurred by
the fury of war in Europe and reports of Japanese use of sulfur mustard
against the Chinese. The U.S. preparations included the establishment
of war-related research programs organized by President Rooseveit
under the White House Office of Scientific Research and Development
(OSRD). Two groups under the OSRD became involved in secret testing
programs concerned with mustard agents (sulfur and nitrogen mustard)
and Lewisite:

® The Committee on Medical Research

This group studied protective ointments and other treatments
through the National Research Council’s Committee on Treatment of
Gas Casualties.

® The National Defense Research Committee

This group studied protective clothing and gas masks through
- military units such as the Chemical Warfare Service.

These testing programs involved the use of close to 60,000 military
personnel as human experimental subjects. It was this use of human
subjects more than 50 years ago that provided the impetus for the study
reported in this volume. The initiation of this study in 1991 was finally
prompted by long-delayed official admissions that human subjects had
been used and the recognition that these subjects may have suffered
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vi VETERANS AT RISK

adverse, long-term, health consequences as a result of their exposure to
mustard agents or Lewisite.

The committee, convened to produce this report by the Institute of
Medicine in response to a request by the Department of Veterans
Affairs, was comprised of experts in the fields of toxicology, epidemiol-
ogy, occupational and environmental medicine, ophthalmology, derma-
tology, oncology, chemistry, and psychology. Its task was to survey the
medical and scientific literature on mustard agents and Lewisite, assess
the strength of association between exposure to these agents and the
development of specific diseases, identify the gaps in the literature, and
recommend strategies and approaches to deal with any gaps found. To
accomplish this task, the committee met four times, examined nearly
2,000 scientific and medical reports in English and a number of foreign
languages, and considered input from 13 military and civilian experts
and over 250 affected veterans, including public testimony from 20
veterans. Although this task may have seemed straightforward in the
beginning of the study, closer examination of the literature and the
World War I (WWII) experimental protocols presented numerous
scientific and ethical challenges.

The major scientific challenges were the meager literature on long-
term health effects of exposure to these agents and the lack of quanti-
tative exposure data for the veterans who served as human test subjects.
The vast majority of the scientific and medical literature was concerned
with the short-term, acute effects of mustard agents and Lewisite,
because the research priorities of most countries had been placed on
treatment of battlefield injuries and the fact that most investigations of
mustard agents and Lewisite have been conducted throughout this
century under the control of military establishments. Particularly dis-
tressing was the essential lack of information regarding the toxicology of
Lewisite. Assessing the long-term health effects of mustard agents and
Lewisite thus required the committee to integrate many types of data,
from studies using laboratory animals to single human case studies, and
to examine and compare closely the known biological mechanisms of
injury from these agents with agents with similar properties for which
more data were available.

The lack of exposure data for the WWII human subjects caused the
committee to attempt to gather as much information as possible about
the experimental protocols, the equipment used, and any injuries from
official reports of the testing programs. The committee found that an
atmosphere of lingering secrecy still existed in the Department of
Defense regarding some of the testing programs. Reports of the specific
experimental protocols were not always easy to obtain; in some cases,
reports were not available or were obtained as the study was almost
complete. Fortunately, enough information was gathered to allow
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reasonable estimates of the exposures to human subjects, who were
repeatedly exposed to mustard agents and Lewisite in gas chamber tests
or under so-called field conditions.

As the fuil scope of the WWII testing prctocols was revealed,
compelling ethical questions emerged. At times, it seemed as if every
new discovery only posed more questions. As the study progressed, the
bits and pieces of information finally coalesced into a picture of abuse
and neglect that was impossible for the committee to ignore. One of the
first discoveries was that the end point of all the WWII mustard agent
and Lewisite experiments was tissue injury—from mild skin burns to
severe, and widespread, skin burns that took more than a month to
heal. The chamber and field tests were actually called “man-break”
tests.

Both veteran self-reports and official documents revealed that some
subjects suffered damaging injuries to the lungs and upper respiratery
system from inhalation of the agents. Committee analysis of expected
gas mask efficiencies further showed that projected normal mask leak-
age under the hot, humid conditions of the gas chambers would have,
in some cases, resulted in exposure levels as high as those reported on
World War I battlefields.

The first response of many of the committee members to these
discoveries was to try to understand the actions of the investigators in
historical context—it was a war and the experiments were conducted
betore the Nuremberg Code of 1947 established formal principles to
govern the proper treatment of human subjects. However, examination
of the treatment and care of WWII chemical warfare production work-
ers, and the conduct of later military experiments with human subjects
from 1950 to 1975, demonstrated a well-ingrained pattern of abuse and
neglect. Although the human subjects were called “volunteers,” it was
clear from the official reports that recruitment of the WWII human
subjects, as well as many of those in later experiments, was accom-
plished through lies and half-truths.

Most appalling was the fact that no formal long-term follow-up
medical care or monitoring was provided for any of the WWII human
subjects, other exposed military personnel, or chemical warfare produc-
tion workers, despite knowledge available by 1933 that muetard agents
and Lewisite could produce long-term debilitating health problems,
particularly in those people suffering severe burns and inhalation
injuries. There was not even adequate short-term follow-up of the
human subjects by the Department of Defense. Subjects in the chamber
tests were sworn to secrecy and simply released on leave at the
conclusion of the experiments. Some of these men still had blisters or
evidence of skin burns upon release, but were not given any instructions
about how to obtain knowledgeable medical care if they had needed it.
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Although the experiments began in a wartime climate of urgency and
secrecy, it was clearly a mistake in this case to continue the secrecy after
the conclusion of the war. Follow-up of the exposed human subjects
could have provided a wealth of information on the effects of these war
gases and could have served as a basis for legitimate disability claims by
injured subjects. By the end of the war, the use of nitrogen mustard as
a chemotherapeutic agent (developed as part of the WWII testing
program) clearly showed the serious health effects that the previous
“volunteers’”’ might be expected to experience.

In the face of the abuses uncovered, the committee members never-
theless sought to maintain an appropriate balance of their scientific
responsibilities in assessing the available literature and their ethical
responsibilities as physicians and scientists. In this effort, the committee
members were guided by their stated task and their own individual
judgments of the scientific and historical information examined. Thus,
the committee believes that the findings and recommendatibns con-
tained in this report are entirely justified by the scientific, medical, and
historical evidence examined. There are, however, specific statements
the committee wishes to offer as commentary on its findings.

First, the committee believes that each veteran who served as a
human subject in the WWII experiments deserves honor for his sacri-
fice.! These men risked their health and safety to help develop better
means of protection against chemical warfare. Yet, in most cases, their
participation in these experiments was not even acknowledged in their
service records and was, in fact, officially denied for decades. Further,
these men were ordered to keep their participation secret. They did so
for nearly 50 years, in some cases despite serious, disabling diseases that
they believed were caused by their exposures. There can be no question
that some veterans, who served our country with honor and at great
personal cost were mistreated twice—first, in the secret testing and
second, by the official denials that lasted for decades. They deserve
recognition. :

Second, the committee believes that any future military research with
human subjects should be conducted according to publicly established
ethical principles similar to those that appiy to civilian research. The
Department of Defense should consider including civilian medical
experts in reviews of all proposed military research protocols involving
human subjects. As was shown in the examination and evaluation by
the Department of the Army Inspector General’s report of the military
drug and chemical testing programs from 1950 to 1975 (see Appendix F),
a climate of secrecy provides a permissive environment for the neglect of

According to all available reports, all the human subjects were males.




PREFACE ix

.established rules of conduct. Such neglect should never be allowed to
occur when human experimentation is involved.

Beyond the immense personal costs of the mistakes and failures of the
United States government during and after the WWII testing programs,
there are societal costs as well. The lack of available biological data
concerning these chemical warfare agents also siowed the important
fields of toxicology and cancer chemotherapy. Much would have been
gained by careful observation after the end of WWII; instead much was
lost. :

The primary reason to identify and follow up veterans exposed to
mustard agents or Lewisite is to provide needed medical care. In
addition, follow-up of these individuals now may also benefit our
understanding of carcinogenesis. For example, recent advances in
molecular biology have linked some chemical exposures in laboratory
animals to specific changes in tumor cells; for example, activated
oncogenes with unusual mutations or suppressor genes (and/or their
protein products), or chromosome damage. In additior;, it is well known
that nitrogen mustard cancer chemotherapy can result in second tu-
mors, which show unusual genetic changes. Therefore, study of any
sulfur mustard-associated tumors should be explored, because the
results could shed light on laboratory animal and human responses to
carcinogens.

The committee wishes to acknowledge that this study could not have
been done without the assistance of a number of people, many of whom
are listed in the acknowledgments section of this report. Before this
report was completed, the report draft was reviewed by experts in
appropriate fields under the rules of the National Research Council’s
Report Review Committee. These individuals provided helpful com-
mentary on the draft manuscript and the committee greatly appreciates
the care and expertise that the reviewers brought to their task.

The work of the committee’s Institute of Medicine staff deserves the
highest praise. The committee is especially grateful for the thoughtful
input, advice, and support given by Gary Ellis, the Director of the
Division of Health Promotion and Disease Prevention. Thanks are also
extended to Jennifer Streit, the study’s project assistant responsible for
planning travel and other meeting arrangements, who also translated
some of the French papers requested by the committee. The massive job
of finding, organizing, and procuring the hundreds of scientific papers
and technical reports was accomplished with great skill by Catharyn
Liverman, the study’s research associate and medical librarian. The
committee is truly indebted to Ms. Liverman—she always knew where
something was, kept a thousand details straight, and did a wonderful
job tracking down obscure references. Finally, the committee wishes to
recognize the major contributions of the study director, Constance
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Pechura. She knew and understood the literature, she worked tirelessly
to obtain information from reluctant sources, and she organized the
study plan, the meetings, the special presentations, and this final
report. She clearly foresaw the major problems that this committee faced
as it moved from the safe, but complex, problems of risk assessment to
the thornier issue of human ethics.

This Preface is somewhat unusual in that it is signed by the entire
committee, rather than by the chairman alone. However, the report
itself is unusual because it tells a story about veterans involved in a
long-secret wartime research program in the United States—a story that
the committee and its staff hope will never have to be told again.

David P. Rall, Chairmar:
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Executive Summary

BACKGROUND

World War II (WWII) has been called ‘“the unfought chemical war.”
Both sides had produced millions of tons of chemical weapons and had
made massive preparations for their use, yet the weapons were never
used. These preparations included the establishment of secret research
programs to develop better weapons and better methods of protecting
against these weapons. In the United States, some of this research was
focused on the development of protective clothing and skin ointments,
which could prevent or lessen the severe blistering effects of mustard
agents (sulfur and nitrogen mustard) and Lewisite (an arsenic-
containing agent).

By the time the war ended, over 60,000 U.S. servicemen had been
used as human subjects in this chemical defense research program. At
least 4,000 of these subjects had participated in tests conducted with
high concentrations of mustard agents or Lewisite in gas chambers or in
field exercises over contaminated ground areas. The human subjects
had experienced a wide range of exposures to mustard agents or
Lewisite, from mild (a drop of agent on the arm in “patch” tests) to quite
severe (repeated gas chamber trials, sometimes without protective
clothing). All of the men in the chamber and field tests, and some of the
men in the patch tests, were told at the time that they should never
reveal the nature of the experiments. Almost to a inan, they kept this
secret for the next 40 or more years.

Public attention was drawn to these experiments when some of the
WWII human subjects began to seek compensation from the Depart-
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ment of Veterans Affairs (VA) for health problems that they believed
were caused by their exposures to mustard agents or Lewisite. Two
factors complicated resolution of these cases. First, there were often no
records or documentation available of an individual's participation in
the testing programs. Second, there was a great deal of uncertainty
about which health problems were in fact the result of mustard agent or
Lewisite exposure.

In June 1991 the VA announced guidelines for the handling of these
cases. These guidelines included the loosening of normal requirements
for documenting the individual’s participation in the experiments and
the identification of seven diseases that the VA would consider to be
caused by mustard agents or Lewisite. These seven are asthma, chronic
bronchitis, emphysema, chronic laryngitis, corneal opacities, chronic
conjunctivitis, anid keratitis (of the eye). In addition, the VA requested
that the Institute of Medicine convene a committee to survey the
scientific and medical literature in order to assess the strength of
association between exposure to these agents and the development of
specific diseases. The committee was also charged with identifying the
gaps in the literature and making recommendations relevant to closing
those gaps. This report details the committee’s findings and recommen-
dations.

Between October 1991 and August 1992, almost 2,000 scientific
papers, technical reports, and other documents were reviewed by the
committee. The experimental protocols used in the WWII testing pro-
grams were examined to assess the potential dose levels experienced by
the experimental subjects. In addition, the committee consulted with a
variety of outside experts and sought information from the affected
veterans themselves, through a public hearing process tha: resulted in
written or oral statements from over 260 veterans regarding their
exposures to these agents and subsequent health problems.

The committee found large gaps in the literature pertaining to the
long-term health effects of exposure to mustard agents and Lewisite. For
many diseases, very little or no work had been done in the eight decades
following the first use of sulfur mustard in World War 1. Almost all of
the work in the United States had been conducted or funded by
chenizal dedense sections of the military and was concerned only with
the acute effects of these agents and not with their long-term effects. As
a result, the committee depended heavily on occupational studies of
chemical weapons production workers in other countries, on what could
be found on battlefield casualties, and on what was known about the
effects of nitrogen mustard derivatives that have been used since WWII
as cancer chemotherapy agents. In addition, the committee carefully
considered the basic scientific data available regarding the biological
mechanisms of tissue damage from mustard agents and Lewisite.
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Special attention was directed at estimating the dose levels to which
the experimental human subjects had been exposed in zas chambers or
field exercises. In these experiments, subjects wore varying amounts of
the protective clothing being tested, as well as gas masks. In the
chamber tests, human subjects were required to enter gas chambers
repeatedly for an hour or more per trial, until, after a number of trials,
their skin showed evidence of chemical burns (erythema)—an indication
that the agents were penetrating the protective clothing. In the field
tests, the agents were dropped over large tracts of land, and human
subjects, wearing clothing being tested, were sent into those areas for
varying amounts of time. Penetration of the agents through the clothing
was assessed in these tests in the same manner as in the chamber tests.

GENERAL CONCLUSIONS

The committee reached the following conclusions on the basis of its
analysis of the experimental protocols:

® The lack of follow-up health assessments of the human subjects
in the WWII gas chamber and field tests severely diminished the
amount and quality of information that could be applied in the
assessment of long-term health consequences of exposure to mustard
agents and Lewisite.

® The levels of exposure to mustard agents or Lewisite experi-
enced by the human subjects may have been much higher than inferred
in the summaries of the gas chamber and field tests.

The lack of follow-up of these subjects particularly dismayed the
committee for a number of reasons. For example, the end point of the
chamber and field tests was tissue injury, but it was already known by
1933 that certain long-term health problems resulted from sulfur mus-
tard exposure. Further, it was documented that numerous subjects
suffered severe injuries that required up to a month of treatment.
Finally, the exposure levels were sufficiently high that even the most
efficient 3as mask would have leaked enough mustard agent or Lewisite
to cause inhalation and eye injuries.

® The committee was additionally dismayed that there were no
epidemiological studies done of mustard agent-exposed, U.S. chemical
weapon:; production workers, war gas handlers and trainers, or combat
casualtins from WWIL,

Tens of thousands of people (military and civilian) worked in U.S.
arsenals that produced mustard agents, Lewisite, and other chemicals.
Exposu: e levels in these facilities were often quite high, as evidenced by
the nurhber of injuries reported and by the poor safety record of the

'
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Chemical Warfare Service during the peak years of production. Many
other servicemen were trained to handle the gases or were assigned to
jobs that put them in contact with mustard agents or Lewisite. A
German bombing attack on the harbor of Bari, Italy, released sulfur
mustard from a damaged American ship into the water and atmosphere,
resulting in thousands of injuries and hundreds of deaths. Yet no
follow-up studies were done with any of these groups; the committee
had to rely instead on occupational studies from Japan and Great Britain
for data on World War II production workers and their long-term health
problems.

SPECIFIC FINDINGS

The following is a summary of the major conclusions reached by the
committee regarding the association of exposure to mustard agents or
Lewisite and the development of specific diseases in different organ
systems. Much more is known about mustard agents than is known
about Lewisite. Thus, the following summary pertains to mustard
agents, except when Lewisite is indicated.

The findings generally fall into one of three categories. In some cases,
the data examined were found to indicate a causal relationship between
exposure and a particular disease. For a few diseases, the data were
suggestive but not completely clear. Finally, there were many diseases for
which very little or no data existed regarding the possible contributions
of exposure to mustard agents or Lewisite. This means that many
diseases in this category may (or may not) be caused by mustard agents
or Lewisite, but no study has been done. It is important to emphasize
that no condition evaluated could be removed from consideration as a health
consequence of exposure to these agents. Thus, for many diseases there
remains significant doubt.

The evidence found indicated a causal relationship between expo-
sure and the following health conditions:

® Respiratory cancers
—Nasopharyngeal
—Laryngeal
~Lung
® Skin cancer
® Pigmentation abnormalities of the skin
® Chronic skin ulceration and scar formation
® Leukemia (typically acute nonlymphocytic type, nitrogen mus-
tard)
® Chronic respiratory diseases (also Lewisite)
—Asthuna



EXECUTIVE SUMMARY 5

—Chronic bronchitis
—Emphysema
—Chronic obstructive pulmonary disease
—Chronic laryngitis
® Recurrent corneal ulcerative disease (Includes corneal opacities;
acute severe injuries to eye from Lewisite will also persist.)
® Delayed recurrent keratitis of the eye
@ Chronic conjunctivitis
® Bone marrow depression and (resulting) immunosuppression
(An acute effect that may result in greater susceptibility to serious
infections with secondary permanent damage to vital organ systems.)
® Psychological disorders
—Mood disorders
—Anxiety disorders (including post-traumatic stress disorder)
—Other traumatic stress disorder responses (These may result
from traumatic or stressful features of the exposure experience, not a
toxic effect of the agents themselves.)
® Sexual dysfunction (Scrotal and penile scarring may prevent or
inhibit normal sexual performance or activity.)

The evidence found suggested a causal relationship between expo-
sure and the following health conditions:

® Leukemia (acu‘e nonlymphocytic type, sulfur mustard)
® Reproductive dysfunction (genotoxicity, mutagenicity, etc.;
mustard agents)

There was insufficient evidence found to demonstrate a causal
relationship between exposure and the following health conditions:

® Gastrointestinal diseases

® Hematologic diseases

® Neurological diseases

® Reproductive dysfunction (Lewisite)

® Cardiovascular diseases (Except for those that may result from
serious infections shortly following exposure—heart disease resulting
from rheumatic fever, for example.)

RECOMMENDATIONS

There are large gaps in all areas of the knowledge base about the
long-term health risks associated with exposure to mustard agents and
Lewisite. For example, very little is known about the long-term effects
on specific organ systems from studies in animals. The data from human
studies lack precise information about the exposure levels in occupa-
tional settings. After consideration of these gaps in light of the commit-
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tee’s findings regarding the probable long-term health effects of expo-
sure to these agents, as well as the likely exposure levels to the human
subjects involved, the committee formulated the following recommen-
dations.

The committee recommends that the Department of Veterans
Affairs (VA) institute a program to identify each human subject
in the WWII testing programs (chamber and field tests, and to
the degree possible, patch tests), so that these individuals can
be notified of their exposurcs and the likely health risks
associated with those exposures. Further, all subjects so iden-
tified, if still living, should be medically evaluated and fol-
lowed by the VA as to their health status in the future. These
individuals should also, if they request it, be treated by the VA
for any exposure-related health problems discovered. Morbid-
ity and mortality studies should be performed by the VA,
comparing chamber, field, and patch test cohorts to appropriate
control groups, in order to resolve some of the remaining
questions about the health risks associated with exposure to
these agents.

The only way to answer some of the key remaining questions is to
establish a base of knowledge based on human exposures. There is
precedent in the later identification and follow-up of veterans exposed
to chemicals, including hallucinogenic drugs, in other military testing
programs.

The committee is well aware that a half century has now passed and
that many of those who might have benefited from a broader under-
standing of the toxicity and carcinogenicity of mustard agents and
Lewisite are already dead. Nevertheless, their surviving family mem-
bers deserve to know about the testing programs, the exposures, and
the potential results of those exposures. For those veterans still living,
diseases such as skin and lung cancer may still appear, and full
knowledge of their likely cause might well save their lives.

In the case of the human subjects of the WWII testing programs, it is
reasonable to assume that secrecy, uncertainty, and fear may have
resulted in adverse psychological effects for the veterans and their
families.

The committee recommends that careful attention be paid by
health care providers to the special problems and concerns of
the affected veterans and their families. This attention may
include the convening of a special task force of experts in stress
disorders and risk perception to aid the VA, further than this
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committee is able, in the establishment of comprehensive
guidelines for handling of these cases.

These recommendations are not meant to ignore the fact that thou-
sands, probably tens of thousands, of other military and civilian
personnel were exposed to mustard agents and Lewisite in occupational
and training settings, and in combat in the Bari harbor disaster. Some of
these exposures will have resulted in one or more of the exposure-
related health problems identified in this report; and, in fact, some
military personnel who served in the Chemical Warfare Service have
qualified for service-connected disability as a result of such exposures.
However, many more military personnel were exposed to significant
levels of mustard agents or Lewisite than is obvious from service

records.

The committee additionally recommends that the Department
of Defense (DoD) should use all means at its disposal, includ-
ing public channels, to identify former chemical warfare pro-
duction workers (military or civilian) and individuals exposed
to mustard agents or Lewisite from gas handling, training, the
Bari harbor disaster, or other circumstances. Records of former
military personnel could be turned over to the VA for notifi-
cation, inclusion in morbidity and mortality studies, and
health status evaluation. Records of the civilian personnel
should be used by the DoD to advise former workets as to their
health risks and options for seeking appropriate compensation
for any illnesses that resulted from their exposures.

This committee discovered that an atmosphere of secrecy still exists to
some extent regarding the WWII testing programs. Although many
documents pertaining to the WWII testing programs were declassified
shortly after the war ended, others were not. Of those declassified,
many remained ‘“restricted” to the present day and, therefore, not
released to the public. As a result, the committec often had great
difficulty obtaining information. For example, only one of the three
major chamber test locations, the Naval Research Laboratory, freely
shared technical reports and detailed summaries with the committee
from the beginning of the study. For other locations, such information
arrived only as the study was in its final stages, despite months of
requests and inquiries to a variety of offices. The committee is certain
that other relevant information exists that was never obtained. It is also
clear that there may be many exposed veterans and workers who took
an oath of secrecy during WWII and remain true to that oath even today.
Even as this report was going to press, veterans were still contacting the
committee for information, having just heard about the study and
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thinking it might now be permissible to reveal their experiences. This
continuing secrecy, in the committee’s view, has impeded well-
informed health care for thousands of people.

The commiittee recommends that the VA and DoD publicly
announce and widely advertise that personnel exposed to
mustard agents or Lewisite during their service are released
from any oath of secrecy taken at the time. In addition,
professional educational materials should be prepared by the
VA or DoD, or both, and made available for physicians who
may be treating affected individuals. These materials should
incorporate the latest information regarding the long-term
health effects of exposure to mustard agents and Lewisite.

There is no doubt that the long-term health consequences of exposure
to mustard agents or Lewisite can be serious and, in some cases,
devastating. This report has demonstrated that complete knowledge of
these long-term consequences has been and still is sorely lacking,
resulting in great costs to some of those exposed in WWIL. The lack of
knowledge, however, has ongoing ramifications as nations will proba-
bly continue to use these chemical weapons in battle or begin to grapple
with their disposal. Thus, accidental and deliberate human exposures to
mustard agents and Lewisite can only be expected to continue in the
foreseeable future.

R

o




Introduction

The whole distressing story of musiard-gas poisoning teems with medical
interest. But while its lessons are worth taking to heart, we may well hope that
the disease itself need only appear in the future text-books of medicine as a
curiosity and the relic of a savage age destined never to return.

The Lancet, March 22, 1919

Modern chemnical warfare emerged in 1915, when the German army
used chlorine for the first time in a large-scale offensive against the Allies
during World War I (WWI). The incident rapidly increased activities on
both sides of the conflict toward development of protection against
chemicai attacks and more effective chemical weapons. As improved gas
masks became more effective against inhaled poisons, Germany looked
to its stockpile of poison gases to find one that would have damaging
effects through absorption into the skin and other mechanisms. Thus, in
July 1917, in a field outside of Ypres, Belgium, the blistering agent sulfur
mustard, called mustard gas because it had a mustard- or garlic-like
odor, was used for the first time. Sulfur mustard was destined to cause
almest 400,000 casualties during the war, many more than any other
chemical agent (Gilchrist, 1928; Prentiss, 1937). Its effectiveness made it
a chemical weapon of choice from 1917 to the present day, as evidenced
by its use by Iraq against Iran in 1987 (Medema, 1986; United Nations
Security Council, 1988).

Although many observers hoped that the end of WWI would be the
end of chemical warfare, this was not to be. Mustard agents were used
during the next two decades by the British in the Middle East, the
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10 VETERANS AT RISK

French in Morocco, and the Russians in Central Asia. Strong evidence
has been presented that it was used by the Italians in Abyssinia and the
Japanese in China. In the beginning of World War Il (WWII), the specter
of chemical warfare was again raised by reports of the use of mustard by
the Germans and the Poles against each other in 1939 (Medema, 1986;
Stockholm International Peace Research Institute, 1971; Tanaka, 1988).

Thus, as engagement of U.S. forces in the European conflict began to
look inevitable, preparations against the accompanying threat of chem-
ical attack were given a high priority. These preparations included the
establishment of secret research programs to develop better protective
clothing for the troops and to investigate ointments and salves that
might be effective in reducing the blistering effects of sulfur and nitrogen
mustard (collectively termed mustard agents) and Lewisite, an organic
arsenic-containing compound that shared some properties with mustard
agents (Stewart, 1948).

The researchers involved in these programs, frustrated by the lack of
adequate animal models of human injury from these chemicals, decided
in 1942 that human subjects were needed for experiments with protec-
tive clothing materials and ointments (National Research Council, 1942;
Office of Scientific Research and Development 1946). At several centers
around the country, top secret research using military personnel as
human subjects was begun. The specific protocols, outlined in more
detail in the next chapter, included putting drops of sulfur mustard or
Lewisite on subjects’ arms, either with or without test ointments, and
clothing human subjects in suits impregnated with chemicals designed
to retard vapor penetration. These subjects repeatedly entered gas
chambers filled with vapors of mustard agents or Lewisite until their
skin reddened, an indication that the protection of the clothing was
failing.

The fears of chemical attacks in the course of WWII were never
realized. Military and civilian personnel were injured by sulfur mustard
in Bari, Italy, fcllowing a German air raid that destroyed a U.S. ship
carrying sulfur mustard bombs (Infield, 1976; Perera and Thomas, 1986).
The only other individuals injured by mustard agents and Lewisite in
WWII were among those who served as subjects in the experiments or
who worked with the agents as part of their military, or sometimes
civilian, assignments.

In the early 1980s, reports of such injuries and ensuing health
problems began to emerge. This seemingly long delay was due to the
highly classified nature of the experiments with chemical warfare agents
during WWII. After keeping silent for four decades, a few of the human
subjects, believing their exposure to these agents was the cause of
nuinerous debilitating diseases, attempted to seek compensation. As
time passed and more information became public, claims by individuals
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to the Department of Veterans Affairs (VA) for service-connected
disability for a variety of diseases and injuries increased. However,
untangling the specifics of these claims presented major problems. For
example, it was common for the periods of time spent as a volunteer in
the gas experiments to be unaccounted for in official service records.
Individual claimants therefore had great difficuity providing documen-
tation of their participation in the testing programs. In addition, the
assessment of the long-term health effects of sulfur mustard and
Lewisite proved difficult. The vast majority of scientific and medical
literature dealt solely with acute, short-term effects of these agents.

Pressure from individuals, the press, and Congress on the VA to
resolve these issues increased over the intervening years and, on June
11, 1991, guidelines were announced by VA Secretary Edward ]J.
Derwinski for compensation of the veterans who had been subjects in
the mustard and Lewisite testing programs. These guidelines loosened
the normal restrictions on documentation for those veterans who
partiipated in the testing programs and identified the diseases that the
VA would consider to be residual effects of sulfur mustard or Lewisite.
The diseases identified for compensation were laryngitis, chronic bron-
chitis, emphysema, corneal opacities, chronic conjunctivitis, and kera-
titis. Veterans filing claims believed that there were siill other diseases
caused by their exposure to these agents.

In addition to the changes in guidelines, Secretary Derwinski also
requested the Insiitute of Medicine (IOM) to assemble a committee to
survey the health effects of mustard agents and Lewisite. This request
asked that special attention be paid to the long-term health eifects of
these agents and for the assessment to be based, to the degree possibla
within the time allowed and budget provided, upon published scientific
literature dating back to 1917. This report results from the deliberations
of the IOM Committee to Survey the Health Effects of Mustard Gas and
Lewisite, whose specific charges were to

o survey the published literature on the long-term health effects of
mustard agents and Lewisite;

® summarize the strength of association between exposure to
these agents and specific diseases;

® identify the gaps in knowledge regarding the contribution of
exposure to these agents and disease; and

® generate recommendations aimed toward decreasing the gaps in
knowledge that may be found.

The committee met four times in the course of its work to consider as
much of the scientific literature pertaining to mustard agents and
Lewisite as possible. It was expected from the beginning that the
scientific and medical literature would not be complete and that, for



12 VETERANS AT RISK

some diseases, no literature would exist. Thus, in order to determine the
constellation of health problems that exposed individuals might have,
the committee held a public hearing and collected written and oral
statements from over 250 individuals regarding the details of their
exposure and their health problems. This information was used to
identify those diseases for which gaps in the medical and scientific
literature might be of particular consequence. In addition, by holding
scientific workshop sessions and by soliciting input from experts with
technical knowledge applicable to the issues, the committee gathered
information pertaining to a variety of questions about the molecular
mechanisms of mustard and Lewisite toxicity, the specific protocols
used and dose levels achieved in the WWII testing programs, the
psychological health effects of chemical warfare environments and
exercises, and other related topics (Appendix A).

This report focuses on the published scientific and medical literature
that pertains to the contribution of mustard agent or Lewisite exposure
to the development of disease. It includes a bibliography of most of the
published literature in English and foreign languages, as well as
government technical reports and material from military archives. All
served as the basis of the committee’s deliberations. A historical analysis
of mustard agent and Lewisite research programs, conducted by the
military, is included. This analysis was accomplished in part to deter-
mine the possible exposure levels the human subjects received in the
WWII testing programs. Also included is a summary of the information
obtained through the public hearing process (Chapter 4), consultation
with outside experts (Appendix A), and analysis of documents relating
to military testing programs that used human subjects (Chapter 3).
Further, the report assesses the strength of association between specific
diseases and exposure to these agents, identifies the gaps in the present
knowledge base, and highlights those gaps that warrant special atten-
tion. Finally, the report details the committee’s final recommendations.

In order to cover this wide range of topics, the report necessarily
includes varied levels of information from complex scientific analysis to
descriptive sections regarding the public hearing findings and historical
analysis. Efforts have been made to make the scientific sections acces-
sible to as broad an audience as possible.

It is hoped that this report will be useful to policymakers and
legislators responsible for programs dealing with the health of veterans
in the United States. The report may also be of interest to military and
civilian planners who face important issues relating to potential future
use of chemical warfare agents and to the destruction of current
stockpiles of chemical weapons. Further, for these groups and for the
affected veterans and their families, the committee hopes that this report
is successful in explaining and clarifying the multiple factors that
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interact to determine the relationships between exposure to toxic agents
and adverse health effects. Finally, the committee hopes that the report
will stimulate research to fill the major gaps that still exist in the
scientific and medical literature pertaining to the long-term health effects
of these agents.
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Methods of Literature
Collection and Survey

The primary task of this study was a survey of the scientific and
medical literature on the health effects of mustard gas and Lewisite
published from 1917 to the present. Early on in the course of this study,
methods to identify, collect, and disseminate the literature were dis-
cussed and decided upon.

ONLINE DATABASES

The initial emphasis was a comprehensive search of relevant online
databases. These computerized databases offer the most effective means
of identifying international scientific literature and, in general, cover the
time span from 1965 to the present. Databases were accessed through
Dialog, a commercial database vendor, and through the National
Library of Medicine’s (NLM’s) Medical Literature Analysis and Retrieval
System (MEDLARS).

To maximize retrieval, the search strategy incorporated synonymous
terms for mustard gas and Lewisite. Thus, the databases were searched
by using the following terms: mustard gas, Yperite, sulfur mustard,
schwefellost, yellow cross, dichlorodiethyl sulfide, Lewisite, and chlo-
rovinylarsine dichloride. Enhanced accuracy in online searching was
gained by using Chemical Abstracts Service (CAS) Registry Numbers,
which uniquely identify each individual chemical. The final search
strategy combined the CAS Registry Numbers (505-60-2 for mustard gas
and 541-25-3 for Lewisite) and the synonymous terms for each chemi-
cal. Individual searches were customized to reflect the structure of each
database. For applicable databases, searching was dcne on the standard-
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ized terminology and alphanumeric designators for each chemical found
in NLM’s Medical Subject Headings (MeSH) and the MeSH tree struc-
tures.

Although there is subject and content overlap, each database serves
a unique function, has a distinct subject emphasis, and indexes litera-
ture not available elsewhere. For example, the two prominent medical
databases, NLM’'s Medline and Excerpta Medica’'s EMBASE, have only
an approximate 36 percent content overlap. To serve the comprehensive
goals of this study, it was decided to search all relevant databases in
their entivety. A total of 46 online databases were searched, covering
biomedical, toxicological, chemical, and regulatory information. As
shown in Table 2-1, the majority of these databases were bibliographic,
providing citations to scientific literature. Factual databases, Table 2-2,
were also searched to provide toxicological and chemical information.

OTHER SOURCES

Online databases were developed in the mid-1960s, and few offer
retrospective coverage. Identitying the literature published prior to this
time required the use of a variety of sources. The volumes of Index
Medicus covering the years 1917-1965 were an important bibliographic
source. Reference lists of major review articles and books were aiso
examined for relevant citations; several provided extensive reference
lists (Goldman and Dacre, 1989; Gray, 1989; Papirmeister et al., 1991;
Smith and Dunn, 1991; Somani and Babu, 1989). Document collection of
published literature involved accessing the collections of the National
Library of Medicine, the National Institutes of Health Library, the
Himmelfarb Health Sciences Library of The George Washington Univer-
sity, and the National Research Council Library, as well as the use of
interlibrary loans.

In conjunction with World War II (WWII) research on chemical
warfare agents, scientists collected and reviewed the scientific literature
and compiled bibliographies, which recorded the pre-WWII literature as
well as ongoing military research. These include the bibliography for the
Office of Scientific Research and Development, National Defense Re-
search Committee’s Summary Technical Report of Division 9: Chemical
Warfare Agents and Related Chemical Problems; chapter reference lists in the
three volumes of the National Research Council’s Fasciculus on Chemical
Warfare Medicine; and an unpublished bibliography compiled by the
National Research Council’s Committee on Treatment of Gas Casualties,
entitled Bibliography of the Medical Aspects of Chemical Warfare: Published
Literature.

Literature identification was an ongoing process throughout the
study and, in addition to the above sources, input was received from
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TABLE 21 Bibliographic Databases Searched

Database No. of
Citations

Toxline 635
CA Search (Chemical Abstracts) 477
BIOSIS Previewn 300
EMBASE 285
Toxlit and Toxlit65 266
Medline 240
QOccupational Safety and Health (NYOSH) 172
NTIS (Mational Technical Information Service) 156
Canccrlit 152
Scisearch 129
Environmental Mutagen Information Center Backfile

(Toxnet) 119
Life Sciences Collection 60
Pascal 38
Conference I'apers Index 21
SSIE Current Research 19
Analytical Abstracts Online 16
World Translations Index 15
Chemical Indusiry Notes 12
Dissertation Abstracts Online 11
Federal Register 10
Pollution Abstracis 9
Compendex Plus 8
Environmental Bibliography 8
REMARC 8
Chemical Regulations and Guidelines Systems 7
AGRICCLA 7
Chemical Safety Newsbase 6
International Pharmaceutical Abstracts 5
Enviroline 5
LC MARC Books 5
Developmental and Reproductive Toxicology (Toxnet) 5

Environmental Teratology Information Center Backfile
(Toxnet)

Books in Print

U.S. Copyrights

Legal Resource Index

Congressional Record

Biotechnology Abstracts

Psycinfo

British Books in Print

Nursing and Allied Health

Federal Research in Progress

==l ONWSWLLO

veterans, interested persons, committee members, and speakers at
committee meetings. All retrieved citations were reviewed to determine
whether the citation was relevant to the study, and if relevant whether
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TABLE 2~-2 Factual Databases Searched

Chemical Carcinogenesis Research Information System (CCRIS)
Development and Reproductive Toxicology (DART)

Genetic Toxicology (GENETOX)

Hazardous Substances Data Bank (HSDB)

to obtain the full paper or to first obtain an abstract. Citations were
entered into the study’s bibliographic database, which at the conclusion
of the study contained 2,124 references to abstracts, journal articles,
books, military and civilian reports, dissertations, and conference pro-
ceedings relating to the health effects of mustard gas and Lewisite.

SUPPLEMENTAL WORLD WAR Il MILITARY REPORTS

In addition to the published scientific literature, essential supplemen-
tal information was made available to the committee through military
and technical reports and also through archival research. Retrieving
technical and military documents involved searching archival records of
the Office of Scientific Research and Development (OSRD), requesting
access to military documents, and ordering technical reports from the
National Technical Information Service (NTIS).

WWII civilian research was coordinated through the OSRD, and two
of its divisions conducted chemical warfare agent research, the National
Defense Research Committee (NDRC) and the Committee on Medical
Research (CMR). Within NDRC it was Division 9 (Chemistry) that was
responsible for overseeing this research, and Division 9 records are
stored in Series 29, Record Group 227, Civil Reference Branch, National
Archives and Records Administration, Washington, D.C. The records of
the CMR’s Committee on Treatment of Gas Casualties, the subcommit-
tee involved in chemical warfare agent research, are housed in the
National Research Council Archives and are also available in Series 29,
Record Group 227 at the National Archives.

Military reports were also obtained to supplement the journal litera-
ture. Reports obtained from the Naval Research Laboratory (Washing-
ton, D.C.) provided background information on WWII test conditions
and protocols. Chemical Warfare Service administrative records and
correspondence were retrieved from Record Group 175, Suitland Refer-
ence Branch of the Natic.nal Archives, Suitland, Maryland. Freedom of
Information Act (FOIA) requests were sent to the U.S. Army Chemical
Research Development and Engineering Command (Aberdeen Proving
Ground, Maryland), U.S. Army Dugway Proving Ground (Dugway,
Utah), and Naval Training Center (Great Lakes, Illinois). The Medical
Research Institute uf Chemical Defense (Aberdeen Proving Ground,
Maryland) was also contacted. Reports on field tests involving sulfur
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TABLE 2-3 Foreign Language Citations
Database Statistics

2,124 Total records in database
458 Foreign language records

French 136

German 128

Japanese 67

Italian 34

Russian 21

Polish 14

Danish 11

Dutch 9

Swedish 7

Czech 7

Hungarian 6

Romanian 5

Spanish 3

Bulgarian 3

Portuguese 3

Hebrew 2

Serbo-Croatian 2

Acquisition and Translation Statistics

250 | Foreign language documents acquired
97 English abstracts available or summary section translated
60 Entire articles translated

mustard were sent by Dugway Proving Ground. The committee was
informed that the archives at the Great Lakes Naval Training Center did
not have documents on chemical warfare agent testing. Aberdeen
Proving Ground provided information on three publicly releasable
documents and reviewed on a case-by-case basis nther FOIA requests
for military reports. British documents on WWII chemical warfare agent
research were sent by the Chemical and Biological Defence Establish-
ment, Ministry of Defence, Great Britain. The Australian Common-
wealth Department of Veterans’ Affairs provided summary infcrmation
on the WWII Australian chemical warfare agent testing program.

LITERATURE TRANSLATION, DISSEMINATION,
AND ANALYSIS

As the documents were collected, one of the first considerations was
dealing with the significant portion of this literature (22 percent)
published in a foreign language. English summaries and translated titles
were reviewed, and papers with pertinent original research not available
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in English were professionaliy translated (Table 2-3). Given the large
number of documents on this topic, it was necessary early on in the
study to determine a method that would most effectively organize the
material and serve as a tool in the dissemination of the literature to the
committee. A list of index terminology was developed and subsequently
revised at the first committee meeting. Each paper was indexed, and
updated subject bibliographies were distributed to the committee
throughout the study to reflect new acquisitions, allowing committee
members to request copies of the papers they needed for their informa-
tion and analysis.

In assessing the associations between exposure and specific health
conditions, the committee generally followed the guidelines proposed
by Hill (1971). These guidelines include six considerations that can be
brought to bear on judgments of causality. Strength of association
reflects the relative risk or odds of an association. A dose-response
relationship can reinforce the judgment of causality when the strength
of association increases with increases in exposure. Further, associations
need to be temporally correct; the effect occurs in a reasonable or
expected time period following exposure. Consistency and specificity of
associations are also important considerations. A consistent association
is one that is found in a variety of studies. If, however, a particular
health condition is reliably predicted by a given exposure, then speci-
ficity of an association is demonstrated. Finally, for an association to be
judged causal it must be biologically plausible or explainable by known
biological mechanisms.

Each of the considerations listed above is based on certain assumptions
and requires varying amounts and types of information. In other words,
the application of Hill's guidelines can be difficult when assessing litera-
ture that is incomplete or sparse. The assumptions made and the difficul-
ties encountered in assessing the literature i+ jarding the health effects of
mustard agents and Lewisite are discussed in this report in the chapters
dealing with specific organ systems and health conditions.

The complete bibliography at the end of this report is divided into
three sections: published literature, military reports, and technical
reports. Availability information is alsc provided at the end of the
bibliography. A separate subject bibliography has been compiled and is
available through the NTIS under the title Health Effects of Mustard Gas
and Lewisite: Subject Bibliography.
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History and Analysis of Mustard Agent
and Lewisite Research Programs
in the United States

This chapter begins with an introduction that briefly describes sulfur
mustard and Lewisite and their effects, accompanied by an overview of
their development. This is followed by a description of the organization
of chemical warrare research during World War I (WWI) and the
postwar period of 1919 to 1940, including the development of Lewisite
and nitrogen mustard. The major focus of this chapter, however, is to
describe the research programs and protocols relating to mustard agents
and Lewisite, initiated just prior to World War II (WWII) and continued
throughout the war.

This committee also investigated as many protocols and supporting
military documents as it could obtain for use in estimating the possible
exposure levels experienced by the men who participated in the mustard
and Lewisite tests. These estimates were intended to put into context
the concentrations of vesicant used in animal and other types of
experiments, which the committee was also charged to survey. As these
protoccls were investigated, it became apparent to the committee that
the full body of knowledge available to the wartime scientists, especially
information relevant to the long-term health outcomes of exposure tu
these agents, was not applied in the conduct of the human experimen-
tation. Thus, this chapter begins to address compelling questions that
emerged through the course of this study regarding the appropriate use
of the existing scientific and medical literature in WWII testing pro-
grams, the lack of medical follow-up of human research subjects, and
the probable exposure leveis experienced by these subjects.

Finally, the chapter overviews the research programs since the end of
WWII, including the continuing investigations concerning the mecha-
nisms of toxicity of these agents. Description of the chemical stockpile
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disposal program is alsc included. The chapter concludes with an
outline of some of the conclusions drawn by the committee from
analysis of the historical records and calculations of exposure levels.

INTRODUCTION
Sulfur Mustard

Sulfur mustard (C{HgCl,S) is one of a class of chemical warfare agents
known as vesicants because of their ability to form vesirles, or blisters,
on exposed skin (see Figure 3-1). During WWI, exposed troops de-
scribed the odor of this agent as a stench like mustard or garlic, hunce its
common name. Table 3-1 summarizes some characteristics of mustard
agents and Lewisite. First noted for its toxic properties by dye chemists
in the late 1880s, sulfur mustard has been referred to by a nuiaber of
synonyms: S-mustard, to distinguish it from nitzogen mustard; ‘‘Lost”
or “S-Lost,” frcm the names of two chemists who suggested it be used
as a war gas (Lommel and Steinkopt); ““yellow crass,” for the identifying
mark on WWI shells containing sulfur mustard; or Yperite, after the site
of its first use in 1917. Althcugh commonly and inaccurately referred to
as mustard gas, the agent is a liquid at room temperature.

Sulfur mustard produces skin blisters and damage to the eyes and
respiratory tract, and it can be lethal at sufficiently high doses. It is a
cellular poison and mutagen and a recognized human carcinogen.
Battlefield use of sulfur mustard decreases the opponent’s ability to fight
by producing chemical burns on tissues thut come into contact with
either vapors or liquid droplets and aerosols. Exposed skin surfaces,
eyes, and the linings of both the respiratory and the gastrointestinal
tracts are all at risk, and the risks increase dramatically under hot,
humid conditions.

From a military standpoint, one of sulfur mustard’s most useful
properties is its persistence. Droplets of this agent released in an
explosion can deposit on numerous surfaces, evaporating slowly and
posing a risk from inhalation as well as contact with the skin. Indeed,
this very set of conditions was observed in WWI after mustard shelling
(klaber, 1986). One reason for this persistence is the characteristic
freezing temperature of sulfur mustard (13°C to 15°C). Droplets or bulk
quantities would thus be expected to remain where initially deposited
during rool or winter weather, under forest canopies, or under over-
grown vegetation. Under certain conditions, bulk quantities of mustard
agent spilled or splashed onto the svil would not degrade for months.

The exact date of the first sulfur mustard synthesis is somewhat
unclear, but the first report may have been by Despretz in 1822. An 1860
report by Neimann describes a delayed-effect vesicant oil as a reaction
product of ethylene on a mixture of sulfur chlorides. At that time, this
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FIGURE 3-1 Vesicle formation on an lranian patient, 16 hours after battiefield
exposure to sulfur mustard. Reprinted from Willems, 1989, with permission from Annaies
Medicinae Militaris Belgicae.
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product was identified as a compound [(C,H,),S,Cl;] different from
sulfur mustard; however, the observed severe skin blistering, iatent
pericd of several hours, and subsequent slow healing are all typical of
skin exposure to sulfur mustard. At about the same time, Guthrie (1859,
1860) published investigations describing yet another variant compound
(thought to be C/H,S,Cl,), also produced from sulfur chloride in
reaction with ethylene. The odor was “pungent,” resembling that of “oil
of mustard.” Guthrie noted destruction of the epidermis when the thin
skin between the fingers and around the eyes was exposed to the
“vapour” of this compound. When the liquid was aliowed to remain on
the skin, blister formation was observed. Finally, in 1886, a process to
produce significant quantities of pure sulfur mustard was described by
Meyer using sodium sulfide, ethylene chlorohydrin, and hydrochloric
gas (Jackson, 1936; Meyer, 1886; Prentiss, 1937; West, 1919). This
process was the one eventually used by the German war factories to fill
the shells fired at Ypres (Haber, 1986).

Lewisite

Lewisite (C,H;AsCl;) is a vesicant that contains organic arsenic.
During WWI, a U.S. chemical warfare research laboratory investigating
arsenic compounds as potential war gases developed the potent vesi-
cant, subsequently named “‘Lewisite” after the research group director.
Purified Lewisite is a colorless, oily liquid at room temperature with a
faint “‘geranium-like” odor. More volatile than sulfur mustard, this
agent can be used as a vapor over large distances and has been mixed
with sulfur mustard to achieve greater effectiveness in combat. With a
freezing point between ~18°C and 0°C, Lewisite is effective over a wider
temperature range than sulfur mustard.

Lewisite is also a cellular poison, but works via a different mechanism
than sulfur mustard. It is readily absorbed through the skin and
respiratory tract, but moist tissues are particularly vulnerable and eyes
exhibit the greatest sensitivity (Trammell, 1992; Watson and Griffin,
1992). In contrast to sulfur mustard, Lewisite exposure is characterized
by immediate onset of pain. The agent is lethal at sufficient doses,
produces chromosomal aberrations in some mammalian cellular assays,
and is a systemic poison when absorbed into the bloodstream. Finally,
some evidence suggests that Lewisite might be a carcinogen (Centers for
Disease Control, 1988).

The development of Lewisite as a war gas was made by W. Lee Lewis
in 1918, while working ai the Chemical Laboratory of the Catholic
University of America in Washington, D.C. (Lewis and Perkins, 1923).
The thrust of the work in this laboratory auring WWI was the evaluation
of substituted arsines (arsenic-containing chemicals) as potential chem-
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ical warfare agents. Lewis had noticed a paragraph in a 1904 student
dissertation by ]J.A. Nieuwland that documented the formation of an
“extremely poisonous” substance after a reaction of arsenic chloride
with dry acetylene in the presence of aluminum chloride (cited in Lewis
and Perkins, 1923). The toxicity that had caused Nieuwland to stop
further work on the reaction spurred Lewis to investigate the substance
more fully. In addition, Lewis and his group worked out safer and more
efficient production methods and elaborated plans for large-scale pro-
duction (Lewis and Perkins, 1923; Lewis and Steigler, 1925). A produc-
tion plant was eventually constructed in Willoughby, Ohio, and approx-
imately 150 tons of Lewisite were in transit to Europe when the
Armistice was signed in November 1918. The vessel was sunk at sea
(Spiers, 1986; Tarbell and Tarbell, 1981; Trammell, 1992), and all exper-
imental work with Lewisite in the U.S. Chemical Warfare Service
abruptly ceased until WWII (Gates et al., 1946).

RESEARCH PROGRAMS OF WORLD WAR | AND THE
POSTWAR PERIOD

As outlined above, prior to the actual use of sulfur mustard as a war
gas in 1917, the substance was little more than an interesting compound
produced, along with hundreds of other compounds, by the emerging
science of industrial chemistry in the last half of the nineteenth century.
Thus, tragically, the combat casualties of WWI became the first large
group of experimental subjects in studies of the medical effects of sulfur
mustard. Organized research into chemical warfare agents began in
earnest in Britain and France after the German chlorine gas attack in
1915. In the United States, it was 1917 before a formally organized
chemical warfare research program was established. The history of the
program has been documented by various authors and summarized by
Cochrane (1946) in a classified report released to the public in 1991. The
program began with an offer from the Bureau of Mines to the National
Research Council (NRC) to mobilize the bureau’s unique and specialized
laboratories toward the investigation of poison gases.! With the U.S.
declaration of war against Germany in 1917, the NRC Committee on
Noxious Gases was formed to administer the research programs con-
cerning poison gases, including sulfur mustard and later Lewisite.

In the United States and Europe, much of the research was focused
on methods of mass production of sulfur mustard, development of other
vesicants and war gases, and development of better gas masks and other

!The National Research Council was in 1917 and is today part of the National Academy
of Sciences. The NRC was directly involved in defense research programs during both World
War [ and World War II. A description of this involvement is included in Appendix C.
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equipment to protect troops from chemical attack. The overall research
program was divided into sections, each of which was responsible for
specific types of research, ranging from gas production processes to
treatment of gas casualties. As the program matured, the various
organizational structures were modified. The details of these modifica-
tions are not presented here because they are largely irrelevant to
consideration of the health effects of mustard agents and Lewisite. One
modification, however, may have set the stage for how research into
these substances’ medical effects has been conducted and directed ever
since.

In 1918, a presidential order moved the research program from
essentially civilian control under NRC to military control under the War
Department. This move gave birth to the Chemical Warfare Service
(CWS), which, to the present day, is responsible for the majority of
research concerning chemical and biological warfare agents. As time
went on this administrative change altered the direction of almost all
investigations into the toxicology of vesicants and other chemical
agents. Mainstream biomedical science is “hypothesis driven’’: when
interesting results are obtained by an investigator, either that investiga-
tor or other groups begin further research to better understarnd what has
been discovered, even if the interesting results are not directly relevant
to the original questions being asked. In addition, the results of most
biomedical research are published in “open literature,” critically re-
viewed by outside experts and available to all.

In contrast, most military research is “applications driven’’: priorities
are determined on the basis of military needs (e.g., treatment of acute
injuries, development of protective clothing), and results not directly
relevant to the original questions are seldom pursued. Such research is
commonly classified and is published only for other military groups.
The tight controls and restrictions on military research can result in a
“stunted” body of literature that presents major limitations to later
assessments in areas that were never pursued—in this case, the long-
term health effects caused by exposure to chemical agents in general,
and mustard agents and Lewisite in particular.

Researchers in the medical aspects of chemical warfare began their
work in 1917 with few of the guideposts that are normally available from
previous studies. The only literature available on the medical effects of
sulfur mustard and Lewisite was that produced by the English and
French, who had only a small head start with their research programs.
Nevertheless, perusal of the significant papers published after the war
from these groups reveals that multiple lines of investigation were
quickly initiated and pursued. Some of the work done by the medical
research groups examined the mechanisms of absorption of mustard
agents into human skin, the effects of various ointments and antidotes
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on the severity of blisters and skin damage, and the pathological
changes in the respiratory tract following inhalation of sulfur mustard
vapor. Cochrane’s history lists 22 papers and books published by 1920,
which stood as the distillation of all significant investigations completed
in the United States during WWI (Cochrane, 1946).

With the end of the war, the research program came to an end and
CWS decreased drastically in size. The many research and production
locations were also completely consoliclated at the Edgewood Arsenal in
Maryland. After a short period of relative uncertainty about its contin-
ued existence, CWS became part of the U.S. Army by an amendment to
the National Defense Act on July 1, 1920.

Two later books included commernits on the long-term effects of
warfare gases. In 1925, Vedder published Medical Aspects of Chemical
Warfare, in which he discounted any significant long-term sequelae of
gassing and introduced the concept that “neurasthenic’” conditions (an
archaic term describing lassitude, decreased energy, and impaired
functioning that, in Vedder’s work, seemed to be used as a synonym for
““psychosomatic”’) were the underlying factors in most veterans’ claims
of disability. Colonel Harry L. Gilchrist, in contrast, published an
extensive comparative study on WWI casualties in 1928 that included
detailed clinical descriptions of men who had been gassed in combat and
a carefully researched chapter on the probable residual health effects of
various gases (Gilchrist, 1928a,b). Gilchrist’s work was a major contri-
bution to knowledge about vesicant toxicity. Based on clinical examina-
tion of human gas victims and some animal experiments, as well as later
follow-up studies of WWI veterans, Gilchrist found that the long-term
effects of sulfur mustard were mainly respiratory, including emphy-
sema, chronic acthma, and chronic bronchitis. Chronic conjunctivitis
and corneal opacities were also described later by Gilchrist and Philip B.
Matz (1933a,b; also see Appendix B for excerpt from Gilchrist and Matz,
1933b).

The period from 1920 until 1936 also saw the establishment of a
Medical Research Division within the CWS. This group continued
toxicological studies of chemical warfare agents, including sulfur and
nitrogen mustards and Lewisite; investigated the lethal and sublethal
concentrations of the agents; and renewed investigations into protective
ointments. In addition, the group formalized what was known regard-
ing treatment of gas casualties and attempted to examine the residual
effects of exposure to varicus chemical warfare agents. Its work involved
both animal and human experimentation. The experiments with human
subjects, however, used only a few subjects mostly drawn from person-
nel, including the scientists themselves, working at Edgewood Arsenal.

For mustard agents and Lewisite, no major breakthroughs were made
by the research efforts between 1920 and 1936. According to Cochrane,
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the lack of progress was traceable to a variety of factors. One of these
factors was funding, often in short supply in a peacetime environment.
Also, to appease public concern about poison gas production, significant
efforts were spent trying to find peacetime uses for these agents.
Another factor was the constant struggles and competition between
different branches of the military, different departments within the
CWS, and different scientific disciplines. Cochrane reports that the
medical researchers, in direct competition with apparently more pro-
ductive chemists, were especially vulnerable to funding shifts.

Thus, by the dawn of WWII, what was known about mustard agents
and Lewisite (or many other agents, for that matter) was not organized
into a cohesive body of literature. The clinical picture of the acute effects
of exposure and some of the mechanisms of toxicity were well known
(Gilchrist, 1928a,b; Vedder, 1925). There were clear guidelines for
treatment of casualties, but the treatments were solely palliative. No
effective ointments had been developed and nothing was available to
prevent skin and lung damage. Even less was known about the
long-term effects. So unorganized was the scientific base concerning
vesicants that, when the 1941 version of the training manual for
treatment of gas casualties (TM 8-285) was prepared for use in treating
expected casualties in WWII, it did not include the carefully documented
long-term effects of exposure reported by Gilchrist in 1928 and by
Gilchrist and Matz in 1933.

This omission, not explained in Cochrane’s history or elsewhere, was
surprising to this committee. It is improbable that CWS did not know of
Gilchrist's work, because it had been published in “open, nonclassified”’
literature, including one journal. In retrospect, we know that such an
omission may well have unfavorably influenced the treatment and
long-term follow-up of gassecd soldiers in WWII, had such casualties
occurred. In terms of the WWII testing programs with human subjects,
this omission—coupled with an apparent disregard for the long-term
effects of gas exposure—may have contributed to the absence of follow-up
of these human subjects, despite the fact that the end points of many of
the experiments were skin injury and burns (also see Chapter 4).

TESTING PROGRAMS AND CHEMICAL WARFARE
PRODUCTION IN WORLD WAR Il

As the war in Europe eroded U.S. neutrality, preparations began to
revitalize and expand the activities of the Chemical Warfare Service. In
order to obtain a greater base of scientific expertise, the War Department
again came to the National Research Council for help (see Appendix C).
In 1941, the research eifort was reorganized and subsumed under a
newly established Office of Scientific Research and Development
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Executive Office of the Praesident

Office of Emergency Management

I Office of Scientific Research and Development ,

l il

National Defense Research Committee Committee on Medical Research
(NDRC) (CMR)

Responsibilities: Research in military
medicine.

Organization: From 1941 to 1944 the

Responsibilities: Research, enginaering,
and development of military instruments
and weapons.

Organization; Divided into 19 divisions.
Division 9, Chemistry, was responsible
for the offensive aspects of chemical
warfare, developing new agents,
detection and analysis, impregnation of
protective clothing.

Human exparimental testing: Patch tests.

CMR was made up primarily of 12
National Research Council (NRC)
committees, including the Committee
on Treatment of Gas Casualties
(CTGC). In June 1944 the CMR was
reorgjanized into 6 divisions, and
Division 5, Chemistry, dealt with
chemical wartare.

Human experimentat testing:
Patch tests.

FIGURE 3-2 Organization of World War Il civilian scientific research and testing
programs. Chamber and field tests were conducted by the Chemical Warfare Service and
the Navy Department, Office of Research and Inventions. Civilian researchers from the
NDRC and CMR worked in close communication with the military. SOURCE: OSRD,
1946, Stewart, 1948,

(OSRD), eventually comprised of two working branches, the Committee
on Medical Research (CMR) and the National Defense Research Com-
mittee (NDRC), and an Advisory Council. NRC’s Committee on the
Treatment of Gas Casualties (CTGC), experts in the fields of medicine
and biological sciences, began working closely with the CMR to aid the
effort by administering and supervising government grants to research-
ers and universities for a wide range of research regarding chemical
warfare agents (see Figure 3-2 for OSKD organizational chart).

One of the first assignments given to the CTGC was to review the
scientific literature on the physiological effects of sulfur mustard and
Lewisite, and on the methods tested for protection against injury and
treatment of gas burns. The focus of the literature review was on acute
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toxicity data, but included longer-term effects. The first reviews were
distributed among the various NDRC and CMR groups in August 1943
(Smith, 1943). There is no evidence that these reviews resulted in any
changes or inodifications of the protocols for the treaiment or follow-up
of human subjects in the experimental programs. On the subject of
long-term effects of exposure, only Vedder's work, and not Gilchrist's,
is mentioned in this review.

The focus of the following section is on the experiments conducted ir
the United States using human subjects; consideration of the animal
experiments is included in later chapters, which survey the scientific
licerature. Similar experiments were also conducted in Great Britain,
Canada, Australia, and the Soviet Union, as well as in Germany and
Japan. The details of these experiments and these countries’ chemical
weapons programs are not included here. However, numerous refer-
ences that provide information regarding these programs were exam-
ined by the committee, are included in the bibliography, and are
specifically cited in this report where appropriate. One of the richest
sources for information on the gas chamber experiments was reports
released from the Naval Research Laboratory (NRL). Other primary
source information regarding gas chamber experiments in locations
other than the NRL was obtained by the committee from Edgewood
Arsenal in Aberdeen, Maryland.

CWS carried out three basic types of experiments with human
subjects. According to Cochrane, these testing programs involved the
use of approximately 60,000 human subjects. Patch, or drop, tests were
the most common and were used to assess the efficacy of a multitude of
protective or decontamination ointments, treatments for mustard agent
and Lewisite burns, effects of multiple exposures on sensitivity, and the
effects of physical exercise on the severity of chemical burns. In
addition, drop application of liquid mustard agents was commonly used
in basic training to raise single blisters to impress upon the trainees the
toxicity of these agents and the need for immediate responses to any
orders to don gas masks. Chamber tests of various types were conducted
to test the effectiveness of protective clothing, all of which had been
impregnated with chemicals to retard vapor penetration. Finally, field
tests involved the contamination of large or small areas of land with
sulfur mustard or Lewisite. Human subjects were used in field tests to
test protective clothing, to monitor the effects of the agents on animals
in the test sites, and to take measurements of agent concentrations in
soil and water samples. Table 3-2 summarizes the known major loca-
tions of these tests and the types of experiments done in each location.

Many veterans who were subjects in the chamber tests have obtained
detailed records of their exposures from the Naval Research Laboratory.
These reports often employ an outdated scientific notation. Table 3-3
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TABLE 3-2 Known Gas Testing Facilities and Test Types”
Location Type of Experiments

Edgewood Arsenal, Maryland Chamber and patch tests
Small-scale field tests
Gas production

Bainbridge, Maryland Chamber tests

Dugway Proving Ground, Utah Large-scale field tests

Camp Sibert, Alabama Chamber and patch tests

(1943-1944 only)
Naval Research Laboratory, Virginia Chamber and patch tests
Great Lakes Naval Training Center, Chamber and patch tests
Hlinois

Camp Lejeune, North Carolina Chamber tests

San Jose Island, Canal Zone Large-scale field tests
Chamber tests

Bushnell, Florida Large-scale field tests

Other Allied Tests

Finschhafen, New Guinea Large-scale field tests

Innisfail, Australia Large-scale field tests
Chamber tests

Porton Down, England Chamber tests (reported)
Patch tests (reported)

“This represents only a partial list of locations, especially for patch tests because patch
exposures were a frequent part of training at Chemical Warfare Schools. In addition,
British testing reports are still classified and not available.

SOURCES: Cochrane, 1946; Gillis, 1985; Office of Scientific Research and Development,
1946.

TABLE 3-3 Concentration Versus Cumulative Exposure Level: Expla-
nation of Notations in NRL Reports and Modern Literature

Concentration

Yy Used in NRL reports tc signify micrograms (ug, also called gamma)
per liter (I, according to modern notation) or pg/l

mg/m® milligrams per cubic meter, equivalent to pg/l

ppm parts per million, a volume to volume measurement that, at 25°C at

sea level, is equal to 6.5 mg/m® of sulfur mustard

Cumulative Exposure
cT Used in NRL reports to signify concentration (C) multiplied by time
(T); equal to mg:min/m®, modern notation uses t to signify time (Ct)

“The use of L to signify liters is confusing because L is also the abbreviation for Lewisite.
However, used with micrograms in the NRL reports, L signified liters.
SOURCE: Taylor et al., 1943.

summarizes the various notations used in NRL reports, along with other
sources, to express concentrations, and compares these with modern
notation. In addition, this table illustrates the difference between atmo-
spheric concentration and the concept of cumulative exposure, in which
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both concentration and time of exposure are noted. For purposes of this
report, the more modern notation is used and cumulative exposures are
expressed in Ct (equivalent to mg:min/m®) to avoid repetition, because
the vast majority of chamber tests were conducted in 60-minute trials.
To place the concentrations that follow into additional context, Table 3—4
summarizes the concentrations required to produce specific physiolog-
ical effects.

For further comparison, it may be useful to consider two additional
calculations. First, according to the International Agency for Research on
Cancer (IARC, 1975), the average and maximum atmospheric concentra-
tions of sulfur mustard in combat zones were estimated to be approxi-
mately 20 and 33 mg/m3. To determine exposure levels, however, one
must consider the duration of exposure to a given atmospheric concen-
tration. The exposure threshold for death from respiratory damage has
been estimated to be between 1,000 and 1,500 mg'min/m? (Ct, see Table
3-4). Thus, fatal exposures on the battlefield in WWI must have lasted
between 50 and 75 minutes (the product of 50 minutes and 20 mg/m®
would equal a Ct of 1,000), if the estimated atmospheric concentrations
were sustained, or longer if the concentrations dropped substantially.

Recent Centers for Disease Control (CDC) recommendations for safe
levels of exposure to mustard agents and Lewisite provide a second useful
frame of reference. Responding to the mandated destruction of all unitary
lethal and chemical munitions, CDC published chemical agent control
limits for atmospheric exposures to chemical munitions in the Federal
Register in 1988. For general population exposures, the limits are 0.0001
and 0.003 mg/m® for sulfur mustard and Lewisite, respectively. For
workers directly involved in munitions removal and destruction, the limits
(averaged over 8 hours) are 0.003 mg/m?® for both agents (CDC, 1988).

It is important to remember, when considering these comparisons,
that the battlefield and estimated safe occupational levels of sulfur
mustard and Lewisite refer to atmospheric concentrations, rather than
“‘dose”” level. However, it is the concentration and cumulative exposure to
an unprotected target tissue (e.g., the eye, skin, or breathing passages)
that determines the dose received and thus the damage to tissues from
these agents. The presence of protective clothing and/or a gas mask
reduces considerably the amount of agent reaching such a target tissue.
Sections of this chapter to follow contain estimates and analysis of the
probable cumulative exposures achieved in the chamber and field tests,
as well as occupational situations.

Patch or Drop Tests

Information on the specific protocols used in patch tests was obtained
from a variety of sources, including archived materials from the NRC
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Committee on Treatment of Gas Casuaities, the Summary Technical
Report of the National Defense Research Committee (OSRD, 1946, declas-
sified in 1960), and from the Fasciculus on Chemical Warfare Medicine,
Volume Ii: Skin and Systemic Poisons (NRC, 1945, declassification date
unknown). It should also be noted that some subjects participated in tests
in which only the protective ointments were applied to test skin sensitivity
to the ointments themselves (many of the ointments were found to be
highly irritating and corrosive to the skin). Analysis of the amounts of
vesicant used was difficult, however, due to great variability in reporting
of concentraiions and cumulative expostires in individual experiments.

There were three types of delivery systems for patch testing. One
type was called “Edgewood Rods,”” which were stainless steel rods with
tips of varying diameters that were dipped into liquid suifur or nitrogen
mustard, or Lewisite, and then touched to the skin of a subject, usually
on the forearm. A second type, “drod,” was constructed from a small
syringe that could deliver a measured amount of liquid to the skin.
Various types of ““vapor cups” were also used. The most common was
the Edgewood Vapor Cup, a small glass cup similzr to a beaker in which
a section of filter paper saturated with liquid vesicant was placed. The
cup was placed on the skin, allowing the vapor to rise from the filter
paper and contact the skin. The cumulative exposi:res achieved in the
vapor cups have been estimated to be 40,000 to 78,000 Ct. In some
experiments, vapor cups were lett on tne skin for 15 minutes; in others,
the cups were applied every 5 minutes for up tc 3 hours and 40 minutes;
in yet others, the cups were left on for more than an hour. Liquid patch
tests, emploving rods or drods, were more common than vapor cup
tests and exhibited a wide variability in cumulative exposures.

Most of these experiments involved the apnlication of liquid vesicant
either betore or after some test cintment Most often, there were two or
more sites on the forearm to which the vesicants were applied, thus
providing for control sites at which 1.0 ointments were applied, and the
liquids were allowed to remain on the skin for up to 2 minutes. The
amounts used in these types of patch tests ranged from 0.15 to 7 mg for
mustard agents and 1.4 to 7 mg for Lewisite. In some experiments,
concentzations were expressed in micrograms. In: still other experiments
of this type, concenirations were also expressed as dilutions, ranging
from 1:100 to 1:30,000 sulfur mustard, or Lewisite, to solvent. Tu further
complicate analysis, a number of different solvents were used, including
Lcnzene, alcohol, paraffin oil, and chloroform.

Chamber Tests

Because the chamber tests were largely designed for the technical
development of protective clothing, these tests were conducted by CWS
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and NRL in communication with the NDRC, rather than the CMR and
CTGC. Thus, the sources used for information on concentrations and
protocols for chamber tests included the Summary Technical Report of
the NDRC and NRL technical reports. However, these sources are not
exhaustive, and the details of chamber tests in locations such as
Edgewood Arsenal and Great Lakes Naval Training Center were not
made available to the committee for evaluation. Further, only the NRL
has muin{ained accurate records of the individuals who participated in
the tests (close to 2,500 men). Lacking similar information from the other
locations, the total number of individuals involved in chamber tests is
unknown. The vast majority of those participating in chamber tests were
- Caucasian men. A small number of African American and Japanese
American soldiers were recruited for tests to determine possible differ-
ential skin effects of sulfur mustard on members of these races.
Similar to patch tests, there were a variety of types of chamber tests.
For some chamber tests, the major questions were how long, under
what conditions of temperature, and under what concentrations of gas
would chloramide- or activated carbon-impregnated clothing afford
protection of personnel against chemical attack with vesicants. The
vesicant used most often was sulfur mustard, but nitrogen mustard
and, probably, Lewisite were also used. These tests were called
“man-braak’ tests. The common procedure was to equip inen with gas

masks? and clothe them in the impregnated suits (see Figure 3-3). The

men would then enter the gas chamber (Figure 3-4) and remain there
for periods from 60 minutes to 4 hours. The interiors of the chambers
were most often maintained at 90°F and 65 percent relative humidity,
because investigators were specifically interested in the durability of
protective clothing under tropical conditions. Following the period in
the chamber, the men wore their gas masks for an additional 5
miiutes and remained in the suits for additional periods of time,
ranging from 4 to 24 hours? (Taylor et al., 1943; see Appendix D for
excerpts and the Military Reports section, U.S. Navy, of the Bibliog-
raphy for a complete listing of NRI. reports examined). Twenty-four
hours after each chumber trial, the men were examined for reddening
of the skin (erythemna), evidence that the vapor had penetrated the

*The gas masks used were Navy Mark Il or Mark IV diaphragm-type masks, designed
to facilitate speaking during mask use. These masks were eventually removed from use by
the military, because the diaphragms were leaky (for a fuller discussion, see the
Conclusions a1.d Further Analysis section of this chapter).

31t is not clear whether sulfur mustard, which is very persistent and evaporates slowly.
was still prese..t on the surface of the suits and, thus, a possible source of further
contamination by inhalation or contact (fuller discussion is included at the end of this
chapter),

e m—— e«
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FIGURE 3-3 U.S. Naval personnel dressed for World War 1 sulfur mustard experi-
ments. Gas masks shown are Navy diaphragm-type masks. SOURCE: Heinen et al., 1945,
Photograph provided by Naval Research Laboratory.
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FIGURE 3—4 (A) Naval Research Laboratory (NRL) gas chamber. interior dimensions of
this chamber were 10 ft. by 15 ft., with a 12 ft. high ceiling. The chamber was designed
to fit ten men and allow room for moderate exercise. (B) Photograph of the inside of a
similar gas chamber used at Edgewood Arsenal for World War Il chamber tests (the
numbers refer to specific equipment). SOURCE: Taylor et al., 1943. Photographs provided
by Naval Rescarch Laboratory (A) and U.S. Army Chemical and Biological Defense
Agency (B).
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suits and burned the skin. The men were required to repeat the
procedure and enter the chambers cither every day or every other day
until they developed moderate to intense erythema. The number of
trials tolerated depended largely on the vesicant concentration in the
chambers. For example, a technical report by Taylor and his colleagues
documents a specific set of 60-minute trials in which, at 2 cumulative
sulfur mustard exposure level of 600 Ct per trial, the average number
of trials tolerated wace 5.3, representing a low of 4 trials and a high of
14 trials (Taylor et al., 1945). In trials with cumulative exposures of
9,600 Ct per trial, tho average number of trials tolerated was estimated
at two, because all the men developed some erythema after the first
trial.

The enatomical locations and intensity of erythema are reported in
Taylor’s paper for each individual. The majority of men experienced
intense erythema thai was widespread over their bodies, especially in
moist areas of skin folds, such as behind the knee and under the arms,
in large areas of the chest and shoulders, and on their arms and legs.
Littie involvement of areas such as the scrotum and buttocks was
reported for this particular set of trials, possibly because the inen wore
an extra layer of impregnated undergarments.

In another set of trials reported by Heinen and his colieagues (1945),
muitiple cumulative exposure levels ranged from 50 to 700 Ct. In these
experiments, the subjects were engaged in different levels of physical
activity before, during, and after the chamber trials. No data, however,
are included regarding the tests in which activity was performed inside
the chambers. Significantly, subjects in this set of trials were not
completely dressed in protective clothing. Mest were dressed in stan-
dard issue attire but wore carbon-impregnated suspenders. It was
thouvght that the suspenders would protect a strip of skin that could thei
be compared with skin areas that were unprotected. In addition, only a
few men were given impregnated anderwear. Results frcm this set of
triais are documented with photographs that show burns to the genital
areas of many of the men. In one series, of 24 men participating, 13
experienced crusted lesions to the scrotum that were characterized as
severe. and § experienced severe lesions to the penis. These lesions took
up to one month to heal, accerding to the report.

In general, these two reports are representative of many of the
chamber tests conducted at NRL (Washington, D.C.), Edgewood Arse-
nal {(Marvlund), Great Lakes Naval Training Center (Illinois), and, for a
short time, at Camp Sibert, Alabamn. The concenirations, times of
exposures, and types of chemical agents used in other locations may not
be similar, however, and full reports of other chamber tests were not
macie aveilable to this committee, There is evidence that some chamber
tests may have been done with higher cumulative exposures, because
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Taylor and colleagues (1945) refer to ranges of 3,000 to 11,000 Ct of sulfur
mustard used at Edgewood Arsenal.

Chamber tests were also conducted in Panama, North Carolina, and
Maryland. These tests were called “‘wear tests,” designed to see how the
impregnated clothing stood up to use under possible combat conditions.
Thus, the men wore the protective suits during drills and combat
simulations, ranging from 1 day of amphibious training to 6 weeks of
simulated combat. Following this, the men entered gas chambers in
these suits, for 60-minute trials (as in the man-break tests), until
erythema developed. The data reported in the Summary Technical
Report of the NRDC (OSRD, 1946) show a range of 1.0 to 2.2 hours
chamber time before erythema developed in this group of subjects.
These data are difficult to compare with other chamber tests, however,
because only micrograms of sulfur mustard were reported without the
usual accompanying notation regarding volume. If one assumes that the
micrograms listed were per liter, then the exposures ranged from 300 to
2,400 Ct in this series of chamber trials. Finally, some men participated
in arm chamber tests of protective ointments or clothing materials. In
these, the arms of the men were placed in a wind tunnel with
cumulative exposures reported to be 1,200 Ct.

Some physiological measurements, including temperature and blood
counts, were done on men participating in some of the tests, but these
physiological measurements were not generally reported in the techni-
cal summaries. For those men who participated in Naval Research
Laboratory tests, records of the experimental conditions, as well as any
physiological measurements, were kept for each test subject and are
available from NRL to individuals through the Freedom of Information
Act (also see Chapter 4).

Field Tests

Many field tests with mustard gas were conducted with human
subjects, but relatively little information is available. Known field tests
were conducted by the United States and Australia in various locations
(Freeman, 1991; Gillis, 1985; OSRD, 1946) (Table 3-2). Apparently, 1,000
U.S. servicemen participated in these field tests, a number that is
supported by the discovery of a list of 1,000 servicemen recommended
for special citation for participation in CWS testing programs (Cochrane,
1946; see also Appendix E). There is also evidence that some U.S. field
tests involved human subjects who were not protected by clothing or
even gas masks. The Summary Technical Report of the NDRC (OSRD,
1946, Table 8, p. 58) presents data about the exposure levels of mustard
gas required to produce injuries in man, based on field tests in varied
temperatures and climates in which none of the men wore protective
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clothing and only some of the men wore gas masks. The cumulative
exposures reported for these tests ranged from 50 to 10,000 Ct.

The appendixes to the Report of the Chemical Warfare Service
Conference of October 10-13, 1944, obtained from the National Ar-
chives, describe various field tests (CWS, 1944). Some of these tests may
have contributed data to the summary mentioned above. Appendix VIII
of the conference report outlines field tests in which bombing runs
dropped from 125 to 550 tons of sulfur mustard over a specified area.
Subjects wearing varying levels of protective clothing traversed the area
in simulated patrols from 1 to 72 hours following the bombing. Such a
protocol required the men to drop to the ground intermittently, thus
coming into direct contact with contaminated surfaces. The resuitant
injuries were classified on the basis of the men’s probable fitness for
combat. Evidence of accidents during such trials can also be found in
CWS documents. For example, one note describes how a group of men
involved in a field test removed their gas masks after a rain storm and
within two hours experienced ocular pain; three were hospitalized with
acute conjunctivitis (Adler, 1944),

Gas Production, Gas Handling, and Chemical
Warfare Production

Preparations for chemical warfare before and during WWII involved
many additional people in the production, handling, shipping, and
training to use and defend against chemical warfare agents. By the end
of the war, the four CWS production facilities had produced close to 175
million pounds of ordinary sulfur mustard (H) and over 9 million
pounds of distilled, purified sulfur mustard (HD) (Brophy et al., 1959).
These production sites were at Edgewood Arsenal in Maryland, Hunts-
ville Arsenal in Alabama, Pine Bluff Arsenal in Arkansas, and Rocky
Mountain Arsenal in Colorado. An additional 40 million pounds of
Lewisite and 200,000 pounds of nitrogen mustard were produced. Once
produced, the agents were shipped to various storage facilities, depots,
and proving grounds around the United States and were shipped
overseas through ports such as Seattle, New Ycrk, New Orleans, and
others.

This elaborate network of supply, coupled with the needs for training
and chemical weapons testing, required many people from both the
military and the civilian sectors. In 1939, CWS listed 803 enlisted men on
its personnel rolls; this number grew to over 5,500 by December 1941
and over 61,000 by June 1943. Some 17 percent of military personnel
assigned to CWS units were African Americans, a very high percentage
when compared to all other units of the War Department. Women from
the Women’s Army Auxiliary Corps (WAAC) were also assigned to
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CWS in jobs ranging from clerks and housekeepers to chemists and
toxicologists. Civilian workers numbered 7,000 at the beginning of the
war and 28,000 by 1943, of whom 40 percent wete female and 45 percent
were African Americans. The latter percentage was lower at the Rocky
Mountain Arsenal, where there were fewer African Americans available
from the surrounding community (Brophy and Fisher, 1959).

Although many of the specific jobs performed by these military and
civilian personnel did not involve handling of, or even proximity to,
warfare gases, the number of documented injuries was quite high.
CWS, in fact, had the worst safety record of any branch of the War
Department in both 1942 and 1943. the peak years of production
(Brophy and Fisher, 1959). According to these authors, the safety record
improved considerably after that, becoming among the best in the War
Department by the end of the war. Nevertheless. the dismal safety
record meant that many injuries were themselves studied by those
involved in the CWS reseaich branches or in studies contracted under
NRC’s Committee on Treatment of Gas Casualties. For example, maicy
of the eye injuries at Edgewood were referred to and studied at the
Johns Hopkins University Medical School under CTGC contracts (An-
drus et al., 1948).

One study of these accidental injuries, reported that over 1,000 c2ses
of mustard poisoning, resulting in eye, ear, nose, and throat symptoms,
occurred at Edgewood Arsenal over a two-year period (Uhde, 1946). Of
these, 790 were eye injuries; these injuries occurred to both males and
females. Slow leaks of mustard vapor accounted for close to 80 percent
ot the problems. An additional 7 percent were from short-term expo-
sures and accidents, such as explosions and mistaken use of real
mustaid in training exercises designed for simulated gas exposure.
While the study did not present adequate information with which to
judge the overall severity of injuries, it does report one death from
sulfur mustard peisoning during this period. Little information is
available from other locations, but Cochrane (1946) noted that during
the first two weeks of December 1941, 577 patients were treated for eye
and respiratory tract injuries from exposure to chemical warfare agents,
especially sulfur mustard. The CWS locations where these injuries
occurred were not reported. Finally, there is anecdctal evidence that the
atmospheric concentrations of sulfur mustard around manufacturing
areas at Edgewood Arsenal exceeded the odor threshold concentrations
and thus may have been high enough to cause physiological ef‘ects
(Howard Skipper, personal communication; see also Appendix A).

It is important to note that CWS personnel were exposed to a variety
of toxic materials. For example, in addition to mustard agents, gases
such as phosgene (a choking agent), hydrogen cyanide and cyanogen
chloride (blood poisoning agents), and chloroacetophenone (tear gas)
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were also produced at the arsenals. Other personnel were involved in
biological warfare research and production, in locations such as Fort
Detrick, Marvland, and a civilian plant in Terre Haute, Indiana (Brophy
and Fisher, 1959). Chemicals including napalm and white phosphorus
were also stored and packed into bombs by CWS personnel. Even the
production and testing of gas masks and filter canisters involved the use
of toxic chemicals such as asbestos. Finally, many people, including
women, were assigned duties in the preparation of impregnated cloth-
ing, the most common method of which involved the use of two
extremeiy toxic chemicals, chloroamide and acetylene tetrachloride.

The Bari Harbor Disaster

The only combat casualties from sulfur mustard in WWII were those
injured or killed following a German air raid on the harbor of Bari, Italy,
on December 2, 1943 (Alexander, 1947; Cochrane, 1946; Gage, 1946;
Harris and Paxman, 1982; Infield, 1976; Perera and Thomas, 1986).
Under conditions of secrecy, 2,000 boinbs, 2ach of which held 60 to 70
pounds of sulfur mustard, had been loaded on the meychant marine
ship S.S. John Harvey before it had sailed from Baltimore to Bari. During
the raid on Bari harbor, the John Harvey was sunk and some of its load
of mustard bombs was damaged, causing liquid musta:d to spill out into
water already heavily contaminated with an oily slick from other
damaged ships. Men who abandoned their ships for the safety of the
water became covered with this oily mixture that provided an ideal
solvent for sulfur mustard. The casualties were pulled from the water
and sent to medical facilities unaware of what they carried with them on
their clothes and skin. Equally unaware were the medical personnel
who treated these casualties. Before a day passed, symptoms of mustard
poisoning appeared in both the casualties and the medics. This disturb-
ing and puzzling development was further compounded by the arrival
of hundreds of civilians for treatment; they had been poisoned by a
cloud of sulfur mustard vapor that blew over the city from some of the
bombs that had exploded when the ship sank.

As the medical crisis worsened, little information was available about
what was causing thes= symptoms. U.S. military cornmand did not
want to reveal to the eneiny its preparations to position sulfur mustard
in Europe for possible use against German forces. Eventually, however,
the secret could not be kept (Harris and Paxman, 1982). The destroyer

“Canisters equipped with asbestos filters included the M9A1 and the M10A2 canisters
(Brophy et al., 1959). The model numbers of canisters used in gas masks employed in the
chamber or field tests are not known, but M9A1 canisters were in common use prior to July
1943 (Brophy et al., 1959).
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U.S.S. Bistera, well outside the harbor and undamaged by the raid, had
pulled 30 men from the water in a rescue effort. By the next day, the
officers and crew of the Bistera were blinded from the effects of the sulfur
mustard carried onto the ship by those rescued. Bari was overloaded
with casualties by then, and the Bistera and its crew struggled to nearby
Taranto for treatment. Socn the U.S. command had no choice but to
confirm the cause of these injuries. With the assistance of Colonel
Stewart Alexander, a military physician with extensive knowledge of
mustard poiscning, better precautions anu treatment were begun. By
the end of the disaster, over 600 victims of mustard poisoning were
treated from the harbor area alone; of these, 83 died (Alexander, 1947).
Close to 1,000 civilians from the town also died (Harris and Paxman,
1982). Unfortunately, no long-term medical follow-up of survivors of the
Bari harbor disaster has been reported.

Medical Applications of Chemical Warfare Research

As history has repeatedly shown, the experience of medical person-
nel and researchers in wartime can lead to major innovations in medical
treatment practices. Such was the case with chemical warfare research in
WWII. Numerous advances were made in the treatment of metal
poisoning, development of antibiotics, treatment of burn injuries, and
other areas. Many of these advances were reviewed soon after the war
in a two-volume summary Advances in Military Medicine (Andrus et al.,
1948). The story of the use of nitrogen mustard as a cancer chemother-
apy agent is especially relevant to the present report.

Nitrogen mustards were first synthesized in the 1930s. These com-
pounds were modifications of sulfur mustard and were found to have
greater systemic toxicity than sulfur mustard (Gilman and Philips, 1946;
OSRD, 1946). Particularly potent was the effect of nitrogen mustard on
cells that are actively proliferating, including the lymphoid tissue, bone
marrow, and certain cells lining the gastrointestinal tract. During WWII,
the Committee on the Treatment of Gas Casualties authorized a contract
between the Office of Scientific Research and Development and Yale
University (Andrus et al., 1948). Under this contract, Louis C. Goodman
headed a group that was responsible for the study of the pharmacologic
effects of nitrogen inustards. The group, including Alfred Gilman,
Frederick Philips, and Roberta Allen, focused its efforts on the study of
the cytotoxic properties of nitrogen mustard. Enlisting the help of
anatomist Thomas Dougherty, the group expanded its work to examine
the effect of nitrogen mustard on experimental tumor cells in mice. It
was found, but not published until later, that systemic administration of
nitrogen mustard caused dramatic regression of these mouse tumors.
These data formed the experimental basis of the first clinical trials of
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nitrogen mustard as a cancer chemotherapy agent (Gilman, 1946, 1963;
Gilman and Philips, 1946; Rhoads, 1947).

Although the concept of chemotherapy does not seem radical today,
in 1942 the idea of injecting poisons into cancer patients, especially
poisuns marked “compound X’ due to their classified status, would
have been viewed by most physicians as “the act of a charlatan”
(Gilman, 1963). With the help of Gustav Lindskog however, clinical
trials were begun in December 1942 with a patient dying of lymphosar-
coma for whom all other treatments had failed. The patient’s turnors
regressed, the outlook brightened, and another patient was begun on
the nitrogen mustard therapy. In all, six patients made up this first trial.
However, as had happened in the animal studies, the tumors reap-
peared as the bone marrow recovered, and no long-lasting cure was
attained. The challenge remained to establish the regimen of therapy
that would kill the cancer cells completely, yet preserve enough of the
bone marrow to regenerate needed healthy cells. In addition, there was
no reason to assume that all types of cancer cells would be equally
affected by nitrogen mustard therapy.

The Yale group dispersed in June 1943, but clinical trials with nitrogen
mustard continued in several other locations. By 1948, close to 150
patients in the terminal stages of Hodgkin's disease, lymphosarcoma, or
certain leukemias had been treated with this agent (Gilman and Cattell,
1948). The best results were obtained in cases of Hodgkin's disease.
Derivatives of nitrogen mustard (hydrochloride forms) are still used
today, particularly for treatment of lymphoma, in a regimen that
includes an array of other drugs and chemicals administered with the
nitrogen mustard (see also Chapter 6).

RESEARCH, USE, AND DISPOSAL OF CHEMICAL
WEAPONS AFTER WORLD WAR II

Postwar Research Programs

The vast majority of the post-WWII research concerning mustard
agents and Lewisite has been done in animal studies or in model
systems, such as skin tissue culture. This research has been aimed
toward the development of pretreatments to prevent mustard toxicity or
toward improved treatments against acute poisoning. Emphasizing
these issues, Papirmeister and colleagues reviewed the literature on
sulfur mustard in 1991, including consideration of all such work pub-
lished up to 1990. For the purposes of the present report, discussion is
confined to only those research programs that used human subjects.

Once WWII was over, all of the research programs of the Chemical
Warfare Service were scaled down. Very little research was done during
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the period between 1946 and 1950, and by the time research in chemical
and biological weapons was revitalized in the 1950s, military priorities
had shifted to agents perceived to pose greater threats than sulfur
mustard or Lewisite. For example, improvements to early nerve gases
developed in WWII gave new importance to the develupment of
antidotes to nerve agents. Chemicals with intense psychoactive proper-
ties, such as lysergic acid diethylamide (the hallucinogen LSD) and
phencyclidine (PCP, known on the street as ““angel dust’’) were also of
special interest. Most of this research was done at or supervised by
personnel from Edgewood Arsenal; it involved approximately 6,700
human subjects between 1950 and 1975. Only a few projects tested
sulfur mustard or Lewisite.

Other groups that participated in this research included the Central
Intelligence Agency and the Special Operations Division of the Depart-
ment of the Army (Taylor and Johnson, 1975). As has been documented
in numerous government and popular press publications, abuses of
human subjects in tnese research programs began to emerge almost as
soon as the projects were begun but were largely covered up until the
early 1970s (Harris and Paxman, 1982; Taylor and Johnson, 1975; see also
Appendix F). Finally, congressional hearings into these abuses in 1974
ana 1975 resulted in fuller disclosures, eventual notification of all
subjects as to the nature of their chemical exposures, and compensation
of a few families of those who had died while serving as human subjects
in these projects (Harris and Paxman, 1982; Taylor and Johnson, 1975).

As part of its effort to rectify the abuses discovered, the Department
of the Army asked the National Research Council to assess the likeli-
hood of long-term health consequences of exposure to the chemicals
tested and to report on the current health status of the soldiers who
participated in the 1950-1975 testing programs. The resulting study was
published in three volumes in 1982, 1984, and 1985. The vast majority of
these test subjects, however, had been exposed to nerve agents or
hallucinogenic drugs. In the 1984 volume, the NRC committee reported
that only 150 individuals had been exposed to vesicants. In a section on
vesicants, no conclusioins were drawn for Lewisite on the basis of scanty
information; for sulfur mustard, howcver, the group concluded:

Musiard gas is mutagenic in varicus organisms and test
systems. One cannot readily predict t.ie degree of genetic risk
that it poses for man, however, because data on its mutage-
nicity in mammalian germ cells are very limited, and the
mutagenic potency of mustards varies considerably among
assay systems. Nevertheless, the available evidence suggests
that the possibility of mutagenic effects of mustard gas in
human germ cells should not be disregarded. The clear muta-
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genicity of mustard gas in various assays is consistent with its
carcinogenic potential.

Mustard gas is not only a vesicant, but also a systemic poison.
Its acute effects have been demonstrated in bone marrow,
intestinal tract, and respiratory tract. It can cause blindness and
permanent skin scarring with a potential for skin tumors. It
probably can also cause acute and chronic bronchitis. Other
nonmalignant chronic effects have not been adequately docu-
mented.

Single exposures, even if severe, as in military service, are not
associated with statistically verifiable increases in mortality from
tuberculosis and cancer; but repeated small exposures, such as
occur in industrial operations, do increase cancer deaths signif-
icantly.

The NRC committee’s 1985 report summarized the investigations of
the current health status of test subjects and concluded that the number
of subjects exposed to mustard gas was too small to detect any long-term
health effects. Also cited were the only long-term follow-up studies of
WWI sulfur mustard casualties. Overall mortality and morbidity data for
a sample of men treated for sulfur mustard injuries in American
Expeditionary Forces hospitals from August through November 1918
revealed a slightly increased incidence of lung cancer among gassed
veterans, but this increase was not sufficiently high for statistical
significance (Beebe, 1960). A further study of this cohort 10 years later
did not alter these results (Norman, 1975).5 To the present committee’s
knowledge, no human subjects have been used in tests of mustard
agents or Lewisite in the United States since the 1960s.

Continuing Use of Sulfur Mustard and Other Chemical
Weapons in International Conflicts

Military use of sulfur mustard was a topic at the Paris Conference on
the Prohibition of Chemical Weapons in January 1939. Due to continued
use of these weapons around the world, however, chemical weapons bans
remain an ongoing issue of negotiation at the current chemical convention
talks in Geneva, Switzerland. The Stockholm International Peace Research
Institute (SIPRI) published a book analyzing the historical, technical,
military, legal, and political aspects of chemical and biological warfare in
1971 (SIPRI, 1971). This document reports use of sulfur mustard by the
Egyptians in Yemcn in 1965 and the Iragis against the Kurds in 1965.

’Review and analyeis of the Beehe and Norman papers are included in Chapter 6.
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Numerous reports of use of other agents, including tear gas, smokes, and
herbicides, are also reported. Additional reports have surfaced of use of
sulfur mustard by the Vietnamese in Cambodia and Laos between 1976
and 1980 (Medema, 1986). There are more recent reports of use of sulfur
mustard and cyanide by Armenians against the Azerbaijanis in the
Nakhichevan Autonomous Republic (CBW News, 1992).

Probably the greatest use of sulfur mustard, however, has been in the
ongoing conflicts between Iran and Iraq, and many of these incidents have
been confirmed (D'Halluin and Roels, 1984; Dunn, 1986a,b; Heyndrickx
and Heyndrickx, 1984; Mandl and Freilinger, 1984; Medema, 1986; Physi-
cian’s for Human Rights, 1989; Requena et al., 1988; United Nations
Security Council Reports, 1986, 1987, 1988a,b,c,d). Some of the Iranian
casualties were treated in European hospitals and thus could be docu-
mented medically. These patients suffered from pulmonary, eye, and skin
lesions at similar incidence levels as battlefield casualties from WWI. In
WWI, 80 to 90 percent of sulfur mustard casualties suffered skin lesions, 86
percent suffered eye involvement, and 75 percent had pulmonary damage
(Sidell and Hurst, 1992). Among the Iranian casualties, 83 percent suffered
skin lesions, Y2 percent had eye problems, and 95 percent had pulmonary
damage (Balali-Mood and Navaeian, 1986).

There are also sketchy data that indicate that some Iranian soldiers
may have been exposed to Lewisite. London physicians who examined
and treated the lesions of these soldiers reported that the signs exhibited
were similar to those associated with Lewisite, rather than sulfur
mustard (Perera, 1985). For example, pain occurred very quickly follow-
ing vapor exposure, and skin lesions showed none of the pigmentation
changes characteristic of sulfur mustard exposure. ln addition, the
victims reported that the agent did not smell like garlic, as does sulfur
mustard.

U.S. Chemical Stockpile Disposal Program

The U.S. stockpile of sulfur mustard, currently stored at seven
military installations on the continental United States (Aberdeen Prov-
ing Ground, Maryland; Anniston Army Depot, Alabama; Lexington-
Blue Grass Army Depot, Kentucky; Pine Bluff Arsenal, Arkansas;
Pueblo Depot Activity, Colorado; Tooele Army Depot, Utah; Umatilla
Depot Activity, Oregon) and one location in the South Pacific (Johnston
Island, U.S. Pacific Territory), is under congressional mandate for
destruction (Carnes, 1989; Carnes and Watson, 1989). Lewisite is stored
in only one location, Tooele Army Depot, in ton containers. Although
the locations listed here are the official storage facilities, it is not known
on how many former military bases small amounts of agents such as
sulfur mustard were left or buried when the bases were deactivated. For
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example, it was recently discovered that a dumping site, used to dispose
of 55-gallon drums of suifur mustard in the mid-1940s, now lies near a
large business complex in Edison, New Jersey (Gallotto, 1992). This site
may be one of many lucared cix what was once the Raritan Arsenal,
where reports of former soldiers claim that tuxic chemicals were poured
into pits, along with the emptied drums and shells, treated with lime,
and covered over with soil. Such reports are not only relevant to the
issue of toxic waste from chemical weapons production in this century;
they also point out locations, not apparent in official CWS histories,
where military and possitly civilian personnel were exposed to chemical
agents during WWIL.

The Department of Defense (DoD) Authorization Act of 1986 (P.L.
99-145) directed and authunzed the Secretary of Defense to destroy the
United States’ aging and obsolete stockpile of lethal unitary chemical
munitions and bulk agent by September 1994. In response, Dol
established the Chemical Stockpile Disposal Program in 1986, but the
target completion date has been postponed to 2004. Unitary munitions
contain a lethal chemical agent at the time the munition is loaded; in
contrast, binary munitions contain agent precursors that mix and react
to form lethal agent after the munition is fired. The unitary stockpile
includes the vesicant agents sulfur mustard and Lewisite, as well as
organcphosphate nerve agents. All but approximately 6 percent of the
U.5. stockpile of unitary munitions and bulk agent is currently stored in
the continental United States as bembs, cartridges, mines, projectiles,
spray tanks, and ton containers. Approximately 60 percent of the
unitary stockpile tonnage is stored in bulk as ton containers, spray
tanks, or similar large containers. The remainder is stored on Johnston
Island, including the North Atlantic Treatv Organization’s stockpile that
was movad in 1990 from a military site near Clausen, Germany.

DoD has tesied, considered, and discarded a number of proposed
disposal methods in favor of high-temperature incineration (Carnes,
1989; Carnes and Watson, 1989; U.S. Department of the Arm/, 7938).
The first step in this approach involves “reverse assembly” of the
munition inside an explosive-containinent room, resulting in the sepa-
ration of agent from any explosive materials and munition hardware or
containers. These different fractions are sent to separate incinerators,
and materials are incinerated by a specially designed system using four
two-staged furnaces (a furnace and an afterburner) for each component
(e.g, liquid agent, contaminated metal paris). Temperatures reach
between 540°C and 1370°C for the furnaces and upproximately 1090°C
for the afterburners. Stack gases and incinetator ash are treated in
advanced pollution-abatement systems intended to ensure safe han-
dling and eventual disposal in a hazardous waste facility (see Carnes,
1989, for details of emission control systems).
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Incineration remains a matter of continuing controversy among
environmental groups, citizens who live near some of the proposed
incineration sites, and the involved government agencies. The Program-
matic Environmental Impact Statement, released by the Department of
the Army in 1988, concludes that timely disposal of the stockpile of
chemical weapons entails less of a hazard than continued storage.

Technical support and oversight for the Chemical Stockpile Disposal
Program (and the companion Chemical Stockpile Emergency Prepared-
ness Program that assists nearby communities in developing emergency
preparedness programs) is provided by numerous Army commands and
a host of civilian institutions. These include the National Center for
Environmental Health of the Centers for Disease Control (U.S. Depart-
ment of Health and Human Services), Federal Emergency Management
Agency, U.S. Environmental Protection Agency, U.S. Department of
Agriculture, as well as state and local planning agencies in the 1)
affected states, and two national laboratories (Oak Ridge National
Laboratory, Oak Ridge, Tennessee; Argonne National Laboratory, Ar-
gonne, Illinois). Analyses of vesicant toxicity and long-term health risks
from these groups have been considered, along with other information,
in generating the present report.

CONCLUSIONS AND FURTHER ANALYSIS

The committee reached two principal conclusions based on its anal-
ysis of the chemical warfare testing programs from WWI through 1975.
These conclusions relate directly to tne estimated level of exposure to
mustard agents and Lewisite experienced by the WWII chamber and
field test subjects and to the exposures of workers in the Chemical
Warfare Service during WWIL. In addition, the committee’s conclusions
are pertinent to the health care concerns of those who have been injured
by use of these agents in recent wars and conflicts, or who may be
exposed in the future from belligerent use of these agents or through
accidental exposure during their disposal.

1. The lack of follow-up health assessments of the human sub-
jecis in WWII gas chamber tests and field tests severely diminished the
amourit and quality of information that couid be applied in the
assessment of long-term health consequences of exposure to mustard
agents and Lewisite. Although the reasons underlying the lack of
follow-up health assessments are not explicit from the numerous docu-
ments and materials considered by this committee, a number of factors
may have played a role:

® There was no unified body of information, based on WWI
research and the research done in the period from 1918 to 1939, when

CmacarL L .
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research was intensified in the early pre-WWII period. This lack of
information seems to have contributed directly to a lack of appreciation
for the serious long-term health risks associated with exposure to
mustard agents and Lewisite, specifically chronic bronchitis, emphy-
sema, chronic laryngitis, corneal opacities, chronic conjurnctivitis, and
keratitis.

@ Scientific inquiry was controlled by the military establishment,
whose primary concern was with acute rather than long-term injury.
This control also probably contributed to the paucity of animal or other
types of studies, following WWII, aimed toward elucidation of long-
term vonsequences of clamage to specific physiological systems. For
example, no long-term follow up was done on wcrkers involved in
chemical warfare materiils production, despite the high level of injuries
that occurred.

6 The atmosphere of immediacy caused by the outbreak of war,
and the resulting prioritization of expected combat injuries, at least
strengthened the focus on acute damage from chemical warfare agents,
and at worst dampened any sensitivities tliat were present regarding the
future health of human subjects or chiemical warfare production work-
ers.

® Once the war was over, there may also nave be2n ambiguities
about which federal department or agency should have had responsi-
bility for follow-up of veterans. Although the former Veterans Admin-
istration (VA) had that role traditionally, the VA could not have been
expected to knew about the testing programs and their possible eftects
on the health of hurian subjects without communication from the
military.

® Finally, and related to the issue of responsibility for follow-up,
the continued secrecy maintained by the military regarding the WWII
testing programs als» created a barrier to follow-up assessments of
expesed individuals. Even during the present study, which follows a
five-year period of intensifying public scrutiny of these WWII programs,
obtaining certain typs:s of information was not easy and often involved
piecing together bit: of data from numerous sources. In fact, this
committee was comraonly required by many DoD and Department of
the Army offices to file all requests under the Freedom of Information
Act. These requirements were otten imposed even on the present
Department of Veterans Affairs (VA), when it attempted to aid this
committee by making certain requests for information regarding the
possible existerrce of records of individuals who participated in the
testing programs (see Appendix E). The most valuable primary source
data were received from the Naval Research Laboratory and NRC's
Office of Archives and Information Services. This committee is espe-
cially grateful to the NRL for its commitment to open its files. The NRL
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stands alone among sections of the Department of Defense in the
maintenance of files and reports, and the sharing of those files with this
committee and with the affected veterans.

2. The levels of exposure to mustard agents or Lewisite experi-
enced by the test human subjects may have been much higher than
inferred in the summaries of the experiments and field tests. As in all
chemical exposures, such exposure levels directly relate to the types
and severities of exposure-induced injuries und diseases. One can infex
the cumulative exposures to the skin of chamber sutjects strictly on the
basis that skin damage was the end pvint of these experiments (see
Table 3—4). Therefore, if all other types of exposures were held to zero,
these subjects received between 100 ar:d 300 Ct. As has been Jocu-
mented, some of the subjects were hospitalized for as long as “a month
or so” (Taylor et al., 1943). Thus, exposures to the ekin may have heen
as high as 1,000-2,000 Ct. Under the hot, humid conditions in the
chambers, however, lower exposure levels would have resulted in
similar injuries (Papirmeister et al., 1991). The dose to the skin from
such exposures would have been as high as those obhserved under
battlefield and occupational conditions. Furtber, some sulfur mustard
would also have been absorbed from the skin into the systemic circula-
tion.

In the chamber experiments, unmasked subjects were required to
remain in their protective clothing from 4 to 24 hours following chamber
trials, allowing ample ooportunity for additional contact and inhalation
exposures from contaminated surfaces and clothing. Another factor that
probably resulted in some inhalation exposure of subjects in the cham-
ber tests was vomiting during the period subjects were in the chamber.
This was reported by at least one of the subjects whe spoke at the public
hearing; this person reported conjunctivitis and laryngitis following
such a vomiting incident on his seventh day of testing (Flmer Hood,
public hearing statement; see also Avpendix G). Vomiting presumably
would result in removal of the mask while in the chamber, with a
resulting inhalation exposure of unknown duration at the chamber
concentration being tesied.

The most important route of additional exposure in the chamber and
field tests was probably gas mask leakage. From the information
available to the committee, it ap:»ors that the vast majority of the
human subjects in the chamber and fieid tests wore full-face gas masks
during their exposures. In fact, the documented exposures at the Naval
Research Laboratory were delivered at concentrations and for durations
that would have caused lethal respiratory effects if the subjects had not
been equipped with respiratory protection. Thus, exposure of the
respiratory tract and eye to the agent would have depended on the
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BOX 3~1 ODOR THRESHOLD FOR SULFUR MUSTARD AND LEWISITE:
COMPARISUN WITH TISSUE DAMAGE THRESHOLDS

Even when enough agent had broken through their gas mask canisters to
produce symptoms, chamber test subjects may not have noticed it, at least by
cdor. The ador threshold for sulfur mustard is reported to be about 0.6 mg/m?,
and the median concentration of Lewisite detectable by odor is reported to be
14 to 23 mg/m? (OSRD, 1946). However, both agents have effects on the eye
and respiratory tract at lower concentrations (Papirmeister et al., 1991; Urban-
etti. 1987). For example, suliur mustard exposure at a concentration of 0.5
mg/r3 for 30 minutes (15 Ct) would result in both respiratory and eye symptoms
(sew Table 3--4). For Lewisite, such irritating effects are reported to be noticeable
al concentrations estimated to be as low as 6 to 8 mg/m? (Papirmeister et al.,
1991; Urbanetti, 1987). Thus, for sulfur mustard exposures at 0.5 mg/m?, an
exposure of only about 25 minutes (12.5 Ct) could be expected to cause eye and
iespiatory tract symptoms without the subject being aware of the exposure, at
least by odor.

protection factor (PF) afforded by the gas masks. The PF of a full-face
respirator (e.g., a gas mask) is calculated as the ratio of the ambient
concentration of the contaminant to the concentration inside the mask,
which in turn depends on both leakage around the respirator and
contaminant penetration of the gas mask canister. A PF of 100 equals a
penetration of 1 percent of the contaminant into the mask (Adley and
Uhle, 1969). A PF of 50 to 100, based primarily on leakage around
facemasks, has been reported for relatively modern (post-WWII) full-
face respirators (Hyatt, 1976). Estimates from industrial hygiene re-
search, however, indicate that the level of protection achieved in actual
use of a respirator is usually below the stated PF for that respirator
(National Institute of Occupational Safety and Health, 1974). Thus,
modern respirators are likely to function closer to the lower PF estimate
of 50. In practical terms, even if the respirator actually achieved a PF of
100, subjects exposed to a concentration of 100 mg/m" of sulfur mustard
would be breathing a concentration as high as 1 mg/m?® inside the mask,
corresponding to a cumulative exposure of 60 Ct over a single 60-minute
trial. At even lower concentrations—under the odor threshold (0.6
mg/m®)—the subjects may well have been unaware of any leakage
through their masks (see Box 3-1). Information on the breakthrough
capacity of the gas mask cartridges used in the WWII chamber tests was
not available to the committee, but it is known that prolonged use of
cartridges can result in breakthrough of the agent by exceeding the
capacity of the absorbent filter material (Stampfer, 1982).

In the NRL chamber test reports examined by the present committee,
when gas mask types were listed, the masks used were Mark III or Mark
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IV Navy diaphragm gas masks. These masks were probably equipped
with M9A1 (prior to July 1943) or M9A2 canisters that contained
Whetlerite, a copper-, chromium-, and silver-impregnated activated
charcoal as the sorbent (Brophy et al., 1959). The PF afforded by these
masks for sulfur mustard or Lewisite was not available to the committee.
However, an individual involved in this testing reported that the WWII
British and U.S. masks were very effective in removing sulfur mustard
(Howard Skipper, personal communication; see Appendix A). Yet some
chamber tests were conducted at high concentrations. For example, a
test conducted at chamber concentration of 100 mg/m? for 60 minutes
would have resulted in a cumulative, unprotected, exposure of 30,000 Ct
over five trials. Even an assumed PF of 1,000 for the gas mask (10 times
greater than that estimated for modern full-face respirators) would have
resulted in concentrations as high as 0.1 mg/m? in each trial, correspond-
ing to a cumulative exposure of 6 Ct just from the inspired air in each
trial. This would have been below the odor threshold for sulfur mustard
and, over five trials, would have resulted in a cumulative inhalation
exposure of 30 Ct, enough to cause signs and symptoms in the eyes and
respiratory tract (see Table 3—4). If a more realistic estimate is used, such
as a mask with a PF of 100, the per trial exposure would have been 60 Ct.
Over five trials then, a subject could have had an inhalation exposure of
300 Ct, more than sufficient to cause an incapacitating injury (see Table
3-4). It is important to remember that any such inhalation exposure
would have been in addition to any skin exposure through breakdown of
the protective clothing.

Itis important to note also that the gas masks and clothing used in the
NRL tests were worn repeatedly by the subjects. In at least one series of
studies, it was reported that the rubber of the gas mask facepieces and
connecting tubes absorbed enough sulfur mustard after 12 to 15 expo-
sures to cause conjunctivitis, laryngitis, and erythema of the face (Taylor
et al., 1943). Therefore it is clear that some exposure to the respiratory
tract occurred from absorption of sulfur mustard on masks. Finally, as
mentioned previously, the special diaphragm element in the types of
gas masks used in the NRL chamber tests was eventually shown to
provide an additional route of mask ieakage, independent of the filter
capacity (Brophy et al., 1959).

The presence of erythema of the face, conjunctivitis, laryngitis, or
bronchitis within 24 to 72 hours following an exposure to sulfur mustard
or Lewisite would be clear evidence that a significant inhalation and eye
exposure had occurred, even if the subject was wearing a mask during
the exposure. Conversely, it would appear that a lack of such symptoms
following even a low-level exposure of 5 to 6 days to sulfur mustard
would indicate a cumulative exposure (Ct) of less than about 12 Ct (see
Table 3-4). However, in terms of the Centers for Disease Control's
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estimates of permissible exposure levels (CDC, 1988), the exposures
actually reaching the breathing zone of chamber subjects (from the
above example, 0.1 mg/m? sulfur mustard breakthrough with a gas mask
rated at 1,000 PF) may have been more than 1,000 times the general
population agent control limits (0.0001 mg/m? for sulfur mustard), and
33 times the control limits for occupational exposure (0.003 mg/m? for
sulfur mustard). In reality, some of the subjects in the chamber tests and
field trials aimost certainly breathed concentrations 10 or more times the
0.1 mg/m? level for at least a part of their exposures.

The focus here on chamber and field test subjects is not meant to
discount the probable exposure levels experienced by those who were
involved in the production or handling of mustard agents and Lewisite.
Indeed, as outlined above, the poor safety record of the Chemical
Warfare Service during the peak years of production, the high rate of
agent-induced injuries, and the anecdotal reports of perceptible odors of
sulfur mustard in the manufacturing areas argue that workers and gas
handlers were often exposed to levels of mustard agents and Lewisite
sufficient to cause short- and long-term health effects. Thus, these
individuals should also be considered at risk for any of the adverse
health effects this report identifies.

In conclusion, the dose of sulfur mustard to the skin, eye, and
respiratory tracts of the human subjects was substantial, especially in
the case of the subjects involved in the chamber tests. Doses to the skin
were probably equivalent to those received under combat conditions.
Consideration of the probable gas mask leakage, additional exposures
from contact or vapors from the clothing, accidents, and the docu-
mented signs and symptoms in the chamber test records indicate that
the doses received by the human subjects were equivalent to those
received in occupational exposures and, perhaps, even battlefield expo-
sures.
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Findings from the Public
Hearing Process

The original purpose of the public hearing process associated with the
present study was twofold:

1. to determine what the experimental conditions were for the
veterans involved in the testing programs; and

2. to identify the constellation of diseases from which the veterans
were suffering.

In terms of testing conditions, it was not clear at the beginning of the
study whether the committee would be able to obtain authoritative
documentation regarding the experimental protocols employed in the
World War Ii (WWII) testing programs. The committee felt that esti-
mates of conditions, such as vapor concentrations in the chambers,
would be helpful in relating the information from the scientific literature
to the possible exposure levels experienced by the veterans. The
committee therefore sought descriptions of the veterans’ symptoms in
the period shortly following their exposure, the duration of the gas
chamber tests, and the number of times they were in the gas chamber,
for the purpose of estimating the possible exposure. Fortunately, as
detailed in Chapter 3, the committee was able to obtain numerous
official reports concerning the tests and, as the study progressed,
knowledge of many of the experimental protocols grew.

The second purpose of identifying the diseases took on a special
importance as it became obvious that there were great gaps in the
scientific and medical literature. Particularly regarding the long-term
health consequences of exposure to mustard agents and Lewisite, it
seemed as if the gaps outnuinbered the answers. As a result, the set of
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health problems reported tc the committee by the veterans became
extremely valuable in highlighting those gaps that were imporiant to
consider.

Input to the public hearing process was solicited in a number of ways,
beginning in late January 1992. The Disabled American Veterans (DAV)
and the American Legion gencrously provided space for hearing an-
nouncements in their respective official publications (see Appendix G).
The committee was also provided with a list of affected veterans who
had contacted the offices of U.S. Congressman Porter Goss (Florida),
and letters of invitation were sent to each person on that list. At the
commirttee’s request, the Department of Veterans Affairs (VA) also sent
hearing announcements to each individual who had a claim pending for
injuries from exposure to mustard agents or Lewisite. Finally, some
input was received as a result of discussions among veterans and
scattered stories in the press.

In order to allow the greatest flexibility, veterans who were unable to
comne to the public hearing were offered two alternative methods of
giving statements: oral statements taken by the study staff over the
telephone, and written statements in letter form. Each letter received
from a veteran was acknowledged with a letter from the study director.
In some cas=s, additional information was needed and requested, such
as current health problems or more detail regarding the veteran’s
exposure. There were a number of cases in which the study staff
imparted useful information to the veterans, both over the telephone
and in letters. For example, of all the testing program locations, only the
Naval Research Laboratory (NRL) had maintained records of individuals
who had been human subjects during WWIL. In a number of cases, the
study staff was able to inform veterans about how to obtain their racords
from the NRL.? In other cases, the study staff informed veterans about
how to arrange for a local DAV representative to assist them in
gathering information and filing claims with the VA,

Prior to the hearing, summaries of each telephone call and copies of
each letter received were sent to the committee members. Twenty
veterans appeared in person to present statements at the hearing, held
in Washington, D.C., on April 15, 1992 (Appendix G). Each veteran had
five minutes to make his presentation, and ample time for committee
questions was allowed. In addition, speakers were also given the

"These NRL records included copies of actual da:a sheets for the experiment in which
the individual was involved. Data sheets conlained information about the gas concentra-
tion, the number of trials, any blood counts and iemperature measurements, as well as the
location and severity of erythema for each person. In some cases, such records provided
the only documentation that an individual had been in the tests.
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opportuncty to supplement their statements with written documenta-
tion.

After the hearing, each veteran who spoke at the hearing received a
letter of thanks from the chairman of the committee. Other vseterans
who participated through the mail and telephone received a memoran-
dum from the study director informing them that the hearing had taken
place and outlining the committee’s next steps.

The press coverage generated by the public hearing elicited additional
input from veterans who were previously unaware of the hearing or the
committee’s activitics. Statements from these veterans were accepted
and incorporated into the committee’s deliberations until the end of
August 1992. Thus, input from veterans was accepted by the cornmittee
during approximately seven months of the study.

RESULTS AND FINLINGS
Types of Veteran Exposures

A total of 257 individuals, including veterans and surviving spouses
or relatives, reported a variety of types of exposures to the committee.
Although some types of exposures were expected, other types had not
been foreseen by the committee. For example, as expected, many men
reported their experiences in gas chamber tests, such as those conducted
at the NRL, and others reported having participated in patch tests. In
addition, a number of men who had participated in field tests contacted
the committee. The largest additional group of veterans consisted of
those who had been trained to handle toxic gases as part of their military
assignments, often as part of military units organized under the Chem-
ical Warfare Service (CWS). As outlined in Chapter 3, such men
performed many types of functions, including loading gas bombs and
decontamination of test sites and equipment.

The committee also heard from a very small grou; of veterans who
had been exposed to sulfur mustard in combat. These individuals were
either World War I veterans or veterans who had been injured in the
Bari harbor bombing in WWII. Another large group of veterans who
were exposed to the chemical warfare agents during various training
exercises also contacted the committee. Experiences among this group
were quite heterogeneous. ranging from drops of sulfur mustard ap-
plied to thc skin to reports of use of sulfur mustard (as opposed to tear
gas) in gas mask training exercises. One woman who had been an Army
pilot during WWII reported having transported a variety of toxic
chemicals from jplace to place within the United States, in addition to
being exposed to Lewisite during flight iraining.

It should be emphasized that the vast majority of veterans contacting
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the committee served during WWII. However, a number of men had
served during later time periods, including the wars in Korea and
Vietnam, and had participated in sulfur mustard and Lewisite testing
programs at Edgewood Arsenal in the 1950s and 1960s. In addiiion,
some veterans had experienced exposures to multiple types of chemicals
or radiation. This was especially true for former CWS personnel, who
were trained with and exposed to a multitude of chemical agents,
including phosgene. Finally, some of ilie men who had participated in
the chemical warfare testing programs also participated in later atomic
bomb or drug tests (see also Chapter 3 and Appendix F).

Health Problems Reported

The inany different types of hezalth problems veported by the veterans
exposed to mustard agents and Lewisite (Appendix G) are summarized
here. However, no aralysis of the frequency of specific health problems
was carried out, nor was any of the information reported by the veterans
compared with data {roin unexposed populations. Such analysis was
not posaible due to the manner in which the information was gathered,

'or was it appropriate to the task of this committee. In addition, it
should be emphasized that disvase and health condition categories were
based on veteran self-repoits and, thus, did not always fall into strict
medical diagnostic categories. Nevertheless, consideration of the health
problems reported did aid the committee in identilying importa~t gaps
in the knowledge base about the health effects of these warfare ageiiis.

Various types of cancer were reported by these veterans. Most
frequent were skin cancers, followed by lung or laryngeal cancer,
bladder cancer, and prostate cancer. Tumors or polyps, not identified as
cancer, were reported most often in the skin, larynx, and intestines.
Among nonmalignant diseases, by far tae most frequent problems
reported were pulmonary and respiratory diseases, including asthma,
chronic bronchitis, emphysema, laryngitis, sinusitis, and other respira-
tory problems, including repeated bouts of pneumonia and chronic
respiratory infections. Skin problems were also common and included
scars, repeated and varied types of irritations, and chronic rashes.
Among eye diseases, chronic conjunctivitis and corneal opacities were
reported, as well as cataracts, glaucoma, and other problems.

Cardiovascular problems ranging fiom heart attacks to strokes and
high blood pressure were commonly reported. Gastrointestinal difficul-
ties included difficulty swallowing, esophageal and laryngeal strictures
(narrowing), chronic nausea, stomach ulcers, and Crohn’s disease
(chronic inflammation and scarring of the small intestine, often leading
to obstruction). In addition, benign prostute disease was reported. There
were reports of diabetes, allergies, liver ard kidney diseases, blood and
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lymphatic diseases, and disturbances in immune function. There were
also frequent reports of arthritis and bone disease, headaches, and
muscle spasms. Finally, a few reported hair and tooth loss.

Quite frequent were reports of neurological disease and psychological
difficulties. Neurological problems included multiple sclerosis and amy-
otrophic lateral sclerosis (degenerative diseases of the central nervous
system), abnormal sensory disturbances, Alzheimer’s disease, paralysis
and weakness, and chronic pain, among others. Among those reporting
psychological difficulties, some had been diagnosed with post-traumatic
stress disorder, others experienced chronic depression or anxiety, and
still others described themselves as being very nervous or tense. It
should be noted that psychological problems and any sexual problems,
such as those resulting from genital scars left by gas burns to the
scrotum and penis, were often extremely difficult for the men to discuss,
especially on the t:lephone or in person, and may well have been
underreported.

Personal Aspects of Veteran Reports

Beyond the facts of their exposure and subsequent health problems,
there were certain aspects of the veterans’ experiences that are compel-
ling and drew the attention of the committee. For example, men who
participated in the chamber tests commonly reported that they had
originally volunteered to “test summer clothing” in exchange for extra
leave time before being sent overseas. It was not until they arrived at the
test location that they were told about the gas chamber tests and, even
then, many were not told to what agent they would be exposed. Those
who became sick during the “man-break” tests reported being threat-
ened with court martial if they did not continue the test and reenter the
gas chambers. Some even reported that they saw other subjects collapse
in the chamber and that they never saw these men again after they were
removed from the chamber. In all such cases, the men reported that they
had assumed the person had died. Other men recalled th-" qe ctrn Ve
door could not be opened from the inside and that this rigbtcned them
by making them feel trapped.

In the majority of statements, experiences were related in such
precise detail that a supportable conclusion could be drawn that many of
these men experienced intense fear about what was happening to them
during the tests. All the men in the chamber tests vividly recalled being
told that they would be sent to prison if they ever revealed their
participation in these tests. Some were even shown pictures of Fort
Leavenworth to reinforce the threat of prosecution. They further re-
ported that this possibility prevented them from telling their wives,
parents, family doctors, or anyone else about what had happened to
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them. Some of the men told the committee that they had been asked
directly by physicians if they had beer exposed to suifur mustard; these
men typically denied any exposure in such circumstances. Finally, in a
few cases, wives reported that their husbands revealed their participa-
tion in these tests only on their deathbeds.

Most of the men involved in field tests had experiences similar to
those in the chamber tests regarding the instructions about secrecy.
However, except for individuals who were injured or witnessed a severe
injury or death of a comrade, this group did not uniformly report the
level of intense fear during the tests as that reported by the chamber test
group. Most often the men involved in field tests were drawn from CWS
units, such as the 94th and 95th Medical Gas Treatment Battalions, some
of whom participated in field tests in Florida. Such subjects often had
additional training in toxic gases in advance of their participation in
tests, and this training may have better prepared them for the experi-
ence.

Veterans whose exposures occurred during their training or work as
part of the CWS also reported varied levels of fear. Again, the most
intense feelings of fear were reported by those who had been invelved
in some kind of accident, such as one veteran who described being
severely injured by an explosion of mustard gas shells during a drill
that resulted in the deaths of two other soldiers. Two important
additional factors were reported by those who routinely worked with
chemical warfare agents. One common factor was that many of the
men were very young (often as young as 17 years of age), had littie
formal education, and were afraid of the chemicals. The second
common factor was that protective measures, including impregnated
clothing and even gas masks on occasion, were not always used or
available.

The least amount of fear was reported by veterans who participated
in patch tests, a few of whom said that they only remembered the
incident because of the faint scars on their arms. Some of these veterans
reported no health problems that they attributed to their exposure to the
agents.

The final but significant personal difficulty reported, especially by
those who participated in chamber tests, was how frustrating it had
been to be ill and not be able to file a disability claim, often because there
was no proof or record of the tests and no one knew or believed that
they had happened. Even among those working in CWS units, there
was great variability in the handling of cases after separation from the
military. For example, some men were discharged with full disability
due to sulfur mustard or other chemical injuries, while others with
similar health problems were not. Some also reported that their military
records did not include certain assignments and time periods; others
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had complete military records and numerous citations for their work
with chemical agents.

TREATMENT OF HUMAN SUBJECTS

In the course of this study, the committee examined many govern-
ment documents and technical summaries of experiments with mustard
agents and Lewisite that involved the use of human subjects. Although
information regarding the treatment of human subjects was scarce, it
was possible to piece together a general picture. Certain aspects of these
reports were striking and, coupled with very precise and matching
statements of many veterans, were impossible for the committee to
ignore. A brief description of these aspects is included here to corrobo-
rate the statements of the veterans. It is also presented to make manifest
all of the information and challenges that faced this committee and to
offer additional background for some of the directions taken by the
coinrmittee during the study.

Detailed descriptions, or copies of official instructions, of how human
subjects were recruited are lacking, but are outlined in Cochrane’s (1946)
historical description of the research done under the CWS (declassified
in 1991) and other papers. One report, “Chamber Tests with Human
Subjects,” includes a short section that describes the treatment of
subjects in the initial chamber tests at the NRL (Taylor et al., 1943; see
also Appendix D). This section details how the men were induced to
participate by offers of extra leave and a “change of scenery.” It further
states that the men should not be told too much in the beginning, but
that after a few times in the chamber they can be told “almost anything
without affecting their morale.”

In contrast, Cochrane states that tests at Camp Sibert in Alabama had
to be halted due to a lack of willing subjects. The official explanation was
that the commanding officers actively discouraged men from becoming
subjects, because they did not want to have to replace them. Cochrane,
who was present at Camp Sibert and notes in the text that men were
sometimes burned more than necessary, writes that the “apathy may
have been due to the look of the scars on the men returned to the
training companies after the tests.” The NRL report provid:s additional
evidence fer severe injuries during the testing programs: in praising the
morale of the subjects, it describes how men sent to the hospital and
incapacitated for a month were “‘not upset and even volunteered for
further trials” (Taylor et al., 1943; see also Appendix D). However,
morale may not have been uniformly high at NRL, because the same
report also gives instructions for dealing with uncooperafive individu-
als. Such subjects were to be given “a short, explanatory talk and, if
necessary, a slight verbal ‘dressing down.””’ Finally, although no man
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was to be sent into the chamber without the Medical Officer’s approval,
““malingerers and psychoneurotics” were handled by ““minimizing their
symptoms and sending them into the chamber.”

In a section on physical examination and requirements, warnings are
given against mistaking certain physical ailments caused by ‘‘physical
unfitness” for gas manifestations. The ailments listed are conjunctivitis,
laryngitis, nausea, and shock, all of which were well-known symptoms
of mustard agent or Lewisite poisoning. However, no instructions for
distinguishing these symptoms as real gas manifestations are given in
this summary report, or anywhere else the committee could find.
Evidence that such distinctions were possibly made inappropriately was
provided by an individual veteran’s NRL record sent to the committee.
This record shows a notation of mild laryngitis after the third time in the
chamber; no such notation was recorded prior to the first chamber trial.
Yet, the person was sent back into the chamber two more times and the
final record notes “‘severe laryngitis.” As noted in Chapters 3 and 7,
occurrence of this symptom would have been a clear indication of
cumuiative inhalation exposure beyond 100 Ct.

Physical examinations, according to the NRL summary, included a
complete blood count, urinalysis, and body temperature. Blood counts
were to be redone after a cumulative Ct of 4,800. Yet cursory examina-
tion of the very few individual records submitted to the committee
indicates that blood counts may not have been repeated in all such
cases.

This short summary is not exhaustive of all the information available,
nor does it cover field tests and other procedures. It is an attempt to
portray the atmosphere in which the experiments were done and to
describe the attitudes brought to these experiments by the military
research establishment. Some would argue that this description has no
place in a report of a comnmittee charged to survey scientific literature.
Further, it was a war, a worldwide emergency that understandably
requir. 1 certain goals to take precedence over others, possibly to the
detriment of sound medical research practices concerning individual
well-being. In fact, the authors of the NRL summary state their belief
that the men coming through their program benefited from their
experience and were better prepared than most to confront the realities
of gas warfare.

It may also be fair to argue that no formalized set of rules, carrying the
weight of law, existed in 1942 to govern the treatment of human
subjects. However, a Department of the Army Inspector General's
report in 1975 documented how these patterns of neglect of human
subjects, established during WWII, continued through the 1950s and
1960s, well beyond the immediacy of wartime concerns (Taylor and
Johnson, 1975; see also Chapter 3 and Appendix F). These patterns even
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continued after the formal set of rules, the Nuremberg Code of 1947,
was developed and adopted (see Appendix F).

The committee believes that the individual investigators involved in
the WWII testing programs were convinced of the likelihood of great
numbers of gas casualties and that they believed their work to be
necessary to save lives. Yet, exposure level and injury are key questions
in the determination of risk for the affected individuals, and these
questions cannot be separated from the consideration of scientific data
gleaned from other studies, especially those done with animals. The
reliability of the military’s official human exposure data is another key
question, and these data are undermined by the demonstrated patterns
of inconsistency in the reporting of injuries to the subjects, their
severity, and their cause.

CONCLUSIONS AND ACTIONS TAKEN

There is no doubt that some veterans who were involved in the
chemical warfare testing programs and other circumstances of exposure
to mustard agents and Lewisite have been dealing with serious and
debilitating diseases for decades. This burden has been further com-
pounded by the secrecy oath taken by the veterans and faithfully kept
for nearly 50 years, only to experience the denials of government
agencies and their representatives that such tests and activities ever
occurred. The committee understands the anger of veterans who believe
they have been victims of injustice and neglect. In addition, the
committee is greatly impressed by the level of patriotism exhibited by
these individuals; almost to a man, they obeyed their orders. Finally, the
committee is indebted to the veterans for helping to identify key gaps in
the scientific and medical literature. Special attention was given after the
public hearing to reviewing again those areas of the literature that were
especially lacking in substantive information yet represented the only
work relating to certain diseases reported by the veterans.

Another action taken in partial response to the findings of the public
hearing process was the addition of a clinical psychologist to the commit-
tee. This added expertise facilitated the review of information available
regarding the psychological effects of chemical and biological warfare
environments and environmental toxins. Thus, the possible psychological
health effects of exposure to mustard agents and Lewisite, and of the
circumstances of exposure, were treated by the committee with care and
importance equal to that of the physiological health effects.

Recognizing the difficulties the veterans had experienced in commu-
nicating with various agencies over the years, the committee also
requested input from an expert in risk communication. The resulting
presentation by Professor Peter Sandman of Rutgers University offered
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the committee a strong base of understanding regarding risk perception
and how such perceptions can be lesseried or made worse (Appendix
A). Of special value was a better understanding of how the study of risk
communication could aid the committee in framing conclusions about
exposure and disease in ways, and in language, that would be least
likely to increase the perception of risk already felt by the veterans.

Finally, the committee sought input from a bioethicist regarding the
conduct of the WWII experiments. The primary motivation for this
request was the committee’s wish to inform itself about the ethical and
legal issues of informed consent and to explore what its responsibilities
may be from a bioethical viewpoint, as physicians and scientists con-
fronted with unanticipated and disturbing information about these
testing programs. Professor Jay Katz from Yale University met with the
committee in June 1992 to outline the history and development of the
Nuremberg Code of 1947 and its ethical and legal ramifications, espe-
cially as they might apply to the issues in the presznt study (Appendix
A; see also Appendix F). In addition, Dr. Katz commented about the
way the experiments were conducted, the secrecy of the experiments,
and the lack of medical follow-up of the human subjects, and urged the
committee to take a strong stand on these issues. His presentation was
followed by a letter further explicating his view that the committee
would miss an important and needed opportunity if it simply completed
an isolated survey of the scientific and medical literature. without
comment on the experiments themselves. This letter is included in
Appendix H.

The committee has drawn valuable information and guidance from
the presentaiions described above. This report, its contents and itc
recommendations, reflects long and careful consideration of all the
issues and suggestions, much discussion, and a final consensus. The
inclusion of information about how the experiments were conducted
and the medical treatment afforded to the human subjects is based on
what the committee believes to be justified scientific, as well as human-
itarian and ethical grounds.
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Chemistry of Sulfur Mustard
and Lewisite

SULFUR MUSTARD

This chapter reviews the important chemical reactions of sulfur
mustard and Lewisite. It is included for those readers interested in these
chemical reactions and their concomitant biological effects. Thus, the
chapter may be of interest only to those readers with a background in
chemistry. To ensure brevity, all sources used in the preparation of this
chapter are listed at the end of the chapter and are not specifically cited
in the text.

The synthesis and chemistry of sulfur mustard, or mustard gas, have
been studied and reviewed extensively. Chemical and physical data
regarding sulfur mustard were presented in Table 3-1. Meyer first
prepared pure sulfur mustard by the reaction of thiodiglycol with
phosphorus trichloride (5-2). Thiodiglycol was prepared by the reaction
of 2-chloroethanol with potassium sulfide (5-1):

2CICH,CH,OH + K,S — S(CH,CH,OH), + 2KCl  (5-1)
3S(CH,CH,OH), + 2PCly — 3S(CH,CH,Cl), + 2P(OH), (5-2)

Concentrated hydrochloride, thionyl chloride, and phosgene have all
been used in place of phosphorus trichloride.

Sulfur mustard was produced for use in warfare by what is known as
the Levinstein process, the reaction of ethylene with sulfur dichloride.
The fundamental reactions are the addition of sulfur dichloride to
ethylene to form 2-chloroethylsulfenyl chloride (5-3) and the addition of
that compound to a second molecule of ethylene (54):
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SCl, + CH,=CH, -» CICH,CH,SCl (5-3)
CICH,CH,SCl + CH,=CH, — S(CH,CH,Cl), (5-4)

So-called Levinstein mustard gas as manufactured on a large scale
contains 69.3 percent sulfur mustard new and 71.5 percent after aging.
To this day, no one knows exactly what is in this material, but
physiological tests have disclosed no appreciable difference between it
and the highly purified material used in chemical studies. Sulfur
mustard is a heavy, somewhat oily liquid that is clear or straw colored
when pure but dark when crude. Its molecular weight is 159.08, boiling
point 215°C-217°C, freezing point 14.45°C, specific gravity 1.27. It is
sparingly soluble in water but very soluble in organic solvents, animal
oils, and fats. It is stable for weeks at room temperature, slowly
hydrolyzed by water, and destroyed by strong oxidizing agents.

Studies on the mechanism and kinetics of the hydrolysis of sulfur
mustard have shown that the first step in this reaction is the formation
of a transient cyclic sulfonium cation, which then reacts quickly with
water to form 2-chloroethyl-2-hvdroxysulfide and a hydrogen ion. The
reaction sequence is repeated to give dithioglycol (5-5):

k1 CHZ
S(CHCHLCl); == cncuzcms\l +C1® ke, CICH,CH,SCH,CH,0H
k.] CH Hzo
HZC\
o ke | SscHicH0H + 1 % zO S(CH;CH;OH), (5-5)

(slow) HzC /

To ensure pure first-order kinetics, sulfur mustard is predissolved in a
polar organic solvent, and its concentration is kept low in solution so
that the rate of the reverse reactions become negligible compared to k,,.
The overall reaction—the formation of dithioglycol and 2 HCl-—an be
described as a quasi-monomolecular process with first-order kinetics.
The rate constant for the hydrolysis of sulfur mustard, as determined by
acid production, is markedly dependent on temperature and the pres-
ence of chloride ion, which retards the hydrolysis rate without altering
the reaction products. The retardation of hydrolysis by added chloride is
consistent with the reversibility of the activation step to cyclic sulfonium
ion. The rate of hydrolysis is not pH dependent and is not altered by
metal ions.

At greater substrate concentrations in the absence of an organic
solvent, however, the reaction is more complex, since both dissolution
and reaction take place simultaneously and the initial product from the
reaction with water accumulates in the aqueous phase and reacts with
the sulfonium cation to form a dimeric sulfonium cation (5-6):
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CHz
HOCH,CH,SCHyCl = HOCHzCHzS\ | ‘119. S(CH2CH;0H),+ H ®

/CHzCHzCl _ﬂ
HOCH,CH SCHZCHS { a HOCHzCHzSCHzCHz&CHzCHﬁH)z
CH,CH0H (5-6)
This secondary reaction may occur via a transient dithiane disulfonium
ion intermediate (5-7):

<|3H20H [ CHOH |
leﬂz CHz
cl S ?(Cl-xzcuzom,
H\,c" ci, HiO, [ j _.HzC’
Hzc\? /cnz _ lec
| °H2 \gCH,CH,oH
CH,3 CHz
CH,OH | CHOH __ (5-7)

It should be emphasized that all the sulfonium salts (5-6), especiaily
the 2-chloroethyl compound, possess noteworthy toxicity. This toxicity
may be due to the decomposition of the sulfonium salts under physio-
logical conditions to form alkylating moieties. The conversion of these
sulfonium salts to reactive species is considerably slower than for sulfur
mustard. The chemical reactions of the sulfonium salts have been
studied in detail, but it is not known whether they are actually formed
in vivo. It is certainly possible that such toxic products might be formed
on moist areas of the skin, which is consistent with the high suscepti-
bility of these regions to the vesicant action of sulfur mustard. The
physiological effects and toxicities of the sulfonium salts need to be
investigated, since the proposed mechanism of the cytotoxicity of sulfur
mustard is based on the simplified Syl hydrolysis and is not fully
understood.

The relative affinities of nucleophiles are quantitatively described by
their competition factors, which compare the rate of constants for
bimolecular reactions of cyclic ethylene sulfonium jon with a given
nucleophile (K,) and water (K.), respectively (3-4):

F, = K, /K, [H,0]} (5-8)

The dimensions of F, are 1/concentration, so the reciprocal of F, is the
concentration of nucleophile that must be present in water so that it
reacts with 50 percent of the sulfur mustard. An extensive list of
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competition factors for sulfur mustard was compiled during World War
I1. It should be emphasized, however, that despite the large differences
in affinities of some nucleophiles, the overall rates of reaction of sulfur
mustard are approximately equal. This is consistent with the proposed
reaction mechanism, in which the rate-limiting step in the reaction of
sulfur mustard in aqueous media is the formation of the cyclic sulfonium
intermediate.

In addition to the potential contribution of sulfonium salts to the
biologic activity of sulfur mustard, the oxidized forms of sulfur mustard
may also be of importance. The reactions of the sulfoxide
[OS(CH,CH,Cl),] are much slower than those of the sulfone
[O,S(CH,CH,Cl),], leading to a detoxification mechanism (oxidation of
sulfur mustard to its sulfoxide). The sulfone, on the other hand, is quite
reactive via the elimination of HCI to form the divinylsulfone to which
nucleophiles add (5-9):

0,5(CH,CH,Cl), = 0,S(CH=CH,), + 2HCI
xe o
2 0,S(CHCH;X); 2 O.S(CH,CH2X)2 (5-9)

The sulfone is particularly important, since conjugates of it have been
identified in the urine ot rats dosed intravenously with sulfur mustard.

Reaction of Sulfur Mustard with Various Nucleophiles

Sulfur mustard reacts with sodium salts of alcohols (R; ethanol,
methanol, etc.) to give ethers, but the yields are only fair (5-10):

S(CH,CH,Cl), + 2NaOR — S(CH,CH,OR), + 2NaCl  (5-10)

With the corresponding sulfur compounds, almost quantitative yields
are obtained (5-11):

S(CH,CH,Cl), + 2NaSR -» S(CH,CH,SR), + 2NaCl  (5-11)

The formation of the dimethyl derivative, which is harmless and can be
distilled, has been used to characterize sulfur mustard.

With salts of organic acids, esters of thiodiglycol are produced (5-12):

S(CH,CH,C1), + 2RCO,®M® —
S(CH,CH,0,CR), +2MCl (5-12)
Sulfur mustard reacts readily with secondary amines, but one amine
group of the product may be eliminated (5-13):
R,NCH,CH,SCH=CH, + R,NH (5-13)
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With ammonia and primary amines, a thiomoroholine is formed

(5-14): /—\
S(CHCHCllz + RNH;—— 8 NR*HCI+HCl (5 4,

Two molecules of amine may react with one of sulfur mustard (5-15):
S(CH,CH.Cl), + H;NCH,CO,Et —
S(CH,CH,NHCH,CO,Et), + 2HCl (5-15)

Tertiary amines form quaternary ammonium salts (5-16):

S(CH,CH,Cl), + 2R;N — S(CH,CH,®NR;), + 2C1©  (5-16)

When heated with a concentrated aqueous solution of thiourea,
sulfur mustard gives the isothiouronium salt, which is decomposed by
aqueous NaOH. Acidification produces the mercaptan in high yield

5-17):
-17) ONH,
_ i e NaOH
S(CH,CH,Cl); + HNCSNH; — S(CH,CH,SC N )2+ 2Cl1
NH;
« cOn.®y HCI
S(CH,CH;3;S®Na¥); —= S(CH;CH;SH); + 2NaCl (5-17)

Reactions of Biologic Importance

As is obvious from the chemistry described above, sulfur mustard can
react with a number of important functional groups of the large variety
of compounds present in cells and tissues. The reactive groups that are
of greatest interest are the sulfhydryl group; the phosphate and pyro-
phosphate ions; organic phosphates such as nucleotides and phospho-
lipids; aromatic nitrogen atoms such as in nicotinamide, adenine,
cytosine, and histidine; the carboxyl groups of amino acids and of
intermediates of glucose metabolism; the sulfides such as methionine
and thiodiglycol; and the amino groups of amino acids, peptides,
purines, and pyrimidines. It should be noted, however, that at physio-
logic pH, most amines are present predominantly in the protonated
form rather than as the frec base, diminishing the probability of
extensive reaction with sultur mustard.

Evidencz that the cytotoxicity of sulfur mustard is due to the
alkylation of DNA was first obtaired in the late 1940s from studies with
bacteria, DNA-containing bacterial viruses, and transforming DNA. The
later discovery that the sensitivity of bacterial and mammalian cells is
critically dependent on the cell’s capacity for repairing sulfur mustard-
induced DNA damage strongly supports the DNA target hypothesis.
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The relevance of DNA damage and repair to the vesicant action of sulfur
mustard is supported by the observation that inhibitors of DNA repair
significantly exacerbate skin injury.

Sulfur mustard at neutral pH alkylates purines, pyrimidines, nucle-
osides, and nucleotides, preferentially at N-7 of guanine and N-1 of
adenine. Reactions with O-6 and N-2 of guanine and N-6 of adenine
have also been reported. The following products have been isolated
from the reaction of sulfur mustard with DNA (5-18):

)

S
N.
”)I > )ki >
HZN/'\N [NI HO\/\S/\/N

From reaction with CH,CH,SCH,(Cl

NH S NH
HO k‘nl N> “NN

H 72 (5-18)

Sulfur mustard, because of its bifunctional nature, is more cytotoxic
than is its monofunctional analogue. The molecular basis for this greater
toxicity is the ability of sulfur mustard to form interstrand cross-links
between guanines of the double helix, which prevents strand separation
during replication. In addition, 7-alkylguanines and 3-alkyladenines of
DNA are unstable and are released spontaneously from sulfur mustard-
treated DNA at physiologic pH and temperature by cleavage of the N-9
glycosyl bond to give an apurinic site. Opening of the imidazole ring of
this alkylated purine may also occur under physiologic conditions.

Although sulfur mustard also reacts with RNA, proteins, and phos-
pholipids, the consensus of opinion has been for some time that it is the
alkylation of DNA that is by far the most important of its actions. The
interstrand DNA cross-link produced by bifunctional mustard com-
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pounds is probably the lesion that produces lethality at the lowest
frequency of occurrence and at the lowest concentration of the agent.
However, cell death from this lesion is delayed for a number of hours,
until the cell replicates its DNA or undergoes division. At higher cellular
exposures, mechanisms other than DNA cross-linking become impor-
tant and produce more rapid cell death. The acute damage to the cornea,
mucous membranes, and skin seen with sulfur mustard is probably
generated by one or more of these other mechanisms.

One mechanism that may be involved in acute damage is nicotina-
mide adenine dinucleotide (NAD) depletion. The nuclear enzyme poly-
(adenosine diphosphoribose) polymerase is activated by DNA strand
breaks, such as those produced by sulfur and nitrogen mustards. The
enzyme cleaves NAD between nicotinamide and adenine diphosphori-
bose (ADP) and joins the ADP molecules into polymers of ADP-ribose,
which are then lirked to nuclear proteins, including the enzyme itself.
This process can rapidly deplete cellular pools of NAD, which is
required for ATP synthesis. The subsequent depletion of ATP rapidly
produces loss of energy-dependent functions in the cell and results in
cell death.

Other potential mechanisms of rapid cell death are related to the
rapid inactivation of sulfhydry! peptides, especially glutathione, and
proteins. These sulfhydryl compounds are critical to maintaining the
appropriate oxidation-reduction state of cellular components. In partic-
ular, enzymes that maintain calcium homeostasis are sulfhydryl depen-
dent, and sulfhydryl depletion may lead to elevated cellular calcium
levels and cell death. Glutathione is also thought to be critical in
reducing reactive oxygen species in the cell and preventing lipid
peroxidation and loss of membrane integrity.

The toxicities of sulfur mustard to specific organs and tissues are
described in detail in subsequent sections of this report. Essentially all of
the data on the effects of sulfur mustard on humans are derived from
either gas exposure or topical application to the skin. Because of the
extensive use of nitrogen mustards in cancer chemotherapy, there is an
extensive body of literature on these compounds in man after systemic
administration, with doses and clinical follow-up. Since the fundamen-
tal mechanisms of interaction of sulfur mustard and nitrogen mustards
with biclogical molecules are very similar, it should be useful to consider
the major effects of nitrogen mustards, especially the long-term effects,
in trying to ascertain the long-term clinical effects of sulfur mustard. The
acute effects of nitrogen mustard are initially nausea and vomiting,
followed in a few days by hematopoietic depression. At higher doses,
neurotoxicity and damage to the gastrointestinal epithelium are seen.
The major delayed effect of nitrogen mustards has been carcinogenesis,
especially the development of myelocytic leukemia, although an in-
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crease in other types of tumors now seems certain. Another long-term
effect of nitrogen mustard treatment is puimonary fibrosis, produced by
damage to the pneumocytes.

Certainly, hematopoietic depression is seen with sulfur mustard
exposure in man, although (except in massive exposures) the degree
and frequency do not seem to be as intense or frequent as with the
nitrogen mustards. This difference is likely due to the more direct
exposure to the bone marrow of the nitrogen mustards when given by
systemic exposure. This same rationale probably explains why acute
leukemia has not been recognized as a consequence of sulfur mustard
exposure. However, the increased incidence of solid tumors seen with
nitrogen mustard would support the conclusion that exposure of the
lungs and skin to sulfur mustard produces a carcinogenic effect on these
tissues. Similarly, the delayed pulmonary toxicity seen in a small
percentage of patients treated with nitrogen mustards would suggest
that long-term damage to the lungs would be expected with intense
exposure of the lungs to sulfur mustard.

LEWISITE

The preparation of Lewisite (L-1) by the original procedure is com-
plicated and dangerous. It involves the reaction of acetylene with
arsenic trichloride, by using aluminum chloride as a catalyst. The
reaction yields three principal products (5-19):

HC=CH + AsCl, —

CICH=CHAsCl, + (CICH=CH),AsCl] + (CICH=CH),As
L-1 L-2 L-3 (5-19)

The optimum yield of Lewisite is about 20 percent, obtained along with
L-2, L-3, tar, and an explosive material. Acetylene reacts with AsCl, in
hydrochloric acid solution, with mercuric chloride as a catalyst, to give
Lewisite in 80 to 85 percent yield (based on AsCl;). Cuprous chloride
and ethanolamine hydrochloride used together, however, constitute the
best catalyst for the reaction.

The hydrolysis of Lewisite by water involves the following equilibria
(5-20):

(fast)
CICH=CHAsC], = CICH=CHAs(OH), +
2HCl 2 CICH=CHAsO + H,0 2 (CICH=CHAsO),
(slow) (slow) (5-20)
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The only substance isolated is polymeric 2-chlorovinylarsinoxide, a

white insoluble powder.
The cold aqueous media of pH <10.5 Lewisite decomposes as follows

(5-21):
CICH=CHASs(OH), + OH® —»
C1® + HC=CH + As(OH), (5-21)

The vesicant character of arsenicals such as Lewisite is not a property
of the AsCl group exclusively, since carefully prepared solutions of
corresponding oxide or dihydroxide are equally vesicant. Lewisite reacts
with sodium alkoxides to give derivatives that are volatile, vesicant
liquids (5-22) that hydrolyze irreversibly on contact with water:

CICH=CHAsCl, + RO®Na® —
CICH=CHASs(OR), + 2NaCl (5~22)
Reaction with sodium mercaptides gives the analogous thioethers
(5-23), which are only slightly soluble in water and in general are
hydrolyzed reversibly, giving toxic and sometimes vesicant solutions,
although the equilibrium generally favors thioether formation (5-24):
CICH=CHAsC1, + RS®Na® —»
CICH=CHASs(SR), + 2NaCl (5~23)

CICH=CHASs(SR) + 2H,0 = CICH=CHAs(OH), + 2RSH (5-24)

Aqueous and alcoholic solutions of sodium dialkyldithiocarbamates
react readily with Lewisite to give crystalline, sharp-melting solids that
are useful for its characterization (5-25). These dithiocarbamates are
much more stable than the simple thioethers. However, hydrolysis of
cyclic thioethers, such as the reaction product of Lewisite and BAL
(British Anti-Lewisite) (5-26) is negligible.

CICH=CHAsC1, + R,NCSS®Na® —

CICH=CHAS(SSCNR,), s. (525

CICH=CHASCl; + HSCH;CH(SH)CH,0H — CICH=CHA$
s\ CH,0H
(5-26)

Alkali hydrolyzes all of these compounds with the evolution of acetyl-
ene (5-21). Hydrogen peroxide causes decomposition of the ethers and
thioethers in neutral or acid solution, giving free arsenic acids.

Little information is available in the literature concerning the reac-
tions of Lewisite with biologically important molecules, although it is
reasonable to assume that, as with sulfur mustard, DNA is a major
target.
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Relationship of Mustard Agent and
Lewisite Exposure to Carcinogenesis

There is substantial evidence that some chemical exposures can cause
cancer in human tissues. Not all of the mechanisms by which chemicals
cause cancer have been delineated, but it is clear that agents that change
the genetic memory of the cells—their DNA—are prime candidates for
causing cancer. Clearly, not all chemicals are capable of causing cancer,
and not all chemicals that cause cancer in experimental animals have
been demonstrated to do so in studies of humans. In some cases, a large
enough group has not been studied; in others, too little time has slapsed
after exposure for the expression of cancer, or the exposure was not at
a high enough level to discern the added cancers against the background
level of cancer that occurs naturally or due to some other exposure, such
as cigarette smoking or occupational exposure to asbestos.

There are several bodies of human data upon which to form a
judgment of whether an agent is a carcinogen. The first involves biologic
mechanisms: essentially, if a chemical acts in a fashion parallel to a
known human carcinogen, it is evidence for a conclusion that the
chemical is itself a carcinogen. The second involves evidence of an
adverse effect in human cells grown and exposed in the laboratory. The
third line of evidence is epidemiologic studies in human populations
exposed to the agent in question for some other reason, often because
the exposed individuals were involved in its manufacture. Human
epidemiologic information about the carcinogenicity of war gas comes
from epidemiologic studies of workers exposed in its manufacture,
soldiers exposed on the battlefield, and patients exposed to the agents
when used for therapeutic purposes—ironically, usually to fight cancer.

In considering the potential carcinogenicity of a chemical, it is
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important to acknowledge a dose-response relationship—that is, the
more exposure, the more effect. This is important for two reasons:

o If a study is small enough, or if the level of exposure in the study
is low enough, the study may not detect a chemical-cancer association,
even if it is present.

® Even if a chemical is a carcinogen at a high level of exposure, it
may only rarely cause cancer at low levels of exposure.

Two further questions must therefore be addressed in order to make a
contribution to the well-being of surviving experimental subjects ex-
posed to chemical war agents. The first is whether the specific agents are
likely to be carcinogens, The second is whether, at the level of exposure
experienced by these subjects, the added risk that they carry is small or
large.

ACUTE EFFECTS AND BIOLOGICAL MECHANISMS
Sulfur Mustard

Sulfur mustard has been produced primarily for its acute toxic effects.
Concern has been raised, however, about the long-term health effects of
exposure to sulfur mustard in humans. Because the various sulfur
mustards are known to be animal carcinogens, much of this concern has
centered around their potential carcinogenicity to humans. One part of
the process of assessing the carcinogenic risk involves examination of
the biologic fate of this compound, its potential genotoxicity, and its
ability to induce mutations in living systems.

Biologic Fate and Mechanisms of Action

After absorption, sulfur mustard undergoes intermolecular cycliza-
tion to form an ethylene episulfonium ion intermediate, liberating a free
chloride anion. This process is facilitated by heat and by water, a likely
explanation for the vulnerability of the warm and moist regions of the
body (mucous membranes, eyes, respiratory tract, etc.) to the acute toxic
effects of this compound (Somani and Babu, 1989; Ward and Seider,
1984). Cyclization can occur on both ends of the molecule. The cyclic
intermediate reacts rapidly with a variety of nucleophiles, according to
the affinity of neighboring compounds for the reaction. In pure aqueous
media, most sulfur mustard is hydrolyzed to thiodiglycol and hydro-
chloric acid.

Boursnell and colleagues (1946) have shown that 3S-labeled sulfur
mustard diffused rapidly throughout the body after intravenous (IV)
injection in experiments employing rabbits. Activity was retained chiefly
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in the liver, lungs, and kidneys, with approximately 20 percent of the 3°S
activity being excreted in 12 hours. In rodents the majority of IV-injected
sulfur mustard was excreted in the urine within 72 hours (Davison et al.,
1961). The urinary metabolites included thiodiglycol and its conjugate
{15 percent), glutamine-bis(B-chloroethylsulfide) conjugates (45 per-
cent), glutamine-bis(B-chloroethylsulfone) conjugates (7 percent), and
bis(B-chloroethysulfone) and cenjugate (8 percent), with minute
amounts of cysteine conjugates. These findings are comparable to
subsequent work in rodents after intraperitoneal injection (Roberts and
Warwick, 1963).

Nucleic Acid and Protein Conjugation

The reactive cyclic intermediate, the sulfcnium ion, reacts avidly with
proteins and nucleic acids, producing alkylation products (see Chapter
5). The alkylation of DNA by sulfur mustards has been studied by many
investigators (Ball and Roberts, 1972; Boursnell et al., 1946; Davison et
al., 1957, 1961; Gross et al., 1981; Habraken and Ludlum, 1989; Kohn et
al., 1965; Lawley and Brookes, 1965; Ludlum et al., 1986; Meier et al.,
1984; Papirmeister and Davison, 1964; Papirmeister et al., 1969, 1970,
1984a,b; Price et al., 1968; Roberts et al., 1971; Walker, 1971; Wheeler,
1962).

The sulfur mustards can be bifunctional, in that some ion intermedi-
ates covalently bind adjacent sirands of DNA (a DNA cross-link). This
interstrand link has been the subject of much of the study of the
genotoxic effect of these agents. DNA cross-links induced by these
mustards were shown by Wheeler (1962) to be extremely lethal to cells.
Several workers also studied the cell cycle-specific toxicity of this
bifunctional agent (Ludlum et al., 1978; Mauro and Elkind, 1968; Roberts
et al., 1968, 1986). They have shown that cells in late G, phase or S phase
of the cell cycle are particularly sensitive to the biologic effects of
alkylation.

In addition, the repair of DNA lesions induced by sulfur mustards has
been studied in many systems, including those employing cells known
to be naturally deficient in certain repair enzymes (Ball and Roberts,
1970; Fox and Fox, 1973; Gilbert et al., 1975; Lawley and Brookes, 1968;
Murnane and Byfield, 1981; Plant and Roberts, 1971; Reid and Walker,
1966, 1969; Roberts and Kotsaki-Kovatsi, 1986; Roberts et al., 1986;
Savage and Breckon, 1981; Walker, 1966; Walker and Reid, 1971; Walker
and Smith, 1969). As expected, DNA repair-deficient cells generally are
much more sensitive to the DNA cross-linking, and the cells die at
significantly lower doses.

Recent work has specifically shown that ring nitrogens on DNA are
the primary sites of attack. Among the products identified are N-7
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alkylguanine and N-3 alkyladenine. Intrastrand and opposite cross-links
have been identified at N-7 guanine (Ball and Roberts, 1972; Ludlum et
al., 1986; Walker, 1971; Wheeler, 1962). Sulfur mustards also alkylate the
O-6 position of guanine in DNA (Habraken and Ludlum, 1989; Ludlum
et al., 1984, 1986). Interestingly, the well-understood DNA repair
enzyme O-6-alkylguanine-DNA alkyltransferase does not act to repair
these O-6 lesions (Ludlum et al., 1986). Therefore, the O-6 alkyl product
in DNA may be the major mutagenic lesion produced by the sulfur
mustards.

Cytogenetic and Mutagenic Effects

Sulfur mustard induces chromosome aberrations—gross structure
breaks visible under light—in a variety of cell systems. In fact, sulfur
mustard was the first compound reported to induce chromosome
abnormalities in the fruit fly Drosophila melanogaster (Auerbach, 1943).
Subsequent work has shown that this type of genetic damage is dose
related and that the spectrum of genetic change is similar to that of
X-rays, in that it is cell cycle-specific (Nasrat, 1954; Nasrat et al., 1954;
Sobels and van Steenis, 1957).

Subsequent studies have generalized the data to demonstrate that
sulfur mustard induces chromosome aberrations in Vicia faba (fava bean)
and marsupial lymphocytes {Popa, 1969; Scott and Bigger, 1972). Fur-
ther, when cell lines have been studied, cytogenetic (chromosome)
sensitivity to sulfur mustard has paralleled that of X-rays (Scott et al.,
1974). Interestingly, fishermen exposed to sulfur mustard through
netting of leaky barrels of mustard agents dumped at sea after World
War II (WWII) have been found to have elevated sister chromatid
exchange (SCE) frequencies in their peripheral blood lymphocytes (Wulf
et al., 1985). SCEs represent breakage and rejoining of chromosomes.
DNA alkylation is well known to be associated, in other circumstances,
with induction of SCEs in human cells.

Sulfur mustards are also mutagens, inducing heritable alterations in
dividing cells. They have been shown to induce mutations in Drosophila
(Auerbach, 1951; Auerbach and Robson, 1946, 1947; Auerbach and
Sonbati, 1960; Fahmy and Fahmy, 1972; l.ee, 1975; Luening, 1951;
Sobels, 1962; Sonbati and Auerbach, 1960); in L5178Y mouse lymphoma
cells (Capizzi et al., 1973); in the red bread mold Neurospora crassa
(Auerbach and Moser, 1950; Jensen et al., 1950; Stevens and Mylroie,
1950); and in the bacteria Salmonella (Ashby et al., 1991). The potency of
sulfur mustard in most of these systems is comparable to X-rays. The
compound clearly induces somatic mutations in exposed cells in a
dose-related fashicn. One study has also demonstrated that occupa-
tional exposure to sulfur mustard and Lewisite (manufactured in com-
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bination) induces mutations in vive in human lymphocytes at the
hypoxanthine phosphoribosyltransferase (hprt) enzyme gene locus (Ya-
nagida et al., 1988).

Summary

Mustard agents are mono- and bifunctional DNA-alkylating agents
that are extremely cytotoxic at low doses. They alkylate RNA and
proteins and produce DNA lesions, which may be repaired only at low
doses. Sulfur mustards also alkylate the O-6 position of guanine; this
lesion is likely primarily responsible for the mutagenic consequence of
cellular exposure. The sulfur mustards are genotoxic in a wide variety of
cells, producing chromosome aberrations and gene mutations in vitro in
a dose-related fashion. They also induce SCE and hprt mutations in vivo
in the peripheral blood lymphocytes of individuals exposed at low
doses.

Lewisite

There are limited data in the literature on the genetic toxicology of
Lewisite. Although data on many types of arsenical compounds have
demonstrated significant genotoxic potential, data on Lewisite are
incomplete.

Biologic Fate and Mechanism of Action

Lewisite undergoes a complex hydrolysis involving several reversible
reactions. Lewisite oxide (CI-CH=CH-AsO) is approximately 1 percent
soluble in water and 2 percent soluble in a saline solution. It is slightly
more soluble at an alkaline pH. At higher pH, Lewisite oxide is cleaved
by hydroxyl ions to yield arsenite and acetylene.

Lewisite has labile chlorine atoms, trivalent arsenic, and multiple
bonds of carbon atoms, It is a very reactive compound. It will undergo
rapid nucleophilic substitution by water. In the presence of hydrogen
sulfide it forms 2-chlorovinylarsine, an extremely irritating compound.
Lewisite also reacts rapidly with mercaptans to form alkylarsine.

Lewisite penetrates skin rapidly on contact. It binds avidly to proteins
and thiols, and the mechanism of its local and systemic toxicity is likely
mediated through this binding. It is concentrated in the thiol-containing
tissues throughout the body (e.g., skin and hair). The toxicity of
Lewisite is reversed by administration of the dithiol compound BAL,
British Anti-Lewisite, or other thiol-containing compounds. The precise
chemical nature of any of the genetic lesions (DNA-based lesions)
induced by cellular exposure to Lewisite appears to be unknown.
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Little in vitro genetic toxicology testing appears to have been done on
Lewisite. Jostes and colleagues (1989) have completed the most exten-
sive study in Chinese hamster ovary (CHO) cells. They found that
Lewisite was cytotoxic after a one-hour exposure to micromolar
amounts. Cell survival experiments yielded a D3, of 0.6 M with an
extrapolation number of 2.5. Interestingly, at the dose ranges of 0.125 to
2.0 uM no consistent significant induction of mutations at the iiprt gene
locus was observed. At doses of 0.25 to 1 pM, Jostes and colleagues
noted no significant induction of SCEs in CHO cells, although the
dose-response trend was toward a positive response. Lewisite did
significantly induce chromosomal aberrations at doses of 0.5 and 0.75
uM, with a definite positive dose response. Stewart and colleagues
(1989) tested the mutagenicity of Lewisite in the Ames Sulmonella assay.
Four Salmonella strains were tested with and without S9 microsomal
activation. This compound (S9) is used in this bioassay system to
activate the agent of interest to its biologic intermediates. These inter-
mediates are often the bioactive species and are the compounds of real
interest. The strain most sensitive to killing was TA 102. No mutagenic
response was observed in any strain with or without S9 activation.

No other data evaluating the genotoxicity of Lewisite appear to exist,
but there have been studies of the genotoxicity of other arsenicals.
Jacobson-Kram and Montalba (1985) have shown that inorganic arsenic
induces both chromosome aberrations and SCEs in mammalian cells.
Arsenite enhances ultraviolet light (UV) mutagenicity in bacteria (Ross-
man, 1981) and viral transformation in mammalian cells (Casto et al.,
1979). Arsenite synergistically enhances cis-platinum (a DNA-alkylating
agent) and UV-plus-psoralen induced chromosome aberrations (Lee et
al., 1986a,b). Using sulfur dioxide and arsenite, Beckman and Norden-
son (1986) noted no enhanced induction of SCEs. Recent work has also
shown that arsenic will induce gene amplification (an increase in the
number of copies of an actively transcribed gene) in mouse cells in
culture (Barrett et al., 1989; Lee et al., 1988). Arsenic exposure in vivo
also has been reported to induce chromosome aberrations in human
lymphocytes (Nordenson et al., 1978).

Arsenite reacts avidly with protein sulfhydryl groups. Relatively
recent work has shown that arsenite is highly selective in reacting with
small, closely spaced dithiol groups in proteins (Joshi and Hughes, 1981;
Knowles and Benson, 1983). Dexamethasone binding to glucocorticoid
receptors is inhibited by arsenite via a putative mechanism involving the
formation of a stable dithioarsenite complex with a single dithiol group
within the binding domain of the receptor (Lopez et al., 1990). Arsenite
also blocks DNA binding by the receptor, presumably via a similar
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mechanism within the DNA-binding domain of the relevant protein
(Simons et al., 1990).

Recent work of Wiencke and Yager (1992) hypothesized that arsenite
might interact with DNA repair proteins that are known to contain
so-called zinc fingers. These zinc fingers, which contain closely spaced
dithiols, are likely important in gene regulation. Proteins that contain
zinc fingers include the UVRA protein (Husain et al., 1986), polyade-
nosine diphosphoribose polymerase (Cherney et al., 1987; Uchida et al.,
1987), the RAD-18 protein (Jones et al., 1988), and the XPAC protein
(Tanaka et al., 1990). All of these are proteins that are thought to be
central to DNA repair of genetic lesions. Wiencke and Yager showed
that arsenite alone induced both SCEs and chromosome aberrations.
However, when the DNA cross-linking agent diepoxybutane (DEB) was
added to human lymphocyte culture in the presence of arsenite, the
induction of chromoscme aberrations was synergistically enhanced. The
induction of SCEs was only additively increased. Interestingly, the syn-
ergistic enhancement of chromosome aberrations was most pronounced
in individual lymphocytes previously known to be relatively more sensi-
tive to the clastogenic action of DEB (Wiencke et al., 1991). Wiencke and
Yager concluded that the specific co-clastogenic effects of arsenite were
mediated by its interference with DNA repair activities. All of this work
may indicate that arsenicals could interact with DNA-alkylating agents
when they are given concomitantly. Although there is no direct evidence
that the genetic effects of sulfur mustard exposure are enhanced by
concomitant Lewisite exposure, it remains a possibility.

Summary

In contrast to mustard agents, the genetic toxicology of Lewisite has
been poorly studied. Its hydrolysis has been examined and arsenite is
one significant product likely produced in man after exposure. Lewisite
itself clearly induces chromosome aberration in one type of cellular
assay. It appears not to be mutagenic in Salmonella. Arsenicals in general
and arsenite have been shown to be clastogenic and to induce SCE in
human and other mammalian cells. Arsenite synergistically enhances
the clastogenic action of alkylating agents, perhaps through binding to
DNA repair proteins.

EVIDENCE OF LONG-TERM HEALTH EFFECTS

Animal Studies

This section reviews the results of the published experimental car-
cinogenesis studies of sulfur mustard and nitrogen mustard. The latter
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are included because there is a dearth of experiments on sulfur mustard.
Further, the similarity of action of nitrogen mustard to sulfur mustard
provides information that is useful in assessing the ty