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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 also 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 Roosevelt
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:

0 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

V



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 II (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 full 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 bums to
severe, and widespread, skin bums 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 respiratory
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
before 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 mustard agents
and Lewisite could produce long-term debilitating health problems,
particularly in those people suffering severe bums 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 recommendations 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. 1 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 apply 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.
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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 slowed 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 addition, 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, Chairman
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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 man, 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-

1. . . . . . . ° ° . . .. .



2 VETERANS AT RISK

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, and 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 that, 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 I. Almost all of
the work in the United States had been conducted or funded by
che.wn:al defense 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 gas 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:

* Thae 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 infoimation that could be applied in the
assessment of long-term health consequences of exposure to mustard
agents and Lewisite.

0 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 lekck 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, 1:he exposure levels were sufficiently high that even the most
efficient ,;as mask would have leaked enough mustard agent or Lewisite
to cause inhalation and eye injuries.

* 1 'he committee was additionally dismayed that there were no
epidemialogical studies done of mustard agent-exposed, U.S. chemical
weapon-.i production workers, war gas handlers and trainers, or combat
casualti,:s from WWII.

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 nuztiber 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)

-Astha•a
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-- Chronic bronchitis
-Emphysema
-Chronic obstructive pulmonary disease
-Chronic laryngitis

0 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
0 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.)

9 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 (acute 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 exposurs 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
Bar harbor disaster, or other circumstances. Records of fornmer
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 workers 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 committee 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, hazing 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 committee 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 WWII. 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.

p
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Introduction

The whole distressing story of mustard-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

Modem chemical warfare emerged in 1915, whena 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
chemical 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 thr-ough 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
almost 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).

A.lthough 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

9
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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 II (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 filed 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, fcliowing a German air raid that destroyed a U.S. ship
carrying sulfur mustard bormbs (Infield, 1976; Perera and Thomas, 1986).
The only other individuals injuiued 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 sometirnea
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 exposu-e to these agents was the cause of
numerous 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 difficulty 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
partilpated 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 conjunct;vitis, and kera-
titis. Veterans filing claims 'believed that there were still other diseases
caused by their exposure to these agents.

In addition to the changes in guidelines, Secretary Derwinski also
requested the Institute of Medicine (1OM) 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 effects of
these agents and for the assessment to be based, to the degree possible
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

0 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
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some diseases, no litereture 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



INTRODUCTION 13

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-

14
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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 entirety. 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. Identifying 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 also
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 coUections 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 Previewia 300
EMBASE 285
Toxlit and Toxlit65 266
Medline 240
Occupational Safety and Health (NIOSH) 172
NTIS (Natior al Technical Information Service) 156
Cancerlit 152
Scisearch 129
Environmental Mutagen Informati-3n Center Backfile

(Toxnet) 119
Life Sciences Collection 60
Pascal &a
Conference lapers Index 21
SSIE Current: Research 19
Analytical Aistracts Online 16
World Transliati-ons Index 15
Chemical Industry Notes 12
Dissertation Abstracts Online 11
Federal Register 10
Pollution Abstracts 9
Compendex Plus 8
Environmental Bibliography 8
REMARC 8
Chemical Regulations and Guidelines Systems 7
AGRICOLA 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) 5
Books in Print 3
U.S. Copyrights 3
Legal Resource Index 3
Congressional Record 3
Biotechnology Abstracts 2
Psycinfo 2
British Books in Print I
Nursing and Allied Health i
Federal Research in Progress 1

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 II 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, Civii 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 Natfi.aal 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 lang-uage 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 other 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 information
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 professionally 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 ri'rk 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 r.vý -arding 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 also provided at the end of the
bibliography. A separate subject biblioraphy hag been compiled and is
available through the NTIS under the title Health Effects of Mustard Gas
and Lewisite: Subject Bibliography.
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3
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 overiew of
their development. This Is followed by a description of the organization
of chemical wariare 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 t0 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
protocols were investigated, it became apparent to the committee that
the full body of knowledge available to tLe 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 leveig 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

21
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disposal program is also included. The chapter concludef, with an
outline of some of the conclusions drawn by the committee f'om
analysis of the historical records and calculations of exposure levels.

INTRODUCTION
SuIlur Mustard

Sulfur mustard (C4H8CI!S) is one of a class of chemical warfare agents
known as vesicants because of their ability to form vesicles, 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 gar!ic, hvnce 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 number of
synonyms: S-mustard, to distinguish it from niirogen mustard; "Lost"
or "S-Lost," frcm the names of two chemists who suggested it be used
as a war gas (Lommel and Steinkopt); "yellow cross," for the identifying
mark on WWI shells containing sulfur mustard; oz Yperite, after the site
of its first use in 1917. Although 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 si.fidetttly 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 bums on tissues tht 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
(Haber, 1986). Jne reason for this persistence is tWe 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 cool or winter weather, under forest canopies, or under over-
grown vegetation. Under certain conditions, bulk quantities of mustard
agent spilled or splashed onto the soil 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 Iranian patient, 16 hours after battlefield
exposure to sulfurrmustardl Reprinted from Willems, 1989, with permission from Annales
Medicincie Militaris Belgicae.
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product was identified as a compound [(C2H4)2S2CI21 different from
sulfur mustard; however, the observed severe skin blistering, latent
period 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 C4H4S2C12), 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 allowed 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 wai factories to fill
the shells fired at Ypres (Haber, 1986).

Lewisite
Lewisite (C2H2AsCl3 ) 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, subsequcntly 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 ciiýring 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 I 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 I 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 understand 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 consolidated 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 comments 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, rs 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 asthma, 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 various 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 enwironment.
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 gassed 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 II

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 effort was reorganized and subsumed under a
newly established Office of Scientific Research and Development
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Executive Office of the President

Ofce of Emergency Management

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

Responsibilities: Research, engineering, Responsibilities: Research in military
and development of military Instruments miedicine.

and wepons.Organization: From 1941 to 1944 the
Organization: Divided into 19 divsions. CMR was made up primarily of 12
Division 9, Chemistry, was responsible National Research Council (NRC)
for the offensive aspects of chemical committees, inciuding the Committee
warfare, developing new agents, on Treatment of Gas Casualties
detection and analysis, Impregnation of (CTGC). In June 1944 the CMR was
protective clothing, reorganized into 6 divisions, and

Division 5, Chemistry, dealt with
Human experimental testing: Patch tests. chemical warfare.

Human experimental testing:
Patch tests.

FIGURE 3-2 Organization of World War 11 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), eventuafly comprised of two working branches, the Committee
onl 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 OSRD 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 modifications of the protocols for the treatment or follow-up
of human subjects in the experimental programs. On the subject of
long-term effects of exposure, only Vedder's work, arid not Gilchrist's,
is mentioned in this review.

The focus of tne following section is on the experiments conducted ir
the United States using human subjects; consideration of the animal
experiments io included in later chapters, which survey the scientific
literature. 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 bums, effects of multiple exposures on sensitivity, and the
effects of physical exercise on the severity of chemical bums. 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 arty
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
sulbfr mustard or Lewisite. Human subjects were used in field tests to
test protective clothing, to monitor the effects of the agents on anihals
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 Typesa

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

Illinois
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)
aThis 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
Y//La Used in NRL reports to, sigrify micrograms (pg, also called gamma)

per liter (I, according to modem notation) or ýLg/l
mg/m3  milligrams per cubic meter, equivalent to pig/I
ppm parts per million, a volume to volume measurement that, at 250C at

sea level, is equal to 6.5 mg/M3 of sulfur mustard

Cumulative Exposure
CT Used in NRL reports to signify concentration (C) multiplied by time

(T); equal to mg.min/m 3, modem notation uses t to signify time (Ct)
aThe 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 modem
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 modem notation is used and cumulative exposures are
expressed in Ct (equivalent to mg-minn/m3) 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/m3 (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/m3

would equal a Ct of 1,000), if the estimated atmospheric concentrations
were sustained, or longer iAf 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/m3 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/m3 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 Me~dicine,
Volume III: Skin and Systemic Poisons (NRC, 1945, declassification date
unknown). It shou!d 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 initatin- and corrosive to the skin). Analysis of the amounts of
vesicant used was difficult, however, due to greet variability in reporting
of concentrations 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 akin 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 sirniler 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 expo,:ares achieved in the
vapor cups have been estimated to be 40,000 to 78,000 Ct. In some
experiments, vapor cups were left on the skin for 15 minutes; in others,
the cups were applied every 5 minutes for up to 3 hours and 40 minutes;
in yet others, the cups were left on for more than an hour. Liquid patch
tests, employing rods or drods, were more common than vapor cup
tests and exhibited a wide variability in cumulative exposures.

Most of these experiments involved the application of liquid vesicant
either before or after some test ointment Most oftert, there were two or
more sites on the forearm to which th.e vesicants were applied, thus
providing for control sites at which io ointments were applied, and the
liquids were allowed to remnin 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,
concentrations were expressed in micrograms. In stil other experiments
of this type, concentrations were also expressed as dilutions, ranging
from 1:100 to 1:30,000 sulfur mustard, or Lewisite, to solvent. To 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 chambei 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 maintained 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
antd, probably, Lewisite were also used. These tests were called
"man-break" tests. The common procedure was to equip men with gas
masks2 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
ntiiutes and remained in the suits for additional periods of time,
ranging from 4 to 24 hours3 (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 NRL reports examined). Twenty-four
hours after each chamber trial, the men were examined for reddening
of the skin (erytheina), evidence that the vapor had penetrated the

'nee gas masks used were Navy Mark III 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 ai.d Further Analysis section of this chapter). j31t 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
chapt*r.,
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FIGURE 3-3 U.S. Naval personnel dressed for World War 11 su~lfur mustard experi-
ments. Gas masks sh~own are Navy diaphragm-type masks. SOURCE: Heinen) et al., 1945.
['hotograph provide(] 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 1I chamber tests (the
numbers refer to specific equipment). SOURCE: Taylor et al., 1943. Photographs provided
by Naval Research Laboratory (A) and U.S. Army Chemical and Biological Defense
Agency (13).
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suits and burned the skin. The men were required to repeat the
procedure and enter the chambers either eveiy 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 hisz..olleagues
documents a specific set of 60-minute trials in which, at 'i cumulative
sulfur mustard exposure level of 600 Ct per trial, the average number
of trials tolerated was 5.3, representing a low of 4 trials and a high of
14 trials (Taylor et al., 1945). In trials with cumulitive exposures of
9,600 Ct per trial, th3 average number of trials tolerated was estimated
at two, because all the men developed some erythema after the first
trial.

The Pnatomical locations and intensity of erythema are reported in
Taylor's paper for each individual. The majority of men experienced
intense erythema that 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 tria•s, posi-ibly because the men wore
an extra layer of impreginated undergarments.

In another set of trials reported by Heinen and his colleagues (1945),
multiple 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 it protective clothing. Mest were dressed in stan-
dard issue attire but wore carbon-impregnated suspenders. It was
thought that the suspenders would protect a strip of skin that could then
be compared with skin areas that were unprotected. In addition, only a
few rnen werc given impregnated underwear. Results frcm this set of
trials 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 8 experienced severe lesions to the penis. These lesions took
up to one month to heal, according 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 (Mai y knd), Great Lakes Naval Training Center (Illinois), and, for a
short ,ime, at Camp Sibert, Alabamn. The concentrations, 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
made a vailable 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 oi 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 Iray
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 I 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 resultant
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 Handlinf, 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 York, 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 injurits 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, mar'Ly
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 c'Ases
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 addiitional 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 ,,om

sulfur mustard poisoning during this period. Little information is
available from other lorations, 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 effects
(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, Maryland, 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. 4 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
extremely 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 an d Paxman, 1982; Infield, 1976; Perera and Thomas, 1986).
Under conditions of secrecy, 2,000 bombs, each of which held 60 to 70
pounds of sulfur mustard, had been loaded on the me) chant 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 mustaid 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 the, symptoms. U.S. military command did not
want to reveal to the eneiny its preparations to position sulfur mustard
in Europe for possible use against German forces. Eventuially, however,
the secret could not be kept (Harris and Paxman, 1982). The destroyer

"4Canisters equipped with asbestos filters inicluded 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. Soon 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 poisoning, better precautions an. 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 antibiotic3, treatment of burn injuries, and
other areas. Many of these advances were reviewed soon after the war
in a two-volume summar) Adzvnces 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 19.30s. 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 authofized 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 mustards. 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
poisons 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 iUndskog 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 tumors
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



I

"46 VETERANS AT RISK

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 development of
a: itidotes 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 these 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
and 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 conclusions were drawn for Lewisite on the basis of scanty
informationi; for sulfur mustard, howover, the group concluded:

Mustard gas is mutagenic in varicus organisms and test
systems. One cannot readily predict tae 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-



HISTORY AND ANALYSIS OF U.S. RESEARCH PROGRAMS 47

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 Stslfur Mustard and Other Chemical
Weapons in International Conflicts

Military use of sulfuir 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 pohtical aspects of chemical and biological warfare in
1971 (SIPRI, 1971). This document reports use of sulfur mustard by the
Egyptians in Yem%.n in 1965 and the Iraqis against the Kurds in 1965.

'Review and analysis of the Beebe 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, 19P4; 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, 92 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. In 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 (Carmes, 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 su:fur 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 lucated oi 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 prodtction in this century;
they also point out locations, not apparent in official CWS histories,

where military and possibly civilian personnel were exposed to chemical
agents during WMAII.

The Department of Defense (DoD) Authorization Act of 1986 (P.L.
99-145) directed and authonzed 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, DoD
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
organophosphate nerve agents. Al! but approximately 6 percent of the
U.S. stockpile of unitary munitions and bulk agent is currently stored in
the continental United States as bombs, 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 Treaty Organization's stockpile that
was movd in 1990 from a military site near Clausen, Germany.

DoD has tested, 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 Army, 1938).
The first step in this approach involves "reverse assembly" of the
munition inside an explosive-containment room, resulting in the sepa-
ration of agent from arty 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 parts). Temperatures reach
between 540'C and 1370°C for the furnaces and upproximately 1090'C
for the afterburners. Stack gases and incinerator 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).



50 VETERANS AT RISK

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 10
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 WWII. 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
acci.dental 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
amount and quality of information that could 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:

0 There was no unified body of information, based on WWI
research and the research done in the period from 1918 to 1939, when
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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 conjunctivitis, and
keratitis.1 Scientific inquiry was controlled by the military establishment,
whose primary concern was with acute rather than long-term injury.
This control also probab.iy contributed to the paucity of animal or other
types of studies, following WWII, aimed toward elucidation of long-
term consequences of (Iamage to specific physiological systems. For
example, no long-term follow up was done on workers involved in
chemical warfare materi•.Is production, despite the high level of injuries
that occurred.

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

0 Once tte war was over, there may also nave been ambiguities
about which federal dcpartment or agency ,hould have had responsi-
bility for follow-up of veterans. Although the former Veterans Admin-
istration (VA) had thai, role traditionally, the VA could not have been
expected to know about the testing programs and their possible eftects
on the hea!th of humian 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 also) created a barrier to follow-up assessments of
exposed individuals. Even during the present study, which follows a
five-year period of intensifying public scrutiny of these WWII programs,
obtaining certain typ:!s of information was not easy and often involved
piecing together bits of data from numerous sources. In fact, this
committee was comraonly required by many DoD and Department of
the A,'my offices to file all requests ander the Freedom of Information
Act. These requirements were oftert 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 existence 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 Archi-res 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 highar than
inferred in the summaries if 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 infe'
the cumulative exposures to the skin of chamber subjects strictly on the
basis that skin damage was the end point of these experiments (see
Table 3-4). Therefore, if all other types of exposures were held to zero,
these subjects received between 100 and 300 Ct. As has been docu.
mented, some of the subjects were hospitalized for as long as "a month
or so" (Taylor et al., 1943). Thus, exposures to the skin may have been
as high as 1,000-2,000 Ct. Under the hot, humid conditions in the
chambers, however, lower exposure levels would have resulted irt
similar injuries (Papirmeister et al., 1991). The dose to the skin from
such exposures would have been as high as those observed under
battlefield and occupational conditions. Further, 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 who spoke at the public
hearing; this person reported conjunctivitis and laryngitis following
such a vomiting incident on his seventh day of testing (Elmer Hood,
public hearing statement; see also Appendix 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 tested.

The most important route of additional exposure in the chamber and
field tests was probably gas mac..k leakage. From the information
available to the committee, it a",'-,-.,s that the vast majority of the
human subjects in the chamber and field te.sts wore full-face gas masks
during their exposures. In fact, the documented exposures at the Naval
Research Laboratory were delivered at conceittrations 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:
COMPARISON WITH TISSUE DAMAGE THRESHOLDS

Even when enough agent had broken through their gas mask canisters to
produce symptoms, chamber test subjects may not have noticeo it, at least by
cdor. The odor threshold for sulfur mustard is reported to be about 0.6 mg/mi,
and the median concentration of Lewisite detectable by odor is reported to be
14 to 23 mg/m 3 (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, sulfur mustard exposure at a concentration of 0.5
mg/rn 3 for 30 minutes (15 Ct) would result in both respiratory and eye symptoms
(smu Table 3-4). For Lewisite, such irritating effects are reported to be noticeable
at concentrations estimated to be as low as 6 to 8 mg/m 3 (Papirmeister et al.,
1991; Urbanetti, 1987). Thus, for sulfur mustard exposures at 0.5 mg/m3, ani
exposure of only about 25 minutes (12.5 Ct) could be e),pected to cause eye and
iesp'-itory tract symptoms withotit 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 ma3k) 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 prknarily on leakage around
facemasks, has been reported for relatively modem (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,
modem 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/mn of sulfur mustard
would be breathing a concentration as high as 1 mg/m3 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/m3)-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/m3 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 modem full-face respirators) would have
resulted in concentrations as high as 0.1 mg/m3 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.

It is 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 leakage, 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/m3 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/mi for sulfur mustard), and
33 times the control limits for occupational exposure (0.003 mg/m3 for
sulfur mustard). In reality, some of the subjects in the chamber tests and
field trials almost certainly breathed concentrations 10 or more times the
0.1 mg/m3 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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4

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 outnumbered 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 important 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 generously 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

committee's reqilest, the Department of Veterans Affairs (VA) also sent
hearing announcemerts 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
come 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 cases, 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 WWII. In a number of cases, the
study staff was able to inform veterans about how to obtain their records
fromr the NRL.1 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.

Prinr 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 coniained information about the gas concentra-
tion, the number of trials, any blood counts and temperature 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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opportunty 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 /eterans
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 activities. 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 committee
during approximately seven months of the study.

RESULTS AND FINDINGS

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 group 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 tht 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 place to place within the United States, in addition to
being exposed to Lewis'te during flight ,raining.

It should be emphasized that the vast majority of veterans contacting

i
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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 addition,
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 fthe 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 many different types of health problems 'eported by the veterans

exposed to mustard agents and Lewi.site (Appendix G) are summarized
here. However, no artalysis 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 posýAhibe 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 1hat disease and health condition categories were
based on veteran self-reports and, thus, did not always fall into strict
medical diagnostic categories. Nevertheless, consideration of the health
problems reported did aid the committee in identifying important gaps
in the knowledge base about the health effects of these warfare agtilis.

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 Mie most frequent problems
reported were pulmonary and respiratory diseases, including asthma,
chronic bronchitis, emphysema, laryngitis, sinusitis, and other respira-
tory 1;roblems, including repeated bouts of pneumonia and chronic
respiratory infectiona. 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 hom 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 scaning of the small intestine, often leading
to obstruction). In addition, benign prostate 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 telephone 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 thr'eat-
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;-". mie-
door could not be opened from the inside and that thit, [Li•hblced 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 been exposed to sufur 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. Sach 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 involved
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 woked 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 little
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 riot 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
a!l of the information and challenges that faced this committee and to
offer additional background for some of the directions taken by the
committee 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 rett.rned to the
training companies after the tests." The NRL report provides 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 E)). However,
morale may not have been uniformly high at NRL, because the same
report also gives instructions for dealing with uncooperative 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
cumulative 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 committee charged to survey scientific literature.
Further, it was a war, a worldwide emergency that understandably
requir;. i 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 lessened 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 present 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 present1 4tion 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 presentations described above. This report, its contents and it.
recommendations, reflects long and careful cons' deration 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 oui
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 2CH 2OH + K2S--* S(CH 2CH2OH)2 + 2KC1 (5-1)

3S(CH 2CH 2OH)2 + 2PCI3 -- 3S(CH 2CH 2C1)2 + 2P(OH)3 (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 (5-4):

71
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SC12 + CH 2 =CH2 -* CICH 2CH2SCI (5-3)

CICH 2CH 2SCI + CH2=CH2 -- S(CH 2CH 2Cl), (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-hydroxysulfide and a hydrogen ion. The
reaction sequence is repeated to give dithioglycol (5-5):

k, CH2

S(CH2CH2Cl 2  CICH2CH2S I e _k CICH2CH2SCH2CH2OHk-I \'CH2 H20

0 K HHC0

+ H C+H2H2OH Cle H0 S(CH2 CH2OH)2  (5-5)
K- H2C H20

(slow)
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 kw.
"The overall reaction-the formation of dithioglycol and 2 HCI--can 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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HOCH2CH2SCH2 a1 =: HOCH2CH§\ 2 M! S(CH 2CH2OH)2 + 1

8 /CH2H2 CH

HOCH2CH2SCH2CH2S$' \ HC2H; HOCH2CH2SCH2CH2&CH2CH2OH)2
(5-6)

This secondary reaction may occur via a transient dithiane disulfonium
ion intermediate (5-7):

CH2OH CH2OH
I I

CH2  %-n2

C i I I CIO &CH 2CH2OH)2o\ ,,:s lo
H CW.,CH

CH2 CH 2 2CH2

I I
CH2O LCH2OH - (5-7)

It should be emphasized that all the sulfonium salts (5-6), especially
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 i- 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 SNI 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 ;ulfonium ion with a given
nucleophile (K.) and water (Ik), respecively (3-.8):

Fa = K./K: [H20] (5-8)

The dimensions of Fa 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
11. 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 2CH 2C1) 2] are much slower than those of the sulfone
[0 2S(CH 2 CH 2CI) 2], 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 2S(CH 2CH 2CI)2 --+ 0 2S(CH=CH 2)2 + 2HCI

xe e
4 0 2S(CHCH2X)2 4* 0 2S(CH 2CH2X) 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 2CH2CI) 2 + 2NaOR -- S(CH 2CH 2OR)2 + 2NaCI (5-10)

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

S(CH2CH2CI)2 + 2NaSR --+ S(CH 2CH 2SR)2 + 2NaCI (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 adds, esters of thiodiglycol are produced (5-12):

S(CH 2CH2C1) 2 + 2RCO 2 eMe

S(CH 2CH 20 2CR)2 +2MCI (5-12)

Sulfur mustard reacts readily with secondary amines, but one amine
group of the product may be eliminated (5-13):

S(CH2CH 2CI) 2 + 2R2NH -+ S(CH 2CH2NR2)2 --

RNCH2CH2SCH=CH2 + R2NH (5-13)
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With ammonia and primary amines, a thiomoroholine is formed
(5-14):

S(CH 2CH 2C1)2 + RNH 2 - S NR • HCI + HCI (5-14)

Two molecules of amine may react with one of sulfur mustard (5-15):

S(CH 2CH 2CI) 2 + H2NCH2CO2Et
S(CH 2CH2NHCH 2CO 2Et)2 + 2HCI (5-15)

Tertiary amines, 'orm quaternary ammonium salts (5-16):

S(CH 2CH 2CI)2 + 2R3N -- S(CH 2CH 2®NR3)2 + 2C1e (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): NH2  NO

S(CH2CH 2CI)2 + H2NCSNH2 -- S(CH 2CH2SC )2 + 2C08

NH2

S(CH 2CI' 2S 9Na 0)2 H S(CH 2CH2SH)2 + 2NaCJ (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 tissaes. 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 free base, diminishing the probability of
extensive reaction with sulfur mustard.

Evidenc2 that the cytotoxicity of sulfur mustard is due to the
alkylation of DNA was first obtained 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 0-6 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):

0 0

(H 2  H2N NAN.

0 NNH

." N N>N

F1N ' N> O N N
HHO ~s/ H

From reaction with CH3CH 2SCH2CI

NH NH

H H 2 (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 aikylated 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-

I
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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 linked to nuclear proteins, induding 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 sulfhydryl 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 biological 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 pulmonary 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 produ'ces 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 + AsC13 --

C1CH--CHAsC12 + (CICH--CH)2AsCI + (CICH=CH)3As
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 AsCI3 in
hydrochloric acid solution, with mercuric chloride as a catalyst, to give
Lewisite in 80 to 85 percent yield (based on AsCl3). 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=CHAsCl2 * CICH=CHAs(OH) 2 +

2HC1 a ClCH=CHAsO + H20 * (C1CH=CHAsO)n
(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 s10.5 Lewisite decomposes as follows
(5-21):

CICH=CHAs(OH)2 + OHe-
Cle + HC=-CH + As(OH)3  (5-21)

The vesicant character of arsenicals such as Lewisite is not a property
of the AsCl2 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--CHAsCI2 + ROeNaE-
C1CH=CHAs(OR)2 + 2NaCI (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):

C1CH--CHAsC1 2 + RSENa.
C1CH--CHAs(SR) 2 + 2NaC1 (5-23)

CICH=CHAs(SR) + 2H 20 = CICH--CHAs(OH) 2 + 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-CHAsC12 + R2NCSSeNa@
ClCH-CHAs(SSCNR2)2  S (5-25)

CICH-CHACI 2 + HSCH2CH(SH)CH2OH - CICH=IICHA(' >
(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 elapsed
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

81
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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:

0 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 IS-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 35S
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(p3-chloroethylsulfide) conjugates (45 per-
cent), glutamine-bis(13-chloroethylsulfone) conjugates (7 percent), and
bis(13-chloroethysulfone) and conjugate (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 strands 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 G1 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
0-6 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 0-6 lesions (Ludlum et al., 1986). Therefore, the 0-6 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; Lee, 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 fashion. One study has also demonstrated that occupa-
tional exposure to sulfur mustard and Lewisite (manufactured in corn-
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bination) induces mutations in vivo 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 0-6 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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Cytogenetic and Mutagenic Effects

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 D37 of 0.6 gLM with an
extrapolation number of 2.5. Interestingly, at the dose ranges of 0.125 to
2.0 pLM no consistent significant induction of mutations at the hprt 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
ý,M, with a definite positive dose response. Stewart and colleagues
(1989) tested the mutagenicity of Lewisite in the Ames Salmonella 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 types and sites of
malign~ancy that may occur from exposure to sulfur mustard.

In what follows, in accordance with historical usage, we use the term
sulfur mustard, although the terms HS, HD, or H were often used in
past experimental literature. HD and HS refer to distilled sulfur mustard
(approximately 96 percent pure), while H refers to an impure prepara-
tion known as Levinstein mustard. Experiments have been conducted
with two nitrogen mustards, HN2 [methylbis(f3-chloroethyl)amine or
the hydrochloride] and HN3 [tris(3-chloroethyl)amine]. By far the most
data are available for HN2, which is a common chemotherapeutic agent,
usually in combination with other chemicals (see Medical and Thera-
peutic Exposure section of this chapter). The designations HN2 and
HN3 are used as appropriate.

Early Studies in Mice and Rats

One of the earliest reports of the carcinogenic effect of the nitrogen
mustards is an interim report describing preliminary results on the
intravenous, intraperitoneal, and subcutaneous injections of HN2 and
HN3 into Swiss mice and albino rats (Griffin et al., 1950). At the time of
the report, tumors had developed in 15 to 20 percent of treated animals,
whereas no tumors had appeared in controls. The tumors included
fibrosarcomas, lymphosarcomas, and adenocarcinomas (no sites or
numbers were given), and administration of a single dose proved as
effective in inducing tumors as multiple injections.

Another early study on the carcinogenicity of mustard compounds
was conducted at the Chester Beatty Research Institute in London
(Boyland and Horning, 1949). Aqueous solutions of HN2 or HN3 were
administered by subcutaneous injection weekly for 50 weeks to two
groups of 20 stock mice each. The weekly dose of each substance was I
mg/kg body weight. This dose was toxic and led to a high early
mortality; only 10 animals administered HN2, and 4 animals adminis-
tered HN3, survived 150 days. These 14 survived from 284 to 580 days.
At autopsy, among the 10 injected with HN2, there were 3 lung
carcinomas, 1 lung adenoma, and I with "early bronchogenic tumors."
One animal had a liver lymphosarcoma and another had a uterine
fibromyoma. Three were free of tumors. Among the 4 administered
HN3, there were 2 lung carcinomas and 1 lung adenoma. One of the
animals with carcinoma also had a spindle-celled sarcoma at the site of
injection. Substantial other non- or premalignant pathology was de-
scribed in all of the treated animals. Of 40 untreated mice sacrificed
between 14 and 18 months of age, 6 had lung adenomas and 2
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hepatomas. The number of tumors at any site and the number of lung
tumors in animals administered HN2 were significantly greater than
expected at the 95 percent confidence level. Boyland and Horning noted
a particular excess of lung tumors and lymphosarcomas compared to the
number expected.

Heston's Studies in Mice

From 1949 through 1953, W. E. Heston and his colleagues conducted
a series of studies in which sulfur mustard and nitrogen mustard were
administered to strain A mice and the occurrence of pulmonary tumors
was studied (Heston, 1949, 1950, 1953a,b; Heston et al., 1953). Strain A
mice are highly inbred and have an extremely high genetic susceptibility
for development of pulmonary adenomas; the incidence of spontaneous
pulmonary tumors is about 50 percent in animals 12 months of age and
90 percent at 18 months of age. Thus, in several of Heston's experiments
all of the animals developed adenomas, and comparisons can be made
only between the total number of tumor nodules found in different
exposure groups. The administered amounts of nitrogen and sulfur
mustards were highly toxic, and a significant number of early deaths of
animals occurred.

The results of the first two studies (Heston, 1949, 1950) are summa-
rized in Table 6-1. In Experiment I, 100 percent of the experimental
animals that survived acute mortality had tumors at sacrifice (13 to 16
weeks), compared to 13 percent of controls (the remaining 8 experimen-
tal and 8 control mice were followed longer, but no data were provided
on their outcome). The mean number of lung nodules in the experimen-
tal group was 3.48, compared with 0.13 in the control group. The 9
animals receiving 4 injections had 5.11 nodules on average, the 13
receiving 3 injections had 2.62 nodules, and the lone animal with 2
injections had 2 nodules. The administered doses of nitrogen mustard
clearly increased the number of nodules and number of strain A mice
affected.

In Experiment 1I, all experimental animals received four injections
and follow-up was continued for 10 months, rather than 3 or 4. The full
dosinS scheme led to several animals dying prior to completion of the
experiment, but "hc results are in agreement with those of Experiment I,
with a greater number of nodules being associated with the longer
follow-up period. In Experiment III, a single larger injection of HN2
resulted in higher short-term mortality, but the incidence of tumor
nodules in animals that survived 10 months was similar to the group
that received the full dose in four injections.

Experiments IV and V followed a similar methodology to examine the
effects of intrzvenous injection of sulfur mustard. Experiment IV saw a
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TABLE 6-1 Pulmonary Tumors in Strain A Mice Injected Intrave-
nously with Nitrogen Mustard and Sulfur Mustard

Mean
Follow-up No. of % with No. of

Experiment Duration Mice Nodules Nodules

Nitrogen mustard
Experiment I:

two to four intravenous injections
of 1 mg/kg HN2 (14 received 4
injections; 22 received 3; and one,

2) at 2-day intervals 13-16 wks 29 100 3.48
Control 13-16 wks 30 13 0.17
Experiment I:

Four intravenous injections of 1
mg/kg HN2 at 2-day intervals 10 mos 20 100 9.60

Control 10 mos 32 63 0.81
Experiment III:

One intravenous injection of 4
mg/kg HN2 10 mos Q 100 7.56

Control 10 mos 31 58 0.94

Sulfur mustard
Experiment IV:

Four intravenous injections of 0.65
mg/kg at 2-day intervals 16 wks 15 93 2.60

Control 16 wks 28 61 0.93
Experiment V:

Four intravenous injections of 0.65
mg/kg at 2-day intervals 16 wks 47 69 1.09

Control 16 wks 46 13 0.13

SOURCE: Heston, 1949, 1950.

high early mortality: 9 males and 4 females of 30 animals injected died
shortly after completion of the injections. The results for the animals
surviving 16 weeks showed somewhat fewer mice with lung nodules
and a lower mean number of nodules compared to Experiment I with
HN2. Further, an unusually high number of controls developed ade-
nomas for which no cause could be identified. When Experiment IV was
repeated as Experiment V, by using a lower concentration of sulfur
mustard, fewer mice developed lung nodules (68 vs. 93 percent) and the
mean number of lung nodules was substantially less (1.09 vs. 2.60).
Obviously, there is uncertainty about the actual dose to the animals in
the sulfur mustard experiments, particularly in Experiment IV, where I
the administered dose may have exceeded 1 mg/kg body weight.

A later study by Heston and colleagues (1953) compared the separate
and combined effects of intravendus HN2 and X-irradiation (Table 6-2).
With only two injections of I mg/kg HN2, some animals were tumor free
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TABLE 6-2 Pulmonary Tumors in Strain A Mice Injected Intrave-
nously with Nitrogen Mustard and/or Exposed to X-Radiation

Mean
Follow-up No. of % with No. of

Experiment Duration Mice Nodules Nodules

Control mice 11 mos 64 39 0.7
900 R of X-radiation 11 moe 55 24 0.6
Two injections of I mg/kg bw

of nitrogen mustard 11 mos 59 93 4.2
900 R of X-radiation plus 2

injections of I mg/kg bw of
nitrogen mustard 11 mos 55 38 1.1
SOURCE: Heston et al., 1953.

after 11 months of follow-up. Those receiving the radiation had fewer
tumors than controls; those receiving both radiation and HN2 had a
tumor frequency similar to controls, but higher than those receiving
radiation.

The carcinogenicity of sulfur mustard and HN2 was further studied
by Heston (1953a), using a variety of subcutaneous injections of sulfur
mustard and HN2 in strain A, C3H, or C3Hf mice. (C3Hf female mice
are less susceptible to mammary tumors than C3H mice, but C3Hf male
mice are more likely to develop hepatomas.) The results, summarized in
Table 6-3 for C3H and C3Hf mice and Table 6-4 for strain A mice, show
that tumors, including sarcomas, were commonly found at the site of
injection: among C3H and C3Hf mice, 7 of 87 injected with sulfur
mustard and 12 of 73 injected with HN2 had injection site tumors. No
tumors appear at the site of injection of 16 mice administered olive oil,
nor did any tumors occur in noninjected controls in the region chosen
for injection. Of the tumors at sites other than the site of injection, only
pulmonary nodules from HN2 injections were significantly different
from control animals: 34 of 73 injected animals developed pulmonary
tumors, compared with 14 of 74 control animals. For all C3H and C3Hf
animals, tumors appeared in 8.4 percent injected with sulfur mustard,
compared with 15.8 percent of controls. In the strain A mice only 1
tumor was observed in the injection site and there were no differences
between the control and experimental group in number of tumors in
other sites (Table 6-4).

Heston conducted another experiment in which strain A mice were
exposed to sulfur mustard by inhalation. It is likely that the concentra-
tion of sulfur mustard in the experimental chamber reached relatively
high levels during the 15-minute exposure: of a total of 80 mice exposed,
13 died in the 4 months prior to follow-up. Control and experimental
mice were sacrificed periodically from 4 to 11 months after exposure. At
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TABLE 6-3 Tumors from Subcutaneous Injection of Sulfur and Nitro-
gen Mustard into C3H Mice and Sulfur Mustard into C3Hf Mice

No. of Average
Injec- Months Tumors at Site of
dons Sex No. Survival Injection Tumors at Other Sites

0.05 cc 0.05% oln. of sulfur mustard in olive oil into C3H mice
6 M 8 14.3 1 Sarcoma 2 Pulmonary tumors
6 F 8 8.9 0 8 Mammary tumors

1 Hepatoma
6 M 24 13.1 1 Rhabdomyosarcoma 7 Hepatomas

0.25 mg HN2 in 0.25 cc water into C3H mice
8 M (8) 7 10.6 1 Papilloma 3 Pulmonary tumors

I Squamous cell
carcinoma

8 F 8 8.6 1 Papilloma 2 Pulmonary tumors
7 Mammary tumors

6 M (24) 21 17 3 Sarcomas 8 Pulmonary tumors
2 Neurogenic sarcomas 9 Hepatoma
1 Hemangloendothelioma 2 Liver

hemangioendothelioma
C3H control mice

M 8 14 1 Pulmonary tumor
2 Hepatomas

8 7.4 7 Mammary tumors
M (8) 6 14.3 1 Pulmonary tumor
F 8 11.1 2 Pulmonary tumors

7 Mammary tumors
M (24) 21 15.5 5 Pulmonary tumors

9 Hepatomas
0.05 cc 0.05% soln. of sulfur mustard in olive oil into C3Hf mice

6 F (10) 9 15.4 2 Sarcomas I Pulmonary tumor
I Mammary tumor 1 Mammary tumor

6 M (40) 38 16.8 2 Sarcomas 5 Pulmonary tumors
22 Hepatomas

0.25 mg HN2 in 0.25 cc distilled water into C3Hf mice
6 M (41) 37 16.1 2 Sarcomas 21 Pulmonary tumors J

I Papilloma 17 Hepatomas
1 Reticulum cell sarcoma
1 Lymphocytic leukemia
1 Liver

hemangioendothelloma
C311 control mice

M (40) 39 16.3 6 Pulmonary tumors
18 Hepatomas
2 Lymphoytic leukemias
I Skin squamous

carcinoma

NOTE: Table does not include data from one high-dose group, due to the high mortality
reported. Numbers in parentheses reflect number of animals initially injected.

SOURCE: Heston, 1953a.
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TABLE 6-4 Tumors from Subcutaneous Injection of Sulfur Mustard
into Strain A Mice

Average
No. of Months Tumors at Site
Injections Sex No. Survival of Injection Tumors at Other Sites

0.05 cc 0.05% soln. in olive oil into strain A mice
5 M (16) 14 6.7 1 Sarcoma 6 Pulmonary tumors

1 Lymphocytic leukemia
5 F (14) 12 11.2 7 Pulmonary tumors

1 Mammary tumor

Strain A control mice injected with 0.05 cc olive oil
5 M 16 11.7 4 Pulmonary tumors

2 Hepatomas
1 Myoepithelioma

5 F 14 14.1 11 Pulmonary tumors
2 Lymphocytic leukemias
I Myocpithelioma

SOURCE: Heston, 1953a.

the conclusion of the experiment, 33 of 67 experimental mice had
developed pulmonary tumors, compared with 21 of 77 control mice.
Additionally there were 3 lymphocytic leukemias in the experimental
group and none in controls.

Later Studies of Mustard Agents and Other Alkylating Agents

Several studies conducted at Edgewood Arsenal examined the toxic
and carcinogenic effects on rats of chamber (whole body) exposure to
sulfur mustard (McNamara et al., 1975). Experimental animals were
exposed to sulfur mustard at concentrations of 0.001 mg/m3 (continu-
ously) or 0.1 mg/m3 (6.5 hours per day, 5 days per week) for periods of
from 1 to 52 weeks. The results of these studies, summarized in Tables
6-5 and 6-6, demonstrated that sulfur mustard readily produced skin
malignancies in rats, but no excess tumors at other sites. Table 6-7
summarizes the data on all tumors observed in the rats. Data on other
species were equivocal: experiments on guinea pigs, rabbits, and dogs
were not of sufficient duration for a valid carcinogenicity study. No
tumors were observed in any animal other than rats.

Coniklin and colleagues (1965) compared the carcinogenicity of HN2
with X-radiation, triethylenemelamine, and 1,4-di(methanesulfonoxy)- I
butane (Myleran). The data in Table 6-8 show that HN2 produced a
statistically significant increase in thymic lymphomas and lung tumors,
and a nonsignificant increase in ovarian tumors, compared with con-
trols. The effect of X-radiation was somewhat greater than HN2 in
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TABLE 6-5 Number of Rats Developing Tumors Following Exposures
to HD (Toxicity Study)

Duration of Incidence of Tumors

Exposure Postexposure 0.001 0.1
(months) (days) Controls mg/m3  mg/m3

2 0/5 0/10 0/10
3 0/10 0/10 0/10
4 0/10
6 0/10 0/10
8 0/10 1/10 1/10

12 0/10 1/100 0/1070 4 ( b, 1a)

90 1/8C 0/9 0/6
180 2/11 (,a,1Id) 1/20 e 6/19 (4 fg 1 h),1

Rats with tumors 3/64 2/79 10/79
Rats with agent-.

related tumors' 0/64 0/79 9/79
aSubcutaneous fibrorna.
bSkin, squamous cell carcinoma (agent related).

"cUterus, squamous cell carcinoma.
dPulmonary adenoma.
"eSkin, papilloma.

fSkin, squamous cell carcinoma (probably agent related).
9Skin, basal cell carcinoma (probably agent related).
h.Thyroid, adenoma.

'As designated by McNamara et al.
SOURCE: McNamara et al., 1975.

producing thymic lymphomas, much greater in producing myeloid
leukemias, and much less than HN2 in producing lung tumors.

Bioassays of 29 alkylating compounds, including nitrogen mustard,
conducted at the National Cancer Institute showed similar results
(Shimkin et al., 1966). Each assay consisted of 12 thrice-weekly intraperi-
toneal injections of the various compounds; at least four dose levels
were used for each compound and follow-up continued for 39 weeks.
Although negative results were obtained for many compounds, a strong
positive effect was seen with nitrogen mustard: total doses of HN2
between 0.02 and 17.5 iM/kg produced pulmonary tumors in 30 to 95
percent of the experimental animals. Compared with other alkylating
agents, in fact, HN2 is second only to uracil mustard in tumorigenicity
among the 29 compounds. These estimates are supported by the work of
Abell and colleagues (1965), in which a wider range of doses was used.

Epstein (1984) investigated the separate and combined effects of HN2
administration and UVB radiation on tumor formation on the skin of
Uscd (Hr) strain, albino hairless mice. Twice-weekly applications of 0. 1
ml of HN2 to the skin for 52 weeks produced tumors in 34 percent of the
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TABLE 6-6 Number of Rats Developing Tumors Following Exposures
to HD (Carcinogenicity Study)

Duration of Incidence of Tumors

Exposure Postexposure 0.001 0.1
(weeks) (months) Controls mg/M3  mg/mn3

1 13 0/1
15 1ll
21 1/4b 0/4

2 20 0/5 1/5C
4 16 0/1 0/1

20 0/4 0/5
8 15 0/4 0/2 0/4

17 0/1
18 111d

12 12 0/2 4/5 (3f,1g)
17 Ile

26 14 0/4 3/4f
18 I/it

39 11 1/3I 4/4 (f')
52 2 I/if

4 1/1
6 ilf
7 0/1

10 1/22' 1/17 3/14 (3e,2f,11)
17 1/1e 1/1,
18 4/4f

Rats with tumors 2/27 5/48 25/57
Rats with agent-.

related tumorsv 0/27 0/48 22/57
"aSubcutaneous liporna.
bAxijary lipoma.
cSubcutaneous fibroma.
d Astrocytoma.

OSkin, fibroma.
fSkin, squamous cell carcinoma (agent related).
gSkin, basal cell carcinoma (agent related).
hSkin, trichoepithelioma (agent related).
'Skin, keratoacanthoma (agent related).
jAs designated by McNamara et al.
SOURCE: McNamara et al., 1975.

mice. An additional thrice-weekly exposure to 1.98 x 102 mJ/cc2 of UVB
energy produced an 88 percent incidence of skin tumors; UVB energy
alone produced tumors in 76 percent of mice. Twice-weekly application
of HN2 with UVB produced more tumors than once-weekly applications
of HN2 with UVB, and there was no tumorigenic activity of the alcohol
vehicle among control animals when combined with UVB.

A final experiment on the carcinogenicity of HN2 was a skin painting
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TABLE 6-7 Tumors Observed in Rat Carcinogenicity and Toxicity
Studies (Includes All Animals and Only Those Observed for 12 or More
Months)

Exposed

Controls 0.001 mg/m3  0.1 mLm3

Study All 12+ mo. All 12+ mo. All 12+ mo.

Carcinogenicity 2/27 2/23 5/48 1/17 25/57 11/23
roxicity 3/64 3/29 2/79 2/39 10/79 10/39
Both studies 5/91 5/52 7/127 3/56 35/136 21/62

SOURCE: McNamara et al., 1975.

TABLE 6-8 Percentage of Female RF Mice with Neoplasms from

Exposure to HN2 or X-Rays

Percentage of Animals with Neoplasm

2.4 mg/kg HN2 x 4 300 R X-Rays x 4 Controls
Type of Tumor (115 mice) (110 mice) (113 mice)

Thymic lymphoma 21 33 10
Myeloid leukemia 2 27 4
Other leukemia 34 20 37
Lung tumors 68 13 15
Ovarian tumors 26 39 20

SOURCE: Conklin et al., 1965.

experiment by Zackheim and Smuckler (1980). They applied topical
HN2 in concentrations of 0.3 mg/0.2 ml 95 percent ethanol, once per
week for 20 weeks, or 0.1 mg/0.2 ml 95 percent ethanol, three times per
week for 23 or 26 weeks. Just over 27 percent of the mice in the low-dose
group (23 weeks) developed squamous cell carcinoma of the skin;
incidence of papillomas in other experimental groups was 21 to 33
percent. The authors concluded that HN2 was a potent skin carcinogen.

Summary of Animal Studies

Sulfur mustard has produced a significant increase in pulmonary
tumors as a result of intravenous injection in highly susceptible strain A
mice. A 15-minute inhalation exposure to a very high but unknown
vapor concentration of sulfur mustard produced a marginally significant
increase of pulmonary tumors, again in strain A mice. Sprague-Dawley-
Wistar rats developed a substantial increase in skin malignancies from
long-ter m chamber exposure to 0.1 mg/m3 of sulfur mustard. Such
increased malignancies were not observed in chamber exposures with
A/J mice, guinea pigs, rabbits, and dogs, although follow-up periods
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were inadequate. Subcutaneous injections totaling about 6 mg/kg of
sulfur mustard produced sarcomas and other malignancies at injection
sites in C3H, C3Hf, and strain A mice, but did not produce an increase
of malignancies at other sites.

Nitrogen mustard, particularly HN2, was more widely tested than
sulfur mustard and was found to be a potent tumorigen and carcinogen.
It produced an increase in lung tumor nodules in strain A mice from
both intravenous and intraperitoneal injections. Subcutaneous expo-
sures produced injection site tumors and pulmonary tumors in selected
strains of mice. Its tumorigenic potency appeared to be similar to or
somewhat greater than sulfur mustard; HN2 was one of the most potent
alkylating agents tested in the strain A bioassay program. HN2 increases
the action of both X and UV radiation. Excess lymphosarcomas were
reported in two studies of this type, and thymic lymphomas in a third.
However, the numbers of animals used in these studies were small.

Human Studies

Epidemiologic evidence about the carcinogenicity of mustard agent
and Lewisite comes from three sources: (1) studies of soldiers who were
exposed to these agents on the battlefield; (2) studies of workers who
manufactured these agents; and (3) studies of the unintended adverse
effects on patients exposed to these agents for medical therapy. This
review describes key studies from each of these arenas and characterizes
their attributes, including study design, comparison population, case
ascertainment and definition, control of other (confounding) important
variables, and estimation of exposure to mustard and Lewisite.

Occupational Exposure

Japanese Studies. A number of studies have followed workers at a
weapons factory on Okuno-jima, an island in the Inland Sea and in
the south of Hiroshima Prefecture. The factory manufactured vari-
ous chemical agents for use in World War II, and many investigators
believe that these workers were exposed to multiple poisonous
agents other than sulfur mustard and Lewisite, including HCN,
diphenyl cyanarsine, choroacetopheonone, and phosgene. The stud-
ies reflect use of various methodologies in epidemiology ranging
from case reports and case series to formal cohort mortality studies.
The weight of the evidence firmly demonstrates the carcinogenicity
of sulfur mustard in the occupational setting, which implies repeated
exposures but does not allow comment on the level of exposure.

Yamada (1963) reported a case of bronchogenic carcinoma in a former
worker in the Hiroshima plant. Other cases are included in this report,
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representing a pioneering effort to quantify the degree of excess cancer
among former workers. Its epidemiologic value is surpassed by subse-
quent work by Wada on the same population (see below), but Yamada
does provide a qualitative description of exposure not included in
subsequent reports: "Each working room was so filled with the leaked
gas shrubs around the room became withered." Workers apparently
wore gasproof masks and rubber clothes, although this personal pro-
tective gear was not provided in "sufficient amount." Wada and
colleagues (1962) added a description of the differential exposure to
various jobs at the plant, information that was used in subsequent
epiderniologic studies of this population.

Nishimoto and colleagues (1983) extended this analysis by comparing
mortality experience with the likelihood of exposure to sulfur mustard
and Lewisite. Three cohorts were defined: (1) those involved in gas
production; (2) those in laboratory work, inspection, incineration, etc;
and (3) those in the production of tear gas and other jobs not exposed to
mustard, Lewisite, etc. There is almost no discussion of methods of
epidemiologic analysis used. The authors reported that only the first
two groups had excesses of lung cancer compared with local rates.
Inspection of one table of mortality ratios, however, suggests that all
three groups were in substantial excess, although the third group did
not reach statistical significance. Due to the limits of the methods used
and the brevity of the report, this study adds little weight to the
evidence that there was a differential response by degree of exposure in
the workers at this plant.

A subsequent report by Nishimoto and colleagues (1988) further
clarified the Japanese experience in two ways. First, it indicates, albeit
indirectly, that workers in the two groups with lung cancer excess
(cohorts 1 and 2) were not exposed to phosgene; phosgene-exposed
workers appear to be included in cohort 3, "the production of other
gases." Secondly, this paper reports 11 cases of cancer of the larynx
among the 674 workers exposed to sulfur mustard and only 1 case
among the group not exposed to sulfur mustard. Although no formal
estimates are made of the number of expected cases of laryngeal cancer
in the first group, the number of cases clearly suggests an excess.

Kurozumi and colleagues (1977) described four cases of respiratory
tract malignancy among former workers in the same Hiroshima plant
studied by Wada. The case reports provide no additional information in
evaluating the carcinogenicity of sulfur mustard. However, in evalua-
tion of the dose response for sulfur mustard, one case is reported to
have worked in the factory for only six months; her duties and extent of
exposure are not described.

Wada and colleagues (1968) conducted a cohort mortality study of
2,620 individuals who worked in the plant between 1929 and 1945,
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including 495 who reported that they manufactured sulfur mustard. The
study is unusual in that the cohort of exposed workers was not
determined from a plant employment roster, but by a series of indirect
methods that included community surveys, interviews with former
workers, etc. It is not clear from their report whether the cause of death
was ascertained only from the death certificate or multiple methods.
However, 33 deaths due to cancer of the "respiratory passages" were
identified that occurred between 1952 and 1967 as compared with 0.9
expected. Among plant workers not exposed to sulfur mustard, there
were 3 deaths from respiratory cancer compared to 1.8 expected.

With only one exception, the cases of respiratory and lung cancer in
this study were located in the central, major airways, rather than in
peripheral regions of the lung. None were adenocarcinomas. No com-
parison distributions for these findings were provided.

The authors did not provide information describing the level of
exposure of the workers. It is unclear whether exposures were substan-
tially low and not associated with acute symptoms, or high enough to
cause dermatologic or pulmonary symptoms (see Chapters 7 and 9).
Ledigth of employment, which is frequently used as a surrogate for
exposure in epidemiologic studies, was provided for workers with
cancer but not for the entire population at risk. This prevented the
authors from estimating any dose-response relationships. Other poten-
tial problems with this study include (1) the possibility of differential
selection of cohort members if they had a malignancy; (2) a potential bias
toward ascribing employment in mustard production among cases of
cancer; and (3) the possibility of more extensive searching for a history
of mustard exposure among the cases of respiratory malignancy. How-
ever, none of these potential methodologic problems are likely to
explain the extraordinarily elevated mortality ratio for cancer of the
respiratory tract or the unusual anatomical distribution of malignancies.
Taken as a whole, this paper provides substantial evidence that occu-
pational exposure to sulfur mustard is associated with cancer. It does
not, however, provide information by which to judge the extent of risk
among those exposed to low levels over a short duration.

Inada and colleagues (1978) provide a case series among former
workers at the Japanese plant of Bowens' disease, a dyskeratotic
hyperplastic growth of the epidermis that is thought to be precancerous.
The case series draws attention to the possible association of this disease
entity with exposure, but does not provide sufficient information to
evaluate whether the occurrence of this number of cases is unusual and
hence possibly causally related to exposure.

British Studies. A second series of studies examined exposure of
workers in the manufacture of war gas in World War II in the United
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Kingdom. Manning and colleagues (1981) conducted a cohort mor-
tality study among 511 former employees of a plant that manufac-
tured sulfur mustard, alone and in combination with other toxic
gases, from 1939 to 1945. The most prominent finding was a
statistically significant excess of cancer of the larynx, based upon 2
cases of cancer of the larynx and 1 of the trachea; the relative risk was
7.5. Examination of cancer incidence, rather than cancer mortality,
provides a parallel conclusion: 7 workers developed cancer of the
larynx, compared with 0.75 expected, yielding a relative risk of 9.3.
The relative risk for lung cancer was elevated, albeit not significantly,
compared to the general population of England and Wales (21
observed versus 13.43 expected; relative risk equal to 1.6), although
the relative risk is lessened to 1.2 when compared with the experi-
ence of the local population, which has higher lung cancer rates
normally. The cohort also had a significant excess of mortality due to
pneumonia (relative risk 2.0; 14 observed versus 6.86 expected). This
study had three major deficits:

• No analysis is provided by length of employment in this man-
ufacturing facility, the usual surrogate for exposure.

• No description or estimate of the exposure is provided by which
to gauge the magnitude of exposure.

* No information is available on other exposures that are associ-
ated with cancer of the larynx, such as cigarette smoking.

Given these limitations, this study still provides substantial indication
that there is a relationship between employment in this facility, which
the authors equate with exposure to sulfur mustard, and cancer of the
larynx.

Easton and colleagues (1988) conducted an expanded study, includ-
ing follow-up study of the Manning group's cohort, and provided more
qualitative information on exposure. For example, it was documented
that gas had escaped into the air of the facility and that acute respiratory
and dermatologic symptoms had occurred. Consistent with the prior
and smaller Manning study, significant excesses for cancers of the
pharynx (standardized mortality ratio [SMR] = 549) and lung (SMR =
145) were observed when compared to national rates for cancer. New
findings included significant excesses of cancer of the esophagus and
stomach and an excess for nonmalignant respiratory disease. Again, the
excesses were lower when compared to local rates. A significant
contribution of this study is the added use of duration of employment as
a surrogate for exposure. Dose-response relationships were observed for
cancers of the lung, pharynx, larynx, but not for stomach or esophagus.
The findings of a dose-response relationship with malignancies ob-



RELATIONSHIP OF EXPOSURE TO CARCINOGENESIS 101

served in other studies adds weight to the evidence of the carcinogenic-
ity of sulfur mustard.

Battlefield Exposure

Jackson and Adams (1973) conducted a case control study to explore
the causes of aggressive and disfiguring cases of basal cell carcinoma: 33
cases of "horrifying" basal cell carcinoma were compared with 435 other
cases of basal carcinoma. Of interest to this discussion, 2 of the 33 cases
had histories of mustard vapor bums. One case, reported in some detail,
developed a basal cell carcinoma in the scar on his neck left by sulfur
mustard in World War I (WWI). This study does not provide an estimate
of the risk to veterans with mustard agent burns of subsequently
developing dermatologic cancers. The study nevertheless reveals a
possible etiologic association between mustard agent bums and aggres-
sive basal cell carcinoma.

Case and Lea (1955) studied a group of 1,267 men who were receiving
pensions for the effects of mustard agent poisoning resulting from WWI
combat exposures. The mortality experience of this group was compared
with expected mortality for males in England and Wales and with the
mortality experience of 1,421 other WWI pensioners disabled by bron-
chitis and another 1,114 pensioners with limb amputatioJus, but without
bronchitis, who had not been exposed to sulfur mustard. The results
showed that both the cohort exposed to sulfur mustard and the cohort
with bronchitis, but not the amputees, had significant excesses of
mortality for "all causes" and for "cancer of the lung and pleura." The
authors did not feel that these results support the hypothesis that sulfur
mustard acts as a direct carcinogen. The major limitation of this study
was the lack of information on cigarette smoking. Pension records
showed that 81 percent of the exposed cohort were disabled by bron-
chitis or other pulmonary conditions, but there is no way to determine
if their bronchitis is mustard-associated, smoking-associated, or both. It
is possible that members of this cohort, like U.S. veterans who were
exposed to sulfur mustard (Norman, 1975), smoked less than their
peers. Thus, this study provided weak evidence that mustard exposure
is not associated with an excess of cancer of the lung.

Beebe (1960) conducted a similar study of U.S. veterans of WWI that
was designed to compare the mortality and morbidity of three groups:
(1) soldiers hospitalized for exposure to mustard vapor; (2) soldiers with
pneumonia; and (3) soldiers requiring amputation. Unlike the British
study, all members of the gas cohort had to have had medical evidence
of eye or skin bums from mustard agents. Smoking data were also
available on a sample of all three cohorts and documented a deficit of
smoking in the gas cohort. The sulfur mustard cohort had 1.3 percent
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die of lung cancer compared with 1.0 percent of the wounded control,
which while elevated was not significant. Compared with the mortality
patterns of the general population, however, the gas cohort had 39
observed deaths from respiratory cancer compared with 26.6 expected.
This statistically significant excess is even more impressive if one
considers that the gas cohort had a deficit of smokers. Significant lung
cancer excess was not observed for the pneumonia or the wounded
cohorts. Beebe concluded that, since there was no substantial difference
in lung cancer mortality between sociologically similar groups of sol-
diers, yet there was a substantial difference with the general population,
this study is "quite suggestive" but "unproved.'

Norman (1975) followed Beebe's cohorts for an additional 10 years.
The mortality ratios for the mustard-exposed, pneumonia, and
wounded populations were 0.99, 0.93, and 0.92, respectively, which
may reflect an excess in that soldiers must pass a screening examination
before induction. The mortality ratio of the gas-exposed cohort com-
pared to wounded controls was 1.3, with 95 percent confidence intervals
extending from 0.9 to 1.9. With "a more sensitive test," this difference in
lung cancer deaths in the mustard-exposed cohoi-t was even higher. A
further case control analysis, for which little methodological detail was
provided, indicated that mustard exposure added little excess risk
compared with cigarette smoking. The authors recognized that this
comparison might not accurately reflect the cumulative amount of
cigarette smoking in each group; indeed, they provided data that
smokers who were gassed quit substantially earlier than those in the
other two groups. This study provides some evidence supporting the
conclusion that a battlefield exposure associated with hospitalization is
later associated with an excess mortality from lung cancer. This study
also demonstrates the degree of information that would be essential to
disentangle unequivocally the effect of mustard exposure from cigarette
smoking.

Medical Therapeutic Exposure

In the early 1970s, reports began appearing of acute nonlymphocytic
leukemia (ANL) in patients with multiple myeloma and lymphoma who
had been treated with nitrogen mustards (Kyle et al., 1970; Rosner and
Grunwald, 1975). Initially, it was thought that this occurrence might
represent a consequence of the late natural history of these diseases.
However, ANL was also found to occur in other types of cancer patients
who had been treated with nitrogen mustards and other alkylating
agents (Einhorn, 1978; Fisher et al., 1985; Greene et al., 1982). In
particular, patients with ovarian cancer treated with melphalan and
chlorambucil developed this complication. The reason why the initial
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observations of this complication were in multiple myeloma, lym-
phoma, and ovarian cancer patients is undoubtedly that these were the
first patients to receive prolonged therapy with nitrogen mustards who
survived long enough to develop this complication.

As experience with cancer chemotherapy has increased, it has be-
come obvious that this complication occurs in approximately 3 to 5
percent of all patients treated with therapeutic courses of nitrogen
mustards and other alkylating agents (Tucker et al., 1988), and in some
groups of patients treated with prolonged, intensive courses, this rate
has been as high as 30 percent (Einhorn, 1978). The acute leukemia that
is seen after alkylating agent therapy is very malignant and responds
poorly to conventional therapy. The peak time of onset of this leukemia
has been reported to be between three and nine years after the original
treatment (Blayney et al., 1987). As larger numbers of cancer patients
have been treated with alkylating agents, the evidence has become very
strong that there is also an increase in the rate of solid tumors in these
patients (Tucker et al., 1988). In one study of patients who had been
treated for Hodgkdn's disease, the patients' 10-year actuarial risk of ANL
was estimated to be 5.9 percent, for lymphoma 3.5 percent, and for solid
tumors 5.8 percent (Koletsky et al., 1986). Similar risks have been
described in other studies, including children treated for cancer.

Therapeutic nitrogen mustards are administered systemically (except
for a small experience with topical application to the skin, see Chapter 9)
and are given repeatedly for periods of weeks to months. They are less
reactive and have a different systemic pharmacology than sulfur mus-
tard (Colvin and Chabner, 1990). Therefore, it is difficult to make
quantitative extrapolations to the carcinogenicity of sulfur mustard and
to which tumors sulfur mustard would be expected to produce. For
example, acute leukemia has not been reported as a late consequence of
sulfur mustard exposure. This might well be because those patients with
sufficient skin or inhalation exposure to deliver a leukemic dose to the
bone marrow would have succumbed to pulmonary and other compli-
cations. However, because sulfur mustards and nitrogen mu3tards have
similar effects on DNA, the clinical experience with nitrogen mustards
supports the evidence that sulfur mustard is carcinogenic in man.

SUMMARY

Gaps in the Literature
There are three major gaps in the epidemiologic literature on occu-

pational exposure. The first gap concerns the limited cohorts of workers
that have been studied, Japanese and British. Other countries (including
the United States) manufactured war gases; hence other cohorts of
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workers could be identified and studied, which would contribute
additional information.

The second gap concerns the limited information available on expo-
sure levels. Historical records vary considerably in their detail. Exposure
measurements, if any, were usually done to determine levels for
particularly troublesome parts of the manufacturing process or were
collected for specific areas of the plant, which limits their value in
characterizing particular jobs.

The third gap concerns assessment of risk. The available epidemio-
logic studies focus on determining whether exposure is associated with
a increased rate of malignancy in the exposed workers. This endeavor is
complicated, and its conclusions-whether or not war gases are carci-
nogenic-are not the most appropriate questions to be addressed by this
committee. Even if one concludes that the studies demonstrate a
relationship between exposure and human cancer, the question re-
mains: What would be the likely rate of cancer in the chamber and field
test volunteers, or those who worked with these agents, exposed at
levels different from the battlefield or occupational situations in Japan or
Great Britain? This question requires a quantitative risk assessment,
which cannot be developed from the data available in the literature

Conclusions

Mustard agents are well known to be monofunctional and bifunc-
tional DNA alkylating agents. They are extremely cytotoxic at low
doses. They alkylate RNA and proteins and produce DNA lesions,
which may be repaired only at low doses. The sulfur mustards also
alkylate the 0-6 position of guanine. DNA alkylation is likely primarily
responsible for the mutagenic consequence of cellular exposure. The
sulfur mustards induce a wide variety of genetic lesions in many types
of mammalian cells in vitro in a dose-related fashion. They also induce
genetic damage in vivo in peripheral blood Jymphocytes at low doses.

In contrast to mustard agents, the genetic toxicology of Lewisite has
been poorly studied. Lewisite induces chromosome aberration in one
type of cellular assay. It appears not to be mutagenic in Salmonella.

Sulfur mustard produces a variety of cancers through different
exposure routes. It produced skin malignancies in chamber exposure in
rats. Intravenous injection produced a significant increase in pulmonary
tumors in highly susceptible strain A mice. Subcutaneous injections

produced sarcomas and other tumors at the injection site in C3H, C3Hf,
and strain A mice, but did not produce an increase of tumors at other
sites.

Nitrogen mustard, particularly HN2, was more widely tested and
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found to be a carcinogen. It produced pulmonary tumors from both
intravenous and intraperitoneal injections in strain A mice. Subcutane-
ous exposures produced injection site tumors and pulmonary tumors in
selected strains of mice. Its carcinogenic potency appeared to be similar
to sulfur mustard, and it was one of the most potent carcinogens
amongst the alkylating agents tested in the strain A bioassay program.

Evidence indicates that occupational exposure to sulfur mustard is
associated with respiratory tract cancer. The battlefield experience is
somewhat more equivocal, although the lung cancer excess is suggestive
of an association.

Evidence from therapeutic use of nitrogen mustard clearly indicates
a causal association with skin cancer (see Chapter 9) and leukemia. An
excess of skin cancer or leukemia was not evident in the occupational or
battlefield studies.

The weight of the evidence-cellular, epidemiological, and toxico-
logic-indicates a causal association between sulfur mustard exposure
and the occurrence of excess respiratory cancer, and skin cancer, and
possibly leukemia. Inadequate exposure information limits accurate
estimation of the cancer excesses that may be expected. The evidence is
insufficient to indicate a causal relationship for Lewisite carcinogenesis.

Based on the foregoing, the committee concludes that human sub-
jects of the WWII chamber tests are probably at increased risk of
respiratory tract and skin cancer. This conclusion is based upon esti-
mates of exposure to sulfur mustard that occurred among the subjects of
the chamber tests (see Chapter 3), which approximated the battlefield
exposure of surviving WWI soldiers. Studies of WWI gassing victims r
demonstrate a suggestive excess of cancer of the respiratory tract.
Limitations on information on exposure of study subjects and WWI
gassing victims limit the precision of this risk projection.
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7

Nonmalignant Respiratory Effects of
Mustard Agents and Lewisite

It is well documented that inhalation of sulfur mustard or Lewisite
causes acute damage to the respiratory tract. In fact, pulmonary injury
is the principal cause of mortality in the first few days to weeks after
exposure to sufficiently high concentrations of sulfur mustard (Hosseini
et al., 1989; Papirmeister et al., 1991; Willems, 1989).

The primary question at issue in this report, however, is whether
repeated daily exposures to these agents, at the concentrations used in
the World War II (WWII) testing programs, are associated with long-
term respiratory effects. If a risk of chronic effects is judged to exist
among these human subjects, a secondary question arises as to whether
an acute response is a necessary precursor to the development of
long-term respiratory effects.

There are few directly relevant studies available fkr answering these
questions and, as discussed in Chapter 3, the long-term health status of
the subjects has not been followed. Nevertheless, some data do exist on
the chronic health effects among populations exposed to sulfur and
nitrogen mustards in far different contexts. To make inferences to the
WWII testing program experiments, however, would require knowing
the exposure levels present in each of the contexts. Thus, the conclu-
sions reached in Chapter 3 regarding the possible exposure levels of
human subjects in the WWII testing programs become key aspects of
this assessment.

This chapter deals with chronic, nonmalignant respiratory effects. It is
based primarily on a review of the epidemiologic and clinical literature
on chronic effects of exposures incurred in the manufacture of mustard
agents, in combat, and in medical therapeutic situations. Finally, in an
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FIGURE 7-1 Structure of the respiratory tract. SOURCE: National Research Council,
1979.

attempt to understand the relationship between the acute and chronic
responses to these agents, other respiratory hazards known to cause
both acute and chronic effects are also reviewed.

PHYSIOLOGY AND ANATOMY

The basic anatomy of the respiratory tract is illustrated in Figure 7-1.
The respiratory tract is lined with epithelial cells of different types,
depending on their location and functions. A stratified squamous
epithelium lines the nasal vestibule, followed by pseudostratified cili-
ated and ciliated columnar to cuboidal epithelium that lines the remain-
der of the nose, trachea, bronchi, and bronchioles (Figure 7-2). These
cells are interspersed with nonciliated goblet and Clara cells. The cells
are coated with a thin layer of mucus secreted by the goblet cells and
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FIGURE 7-2 Illustration of the various types of cellular arrangements of epithelium that line
internal body passa., including the respiratory system. Specialized cells, such as gcblet cells,
that secrete mucus into the passapes are often interspersed with the epithelial cells. Clara cells
take the place of goblet cells in certain parts of the respiratory system. A: simple squamous; 8:
simple cuboldal; C: simple columnar; D: ciliated columnar; E: pseudostratifled ciliated
columnar with goblet cells; and F: stratified squamous. SOURCE: Adapted from Stedman's
Medical Dictionary, 1976, with permission from Williams & Wilkins.
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mucous glands. The ciliated cells and the mucus serve as an escalator to
move materials from the deep lung to the oral cavity where they are
swallowed and excreted.

The conducting airways extend through the respiratory bronchioles,
which terminate into the acini, consisting of alveolar ducts, alveolar
sacs, alveoli and associated blood vessels, lymphatic tissues, supportive
tissues, and nerve endings. The alveoli are the primary site of gas
exchange with the blood, and are lined by two specialized types of
epithelial cells (Type I and Type II alveolar epithelial cells). The total
alveolar surface area in the adult human is about 100 m2 during deep
inspiration (Menzel and Amdur, 1986; Phalen and Prasad, 1988).

The most important type of inhalation exposure of the respiratory
tract to sulfur mustard or Lewisite, including the chamber tests and field
trials, has been to vapors of these compounds (Papirmeister et al., 1991).
Inhaled vapors rapidly contact airway surfaces by the process of
molecular diffusion (Lippmann, 1992). Surface uptake of the vapor then
depends on the chemical properties of the inhaled compound. Highly
reactive compounds with characteristics similar to sulfur mustard are
generally removed higher in the respiratory tract and, thus, cause most
of their damage in nasal, laryngeal and bronchial regions of the
respiratory tract (Dahl, 1990; Dahl et al., 1991; Lippmann, 1992).

ACUTE EFFECTS AND BIOLOGICAL MECHANISMS

The inhalation of sulfur mustard or Lewisite causes acute damage to
the respiratory tract, but the symptoms of exposure are not immediate
and develop over a period of several days. Pulmonary injury is in fact
the principal cause of mortality in the first few days to weeks after
exposure to sulfur mustard (Hosseini et al., 1989; Papirmeister et al.,
1991; Willems, 1989). The signs and symptoms of respiratory tract
damage following inhalation of various levels of sulfur mustard are
summarized in Table 7-1.

Damage to the respiratory tract involves awute edema (swelling),
inflammation, and destruction of the airway epithelial lining. Depend-
ing on the dose, the destruction may be mild to severe. Severe damage
includes destruction of the epithelium with subsequent formation of
pseudomembranes (such as those formed in diphtheria infections),
which may slough and obstruct the airway, resulting in death. In most
cases, the injury is most severe in the larynx, trachea, and bronchi, with
small bronchi less affected than large bronchi. The basement membranes
that underlie the epithelium are edematous and are infiltrated by white
blood cells. In some cases, presumably with high exposures, damage
extends into the deeper alveolar regions, resulting in generalized edema
of the lung. Finally, allergic hypersensitivity reactions to inhaled sulfur
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mustard vapors have not been well studied, but could be involved in
cases of chronic exposures to sulfur mustard (Morgenstern et al., 1947;
Papirmeister et al., 1991).

Infection of the respiratory tract resulting in bronchopneumonia is a
common complication of respiratory tract injury from inhaled sulfur
mustard. It appears that most deaths following inhalation of sulfur
mustard result, at least in part, from pulmonary infection, often com-
plicated by septicemia (Hosseini et al., 1989; Keshmiri, 1989; Papinneis-
ter et al., 1991; Willems, 1989). Immunusuppression from systemic
absorption of sulfur mustard probably plays a major role in the patho-
genesis of these infections, although its importance relative to the local
pulmonary injury is not well understood. Pulmonary infection and
septicemia, despite modem antibiotic therapy, were still significant causes
of death in Iranians taken to Europe for treatment (Willems, 1989).

The above descriptions of the acute effects come primarily from
humans who died following World War I (WWI) gas attacks and from
animals that died as a result of experimentally induced lesions (Pa-
pirmeister et al., 1991). There is little contemporaiT information regard-
ing the pathogenesis of the respiratory lesions or few data from people
or anintals exposed to nonlethal concentrations of sulfur mustard vapor.
There are even fewer studies in which the histopathology of the
recovery process has been studied in animals exposed to sulfur mustard.
However, two studies conducted during WWI suggest that low-level
exposure or survivable exposures in dogs and rabbits may produce scar
tissue following small ulcerations in the trachea and larynx, causing
contractions of these areas (Warthin and Weller, 1919; Winternitz, 1919).
Nevertheless, the descriptions of the more severe lesions of the respi-
ratory tract of animals exposed to sulfur mustard vapor and those in
humans appear to be quite similar in type and location (Papirmeister et
al., 1991). Thus, further studies in animals conducted to follow the
repair of the acute respiratory tract lesions from nonlethal, inhaled
sulfur mustard vapor would be of value in determining the persistence
and course of such lesions in people. However, it has been difficult to
induce a chronic bronchitis that persists following cessation of exposure
in animals (Greene et al., 1984).

The acute effects of inhaled Lewisite vapors are similar to those
discussed above for inhaled sulfur mustard vapor. A major exception is
that the irritating effect of Lewisite is immediately detectable by the
exposed person. Data on the histopathological lesions in the respiratory
tract from inhaled Lewisite are available only from animals, but the
reported lesions are generally very similar to those discussed above for
sulfur mustard. However, at high concentrations, Lewisite-induced
pulmonary edema appears to be more prominent than with sulfur
mustard. Hemoconcentration, presumably due to this pulmonary
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edema, has also been reported to be a prominent finding following
inhalation of Lewisite (Urbanetti, 1988).

EVIDENCE OF LONG-TERM HEALTH EFFECTS

Animal Studies

Inhaled sulfur mustard vapor produces destruction of the epithelium
of the respiratory tract. Apparently, much of the vapor is removed
higher in the respiratory tract: the nasal, laryngeal, and tracheobronchial
regions appear to be the most severely affected (Papirmreister et al.,
1991). Many of the animal studies of toxicity from inhaled sulfur
mustard were conducted during WWI. In rabbits, inhalation of sulfur
mustard produced damage that was particularly prominent in the upper
respiratory tract, including the nasal passages, pharynx, larynx, trachea,
and large bronchi (Warthin and Weller, 1919). The damage increased
with increasing exposure concentrations. Low levels of exposure caused
congestion of these areas without hemorrhage. Degeneration of mucous
cells was observed in the pharynx and larynx. The highest levels of
exposure caused necrosis of the epithelium, infiltration of white blood
cells, and the formation of diphtheritic-like pseudomembranes.

Experiments in dogs showed necrosis of the epithelium of the upper
respiratory passages with psendomembrane formation. This usually
extended to the bronchioles. Animals that died from two to ten days
following exposure had evidence of necrotizing pneumonia. Animals
sacrificed at later times showed localized ulceration or constriction of the
trachea (Winternitz, 1919).

Lung damage also occurred following intravenous injection of sulfur
mustard into animals (Office of Scientific Research and Development,
1946). Intravenous injection of a solution of sulfur mustard in either
propylene glycol or thiodiglycol was reported to cause diffuse pulmo-
nary congestion and edema, but pure sulfur mustard given rapidly
caused more serious necrotic and hemorrhagic lesions of the lung.
However, these authors attributed this lung damage from injected
sulfur mustard to localization of particulate sulfur mustard in the
pulmonary capilliries, because pulmonary injury was not observed with
other parenteral routes of administration.

Sulfur mustard is absorbed through the skin into the systemic
circulation. Following intravenous administration of radiolabeled sulfur
mustard in rabbits, the level of radioactivity in tissue was highest in
kidney, followed by lung and then liver (Boursnell et al., 1946). Thus, it
is conceivable that some sulfur mustard exposure of respiratory tract
tissue with subsequent biological effects could occur following systemic
absorption from skin exposure.
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Human Studies

The clinical and epidemiologic literature on health effects of sulfur
mustard covers three types of exposure situations: (1) chronic occupa-
tional exposures incurred in the manufacture of the mustard agent; (2)
acute combat exposures; and (3) medical use as antitumor drugs.

Occupational Exposure
There is some relatively recent epiderniologic literature on occupa-

tional exposure to mustard agents in British and Japanese munitions

factories. Several studies suggest that workers who were chronically
exposed to mustard agents developed chronic nonmalignant respiratory
effects (Easton et al., 1988; Manning et al., 1981; Nishimoto et al., 1970).
In the British population, chronic respiratory disease has been reported
to occur even among workers with only a few years of employment
(Easton et al., 1988).

In a cohort mortality study of 511 employees at a manufacturing
plant in England, a significant excess of deaths due to pneumonia was
found (Manning et al., 1981). In a more extensive examination of this
same plant, Easton examined the mortality patterns of an enlarged
cohort of 3,500 workers and reported standardized mortality ratios
(SMRs, measures of relative risk) for specific causes of death (Easton et
al., 1988). Findings included statistically significant excesses of non-
malignant respiratory disease (SMR = 143), including subcategories of
influenza and pneumonia (SMR = 143), bronchitis (SMR = 159), and
asthma (SMR = 151). These excesses were present even among those
with less than three years of employment at the plant, and were not
related to duration of employment. The finding of excess mortality
due to nonmalignant respiratory disease observed shortly after initial
exposure is consistent with the follow-up studies of combat survivors,
in which bronchitis and emphysema were found to be present within
months of the acute exposure (see below).

Workers exposed to sulfur mustard and Lewisite in a Japanese
production plant were surveyed for respiratory morbidity 25 years after
production had ceased (Nishimoto et al., 1970). The survey included
chronic symptoms and pulmonary function assessments, that is, forced
vital capacity (FVC) and forced expiratory volume in 1 second (FEVI).
The study group of 1,403 represented 62 percent of those identified from
among the 5,000 total former employees of the plant. Based on an
internal comparison, more highly exposed workers reported more
chronic bronchitis and had slightly lower FEV1/FVC than either a
less-exposed or unexposed clerical group of coworkers. Compared to
groups of unexposed patients at a Chicago respiratory clinic and
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"ordinary" patients at a Japanese clinic, the group exposed to mustard
agent and Lewisite had more chronic bronchitis, chronic cough, and
redueed FEVI/FVC. Among nonsmokers, almost half of those previ-
ously exposed to mustard agents or Lewisite reported persistent pro-
ductive cough, compared to 30 percent in the unexposed group. The
former poison gas workers showed a more bronchitic type of airway
obstructive pattern than did the ordinary patients with chronic obstruc-
tive pulmonary disease (COPD); however, they did not have less
anatomical evidence of emphysema I Based on this literature, the
Agency for Toxic Substances and Disease Registry (ATSDR) concluded
in the recent Toxicological Profile for Mustard "Gas" (1991) that, "when the
vapors are breathed for a prolonged period, other respiratory diseases,
such as chronic bronchitis.., can eventually occur."

None of the epidemiologic studies of occupational exposures pro-
vided estimates of exposure level. It has been reported that worker
protection was inadequate in the Japanese factories and that employees
were exposed to significant levels of sulfur mustard, and to a lesser
extent to Lewisite (Wada et al., 1962). Conditions may have been better,
but still relatively poor, in British munitions factories (Haber, 1986). It is
difficult to judge the safety conditions, however. For example, as
discussed in Chapter 3, all sulfur mustard and Lewisite production in
the United States was accomplished at military bases controlled by the
Chemical Warfare Service. This group's safety record was the worst in
the military during the peak years of production, with hundreds and
probably thousands2 of documented injuries resulting from sulfur
mustard and Lewisite (Brophy and Fisher, 1959; Cochrane, 1946). Given
this high incidence of injury, it is surprising that follow-up studies of
chemical warfare production workers have not been conducted on the
U.S. worker populations.

Battlefield Exposure

The risks associated with acute combat exposures are probably more
relevant for predicting the likely long-term effects of the experimental
chamber exposures. Chamber exposures were delivered over a period of

'Bronchitis is an inflammation of the mucous membrane lining the respiratory
passages. Emphysema is a disease in which the air spaces of the lungs are widened and
their walls or linings are destroyed. Although symptoms of these diseases may be similar j
and the diseases can commonly occur together, they are different anatomically. Both
emphysema and bronchitis can be called chronic obstructive pulmonary diseases
(COPDs).

2One thousand injuries of this type were reported for a two-year period just at
Edgewood Arsenal.
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days to weeks and were designed to simulate combat exposures in terms
of concentration, humidity, and temperature.

World War 1. In a 1922 clinical study of 83 pensioners with
recognized disability due to gas poisoning, the principal symptom
was shortness of breath (Sandall, 1922). Persistent cough, expecto-
ration, and chest tightness were also frequent. Sandall reported that,
on physical examination, 26 percent showed signs of "emphysema,"
while another 20 percent had some definite signs of bronchitis.

A similar clinical study published in the same year involved 166
sanatorium patients, who gave a definite history of having been gassed
during the war and hospitalized for at least 20 days (Hankins and Klotz,
1922). Of these young adults, 25 percent gave a history of influenza or
pneumonia, and all reported having never regained their health since
the gassing. Shortness of breath, cough, and expectoration were com-
mon, as were asthmatic symptoms. Based on X-ray findings, the clinical
picture was one of chronic peribronchitis, resulting from a permanent
thickening of the bronchial mucous membrane.

Berghoff reported clinical data based on 2,000 U.S. servicemen who
had been gassed with chlorine or sulfur mustard and were examined in
the course of their related discharge (Berghoff, 1919). Of those exposed
to sulfur mustard, most had been exposed in an explosive attack three to
four months prior to discharge. Of the total group, 30 percent were
diagnosed to have bronchitis, characterized by prolonged expiration and
coarse moist rales. Another 22 percent had characteristics associated
with emphysema, including a rigid chest, limited diaphragm move-
ment, and impaired expansion.

Gilchrist and Matz (1933) selected 89 living and 53 deceased cases
from among 1,016 U.S. servicemen who had been gassed with sulfur
mustard during World War I. The 89 living cases were examined
clinically and roentgenologically eight to ten years after exposure to
sulfur mustard. The basis for selection of cases was the availability of full
and well-documented histories of exposure to sulfur mustard, based on
military records, and the severity of the effects, also from information in
military records. These investigators concluded that 27 of the 89 men
who were examined nine to ten years after gassing had evidence of
anatomic or symptomatic disease attributable to their exposure to sulfur
mustard. The residual effects on the respiratory tract they noted were
chronic bronchitis, emphysema, and bronchial asthma.

There is also evidence that British soldiers exposed to mustard gas
during combat in WWI had a higher incidence of chronic bronchitis than
the general population (Case and Lea, 1955). One study, designed to
examine for lung cancer, identified a group of 1,267 war pensioners who
had suffered from sulfur mustard poisoning; 80 percent of the group had
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chronic bronchitis. Although this study group may not have been
representative of the entire cohort of veterans with exposure to sulfur
mustard, the findings strongly suggest an elevated risk of chronic
bronchitis associated with combat exposure.

Iran-Iraq War. There are several more recent reports of chronic
respiratory effects among people with combat exposure in the
Iran-Iraq war. Hosseini and colleagues described 61 victims of sulfur
mustard injury, between the ages of 15 and 30, seen two to four
weeks following exposure (Hosseini et al., 1989). Twenty-one of
these patients were followed for 15 months with spirometry and
X-rays. The symptomatic profile of the patients indicated that all 61
had cough, 75 percent had sputum, and 62 percent experienced
shortness of breath. An improvement in symptoms during follow-up
was observed for one subject. Only 20 percent appeared to have
"normal" patterns of pulmonary function, defined as predicted FVC
and FEV1/FVC values greater than 80 percent. The FVC was less than
this for 71 percent of those followed, and the FEV1/FVC was below
this figure in 52 percent of the cases. The authors were unable to
explain this observed inconsistent pattern of abnormalities. In an-
other report of survivors of the Iran-Iraq conflict, Somani and Babu
(1989) described delayed effects, present two years after the expo-
sure, which included chronic bronchitis and recurrent pneumonia.

In summary, the literature on the longer-term respiratory effects of
acute combat exposures suggests the presence of significant chronic
lung disease of both an obstructive and a restrictive nature. Yet, most of
these studies were based on individuals who had sustained an initial
acute injury with documented symptomatology. There is no direct
examination of whether such chronic effects can occur in the absence of
an observable acute response.

Medical Therapeutic Exposure

A variety of chemicals, including antitumor drugs with similarities to
sulfur mustard, are known to damage lung tissue following systemic
administration. Table 7-2 is a listing of antitumor drugs for which there
is good evidence of pulmonary toxicity, particularly pulmonary fibrosis,
following their administration in patients (Muggia, 1983; Rosenow et al.,
1985; Smith and Walker, 1990; Weiss and Muggia, 1980). Although five
of these drugs are alkylating agents (as is sulfur mustard), the alkylating
agents nitrogen mustard and thioTEPA have not been reported to
produce pulmonary fibrosis (Weiss and Muggia, 1980). Thus, the
question of pulmonary effects following absorption of sulfur mustard, or
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TABLE 7-2 Antitumor Drugs That Produce Pulmonary Fibrosis

Classical Alkylating
Agents Antibiotics Nitrosoureas Miscellaneous

Busulfan Bleomycin Carmustine Cytosine arabinoside
ChlorambucUl Mitomycin Semustine Methotrexate
Cyclophosphamide Zinostatin Chlorozotocin 6-Mercaptopurine
Melphalan Lomustine Procarbazine
Uracil mustard VM-26

Vinblastine
Vincristine

SOURCES: Muggia, 1983; Rosenow et al., 1985; Smith and Walker, 1990.

for that matter for Lewisite, from systemic absorption following an
exposure to skin, cannot be answered with available information.

RELATIONSHIP BETWEEN ACUTE AND CHRONIC
EFFECTS CAUSED BY EXPOSURES TO OTHER

RESPIRATORY HAZARDS

There is clear evidence from descriptions of severe overexposure to
sulfur mustard that exposure can cause both acute and chronic respira-
tory disease. However, there is little information available on the effects
of lower levels of acute exposure, and apparently no information on the
relatively brief exposures to levels that typify the experience in the
chamber and some field studies.

Even in the absence of follow-up studies that directly address the
question, however, it can still be pursued by examining indirect evi-
dence from studies of compounds that might behave similarly. To
evaluate the respiratory health risk associated with repeated brief
overexposures at nonlethal levels, the committee requested an expert
review of indirect evidence focusing on the link between acute and
chronic respiratory responses to similar agents (see Appendix J). The
review included exposures to irritant gases (chlorine, sulfur dioxide, and
combustion products), materials of plant origin (cotton), chemicals
(isocyanates), and inorganic dusts (silica, beryllium, and asbestos).

Sources of similar exposures include accidental overexposures to
irritant gases, which have occurred in the workplace as well as the
general community. Becklake and colleagues have reviewed the litera-
ture on acute and chronic effects associated with massive accidental
exposures to sulfur dioxide, chloride, and oxides of nitrogen (Becklake
et al., 1988). In 16 studies of sulfur dioxide, persistent abnormalities
were consistently reported, including airflow limitation, with symptoms
lasting up to 10 years following a single overexposure (Haskonen et al.,
1979). For oxides of nitrogen, persistent abnormalities were less consis-
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tent; for overexposure to chlorine, abnormalities were found to be rarely
persistent. In a community study based on a population exposure to
chlorine, subjects exposed during the derailment of a tank car were
followed up six years after the accident. The rate of annual decline in
FEVI was found to be unrelated to the initial clinical status of the
subjects Jones et al., 1986).

Becldake concludes that none of the many case reports, nor the one
community study, provides evidence to suggest that the pathophysio-
logic process induced by the exposure to an irritant gas was progressive.
Persistent pulmonary damage did not appear to be determinecd by the
degree of acute response at the time of the exposure, or by the extent of
initial recovery that occurred during the several months following the
exposure.

Exposures to cotton dust or components of the dust have been noted
to cause both acute and chronic effects. The acute effects are represented
by both a disabling respiratory syndrome (byssinosis) and a cross-shift
decrement in FEV1. Chronic effects include both accelerated annual
decrements in FEV1 and chronic bronchitis. The acute syndrome does
not necessarily remit on removal from exposure, and there is a growing
body of evidence to suggest a relationship between the acute effects and
chronic airflow limitation. There is evidence that short-term exposures
result in acute effects (Castellan et al., 1987; Martin and Higgins, 1976),
but no evidence for whether such exposures, with or without an acute
response, ultimately lead to chronic effects.

Isocyanates have been noted to cause several acute conditions,
including chemical bronchitis and allergic bronchoconstriction (Axford
et al., 1976; Brooks et al., 1985) and large dose-related cross-shift losses
in FEV1 (Peters et al., 1968). The chronic respiratory effects caused by
isocyanates include accelerated loss in pulmonary function over
several years, suggesting the development of chronic airway limita-
tion, and irreversible asthma (Peters and Wegman, 1975). There is also
evidence that the presence of acute effects predicts both the develop-
ment of chronic asthma and an accelerated rate of loss in lung function
in nonasthmatics. Finally, there is evidence that short-term exposures
to isocyanates can cause acute responses that are irreversible and
progressive, but there is no evidence as to whether such short-term
exposures without acute response result in irreversible respiratory
effects.

Beryllium exposures have also been associated with both acute and
chronic pulmonary disease, both of which have been shown to be
disabling (AMA Archives of Industrial Health, 1959). Relevant to the
present question, beryllium exposures, in one instance as brief as one
week and in several instances occurring for less than ten weeks, have
resulted in disease certified for inclusion in the registry of cases of
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beryllium disease established at the Massachusetts General Hospital
(Hall et al., 1959).

Silica exposures are generally considered important only for chronic
disease production. However, the condition of acute silicosis is caused
by relatively short-term, high-intensity exposures to very fine silica
particulate (ones et al., 1975). Exposures as brief as six months have
been associated with acute silicosis. Yet even in the absence of such
severe overexposures and acute clinical disease, there is evidence that
low-level exposures, not associated with clinical symptoms or chest
X-ray abnormality, can result in irreversible pathology (Craighead and
Vallyathan, 1980).

Similarly, asbestos exposures are noted for causing chronic respira-
tory illness, as well as cancer. Brief high exposures are not recognized to
cause respiratory complaints. However, relatively short-term exposures
of less than four years have been associated with increased respiratory
symptoms and decreased vital capacity (Rodriques-Roisin et al., 1986).

It should be noted that beryllium, asbestos, and silica are relatively
insoluble particles that remain in the lungs for months to years following
inhalation. Thus even a brief exposure results in a chronic exposure of
lung tissue to the agent.

Based on this review, a set of answers has been suggested for the
following key questions regarding sulfur mustard and Lewisite expo-
sure and chronic nonmalignant pulmonary disease. However, it should
be kept in mind that there is a striking absence of knowledge about the
early stages of environmentally related pulmonary diseases and almost
no knowledge on the natural (longitudinal) evolution of the clinical
conditions. Thus, there is little to guide us towards the appropriate
riisease model or towards identification of the relevant pattern(s) of
exposure for disease etiology.

Does the occurrence of an acute pulmonary reaction following
exposure to toxic chemicals identify an individual at risk for long-term
respiratory sequelae? Ample evidence has been provided for all of the
agents reviewed that a significant portion of individuals who react
acutely to short, high exposures (and even some to short, relatively low
exposures) go on to develop a variety of long-term respiratory effects.
The agents differ in the probability of long-term adverse outcomes, but
none appear to be free of this risk. The literature reviewed does not
allow identification of a minimum magnitude of acute response neces-
sary in order for there to be long-term sequelae.

If acute pulmonary reactions can identify individuals at risk for
long-term sequelae of chemical exposures, can the probability or
degree of damage be predicted from the magnitude of the acute
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response? This question has not been adequately studied. An associa-
tion with dose is found for acute as well as chronic responses, which
provides support for the association, but not for a relationship between
the magnitude of the acute response and the magnitude of the chronic
response. If the disease model invoked requires the acute exposure to
cause acute irreversible damage, then one might reasonably expect the
magnitude of acute response to predict the magniitude of the chronic
response. However, if another disease model is invoked, one in which
the acute exposure results in or leads to an alteration in individual risk
factors, then it is quite likely that the magnitude of the acute and chronic
responses would be unrelated.

What assurance is there that the absence of an acute pulmonary
reaction identifies chemically exposed individuals who will not
develop long-term sequelae? This may be the most important ques-
tion to ask and, unfortunately, the one for which no direct evidence
could be found. The indirect evidence, however, would suggest the
need to invoke an unusual disease model, one in which changes in
individual risk factors could be excluded from the list of possible
mechanisms, so that the absence of an acute reaction would eliminate
the possibility of any chronic effects related to a short-term or acute
exposure.

SUMMARY

Gaps

There are few directly relevant data for evaluating the risk of
chronic nonmalignant respiratory disease associated with the specific
exposure conditions present in the WWII chamber and field studies.
The range of exposure concentrations that were actually inhaled by the
subjects can be only crudely estimated, but they may have reached the
levels experienced by those exposed in combat or production facilities.
Without precise knowledge about the exposures, the only way to
estimate the true risk would be to identify the cohort of test subjects
and follow them for the occurrence of respiratory morbidity. To date,
the entire cohort of subjects has not been identified, nor has any
subset of them been followed for long-term health effects. The absence
of a follow-up study of the experimental subjects from the WWII
testing programs is the single largest gap in the literature relevant to
the assessment of chronic nonmalignant respiratory disease risk in
individuals experiencing short-term exposures to sulfur mustard or
Lewisite.
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Conclusions

The evidence indicates a causal relation between exposure to suffi-
cient concentrations of sulfur mustard (and presumably nitrogen mus-
tard and Lewisite) and chronic nonreversible respiratory effects in
humans. It is well known that pulmonary injury is the principal cause of
mortality in the first few days to weeks after intense exposure to sulfur
mustard. In addition, the evidence is consistent with a causal relation-
ship between occupational exposure to these agents and chronic ob-
structive lung diseases, including chronic bronchitis, asthma, and pneu-
monia. Finally, evidence from studies of combat survivors of gas attacks
is consistent with a causal relationship between acute overexposure and
bronchitis and emphysema. Further, given the likely exposure levels
outlined in Chapter 3, the evidence is consistent with a causal relation
between the concentrations of sulfur mustard (and Lewisite) used in
the WWII experiments and chronic nonreversible lung diseases.

Indirect evidence, based on a review of the relationships between
acute and chronic effects caused by other substances, suggests that the
likelihood of long-term respiratory effects may not necessarily be
linked to the presence of an acute respiratory response. Review of the
evidence does not support a minimum magnitude of acute response
necessary in order for there to be long-term sequelae. Further, if the
disease model requires the acute exposure to cause acute irreversible
damage, then the magnitude of acute response might well predict the
magnitude of the chronic response. However, if acute exposure led to an
alteration in individual risk factors, then it is possible that the magnitude
of the acute and chronic responses would be unrelated. Finally, indirect
evidence suggests that only an unusual disease model would exclude
the possible mechanism of change in individual risk factors so that the
absence of an acute reaction would eliminate the possibility of a chronic
effect related to an acute exposure. Thus, there is insufficient evidence to
conclude that long-term respiratory responses occur only in cases where
an earlier acute response has been documented.
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Ocular Effects of Mustard Agents
and Lewisite

The external eye is uniquely vulnerable to injury by mustard com-
pounds and Lewisite. Over 90 percent of patients exposed to sulfur
mustard in World War I (WWI) sustained injury to the conjunctiva;
about 10 percent of these injuries were severe, involving the cornea as
well. Animal studies suggest that these acute injuries can be followed by
recurrent or delayed symptoms, including ulceration, inflammation,
and corneal erosion. Many WWI veterans in fact developed such
symptoms some 8 to 25 years after their initial injuries. As with
pulmonary injuries (Chapter 7), however, there have been no long-term
studies of the ocular status of World War II human subjects.

PHYSIOLOGY AND ANATOMY OF THE EYE

The housing of the eye is a fibrous envelope composed of clear cornea
over the front one-sixth and opaque sclera surrounding the rest (Figure
8-1). The sclera is covered by the conjunctiva, a transparent mucous
membrane that also covers the inner surface of the eyelid3. Both the
cornea and the conjunctiva are covered with squamous epithelium, six
to seven and three to four layers thick, respectively. A three-layered tear
film (lipid, aqueous, and mucoprotein) bathes the surface cells con-
stantly, providing the eye with lubrication and protection. The lids also
close to protect the eye, and in doing so they periodically replenish the
tear film lost from evaporation and lacrimal drainage.

The cornea itself is a layered structure. Underlying the corneal
epithelium is a specialized region of collagen tissue. The rest of the
corneal collagen is organized into lamellae, or layers, that are very
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FIGURE 8-1 Anatomy of the eye.

regularly oriented and contribute significantly to corneal clarity. The
inner surface of the cornea is lined with a single layer of endothelium, a
metabolically active cellular layer that pumps electrolytes, water, and
metabolites out of the cornea. The corneal epithelium is derived from a
specific group of stem cells, encircling the cornea, that multiply and
ultimately form mature corneal cells. A different population of stem
cells, in the conjunctival fornices, give rise to the conjunctival epithe-
lium.

Corneal nutrition is supplied almost exclusively by the aqueous
humor circulating behind the cornea in the front of the eye. This allows
the cornea to obtain its nutrition in the absence of blood vessels, ap
obvious aid to clarity. When blood vessels do enter the cornea (in
disease or injur'), scarring occurs, with a loss of transparency and
consequently losE of vision.
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ACUTE EFFECTS AND BIOLOGICAL MECHANISMS

Dose-Related Considerations

Because of the constant presence of a tear film over its surface and
mucous membranes, the eye is more sensitive to sulfur mustard than
any other organ of the body. The fact that fluid is present in the eye at
all times probably accounts for the fact that varying conditions of
humidity do not influence the degree of injury as compared, for
example, to skin. Table 8-1 summarizes dose-related effects of sulfur
mustard on eyes at 16°C-7 0C. The degree of visual loss depends on the
concentration and exposure time to sulfur mustard. Concentrations of
less than 50 to 100 mg-min/m 3 cause simple conjunctivitis (inflammation
of the conjunctiva) that, at most, can disable an individual for one to two
weeks (Papirmeister et al., 1991). When doses exceed 200 mg.min/m 3,
however, corneal edema or swelling occurs. At even higher doses,

severe corneal damage takes place, with significant loss of vision
(Papirmeister et al., 1991).

Ocular injury with sulfur mustard liquid increases the risk of perfo-
ration of the cornea and thus is far more damaging to the cornea than
vapor-induced injury. Some permanent loss of vision is also more likely
as the severity of such exposure is increased.

The time between injury and the appearance of clinical symptoms
varies, depending on the severity and duration of exposure. The less
severe the injury, the longer is this latency period. With conjunctival
injury alone, the latent period is 4 to 12 hours. After more severe
exposures in which the cornea is damaged, this latent period may be
decreased to as little as 1 to 3 hours. The latency period after liquid
sulfur mustard injury is less than 1 hour (Papirmeister et al., 1991).

The exquisite sensitivity of the eye, compared to respiratory tract and
skin, to sulfur mustard is evident in the data previously presented in
Table 3-4. Symptoms appear in the eye before most other tissues. As the
concentration of sulfur mustard increases, however, the injury to the
eye parallels that of the respiratory tract. Unlike sulfur mustard,
Lewisite exposure causes immediate pain and blepharospasm (spasm of
eyelid muscle), especially when the agent is aerosolized (Adler and
Leopold, 1945). Eye morbidity from liquid and vapor Lewisite is sum-
marized in detail in Table 8-2.

Clinical Observations

The acute clinical course of severe sulfur mustard injuries of the eye has
been well described in the rabbit (Figure 8-2). Hughes (1942) described
five stages following severe damage to the cornea in rabbit and man:
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TABLE 8-2 Effects of Acute Lewisite Exposure on the Mammalian Eye

Estimated Exposure time
Exposure Species Effects (min) References

Vapor (mg/ma)
0.8 Man No irritation (estimate) Not reported A.D. Little, 1986
1.0 Rabbit Permanent lesions 30 Gates et al., 1946

(minimum effective dose)
1.0 Man Lesions 30 U.S. Army, 1974
1.5 Man Severe (estimate) Not reported Gates et al., 1946
2 Man Threshold of irritation Not reported A.D. Little, 1986
10 Man Inflammation 15 Ottinger, 1973
10-30 Man Irritation I A.D. Little, 1986
20 Dog Permanent lesions 30 Gates et al., 1946

(minimum effective dose)
Saturated Rabbit Perforation 22.5 Hughes, 1942

Vapor (mg.min/mr)
<300 Man Median Incapacitating Ct Not reported U.S. Army CRDEC,

(ICts0) 1990

Liquid (mg)
0.005 Rabbit Mild Not reported Wallen et al., 1943
0.01-0.02 Rabbit Permanent damage Not reported Wallen et al., 1943
0.1 Rabbit 75% perforated Not reported Wallen et al., 1943
0.1 Man Severe (estimated) Not reported Gates et al., 1946
12 Rabbit Destruction Not reported Irwin, 1954

SOURCE: Adapted from Solana, unpublished.

• Immediate damage to the corneal epithelium, with edematous
clouding and necrosis of the stroma.

* After five hours, dense infiltration of polymorphonuclear neu-
trophils at the sclerocorneal junction, extending into the corneal stroma.

0 Clinical improvement of the opacity after five to seven days,
with diminished edema of the stroma in less severe injuries.

• Progressive vascularization of the cornea extending in from the
limbal vessels. This process may continue for several weeks.

* Persistent ulceration of the cornea for weeks or recurrent ulcer-
ation after a latent period of years.

Over 90 percent of patients exposed to sulfur mustard in World War
I sustained conjunctival injury. Corneal changes were apparent in a
much smaller group and were likely due to vapor, as opposed to liquid,
exposure. All those exposed, however, had photophobia and blepharos-
pasta. Hughes (1945b) divides these patients into three categories:

• Class I: about 75 percent had mild symptoms without corneal
involvement.

• Class 11: about 15 percent were moderately affected, the corneal
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epithelium was mildly injured, but would return to normal in one or two
days.

0 Class II1: about 10 percent had severely affected eyes, both the
cornea and the conjunctiva being involved. Class III was subdivided into
Illa (mild corneal changes with a prognosis of return to active duty in six
weeks to three months) and IIIb (severe corneal changes resulted in
disability of more than three months). It is from members of the latter 10
percent of Class III that "delayed keratitis" developed 8 to 25 years later
(see below).

Experience with Lewisite eye injuries is much less extensive. How-
ever, Lewisite can produce some changes similar to those of sulfur
mustard (Goldman and Dacre, 1989; Mann et al., 1946; also see Table
8-3). Although severe visual loss occurs with Lewisite exposure, no
long-term ocular effects were reported by Mann and colleagues (1946).
However, animals in the Mann study were only followed for 30 days
following exposure.

Physiology and Histopathology of Injury

The corneal epithelium continues to appear viable and respond in a
normal manner for hours after exposure to sulfur mustard, even if the
epithelium is separated from the underlying layers of the cornea.
However, even very low doses of sulfur and nitrogen mustard cause
cessation of mitotic activity in the corneal epithelium. Exposed cells in
mitosis complete their cell 'division normally. If exposed to the poison
before the onset of mitosis, however, the mitosis is either greatly
prolonged or completely suppressed (Friedenwald, 1945). This is con-
sistent with the effects of these agents on all rapidly proliferating cells.

Mann and Pirie (as cited in Friedenwald, 1945) found that corneal
collagen reacts with sulfur mustard and, in the presence of an excess of
sulfur mustard, more molecules of sulfur mustard are bound by the
protein than the number of sulfhydryl groups present in the material
before exposure. Further they reported that collagen was abnormally
resistant to attack by pepsin after reacting with the agent. This suggests
that a specific physical or chemical reaction occurred between the
collagen and the sulfur mustard, namely, a denaturation of collagen,
potentially making it more vulnerable to degradative enzymes.

The histological changes taking place after sulfur mustard injury of
the eye have been summarized by Scholz (1945). Thirty to 60 minutes
after exposure, the first change noted was edema of the basal epithelial
cells of the cornea. At one to two hours, the basal nuclei relocated
toward the central portion of the cell. Between two and 12 hours, the
goblet cells had lost their mucus and were sloughed off, followed shortly
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TABLE 8-, Characteristics of Sulfur Mustard and Lewisite Ocular
Lesions

Types Sulfur Mustird Lewisite

Onset of ocular No initial reaction; symptoms Immediate and painful
action do not appear for some hours. reaction.

Pupillary reaction Not affected. Immediate strong miotic
action.

Vascularization Never occurs unless limbus is Independent of the site of the
damaged. primary lesion; occurs when a

sufficient dose reaches the
cornea or limbus.

Vascular lesions Do not all perforate; tend to be Not all vascular lesions
chronic, to relapse, and to perforate; there are no
show intracorneal hemorrhages relapses and no recurrent
from newly formed vessels; hemorrhages.
vessels have peculiar and
characteristic form.

Cholesterin and Follow some vascular lesions, Do not occur, and there is no
other lipoid and subsequently these tend to late breakdown due to them.
scars break down (delayed mustard

gas keratitis).
Perforation and Caused by relatively large Caused by relatively small

loss of an eye doses (0.005 cc), and even then doses (0.001 cc); perforation
are long delayed.Perforation may occur within a few days
never occurs as a primary without vascularization, or
lesion before the stage of later after the entry of blood
vascularization. vessels.

Edema Edema of the conjunctiva and Edema of the lids and
cornea is present, but not conjunctiva is immediate and
excessive, severe. Edema of the cornea is

extreme in all but the smallest
doses.

Iris and ciliary Relatively little involvement. Early and severe involvement,
body No late effect on pigment, followed by gradual

depigmentation and shrinkage
of the iris strome.

Vessel formation Characteristic vessels form in Corneal vessels do not show
cornea and conjunctiva. the characteristic varicositles

of mustard vessels.
SOURCE: Adapted from Mann et al., 1946.

by loss of the conjunctival and corneal epithelial cells. Edema of the
stroma developed as a consequence of endothelial cell damage and loss.
From 12 to 24 hours after exposure, the conjunctiva was edematous, the
endothelium of the blood vessels was lost, and an infiltrate accumu-
lated, composed primarily nf neutrophils.

The conjunctival epithelium began to regenerate two days after
injury. If the corneal and limbal epithelium had been lost, conjunctival
epithelium was observed to cross the limbus to resurface the cornea.
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Conjunctival epithelium thickened in one to two weeks postinjury, but
the corneal epithelial layer remained very thin, often with "skip" areas
referred to as defects. When such defects were long-lasting, necrotic
ulcers, with or without bacterial infection, often supervened. Depend-
ing on the severity of the original injury, a scarring, or "hazing," of the
corneal stroma was noted.

Lewisite injuries cause necrosis of the deep corneal layers with loss of
nuclei of all keratocytes and loss of normal staining characteristics in
collagen fibers (Adler et al., 1947). Neutrophils invade the stroma at 24
hours but are replaced by round, chronic inflammatory cells at the end
of 10 days. Corneal vascularization is not visible until 5 days after the
injury, becoming intense at 14 days. Topical British Anti-Lewisite
treatment diminished the severity of these injuries only if given within
two to five minutes of injury (Hughes, 1946).

EVIDENCE OF LONG-TERM HEALTH EFFECTS

Animal Data and Cellular Bioassay

Long-term studies of the effect of sulfur mustard were conducted by
Mann and iullinger (1944). Over a period of 18 months they intermit-
tently examined 138 rabbits injured by sulfur mustard (Figure 8-2).
Based on the lifetime of a rabbit as one-tenth that of man, an observation
period of 18 months would be sufficient time to develop delayed
keratitis in this experimental animal. The results showed that, similar to
the human condition, migration of fatty or cholesterin deposits to the
surface of the eye could occur after 7 to 8 months and cause recurrent
secondary ulceration. In these models of severe bums, it can be
concluded that delayed and recurrent keratitis is demonstrable and
reproducible.

Comparison of sulfur mustard injuries to those sustained with
Lewisite is summarized in Table 8-3. A summary of the toxicology of
Lewisite liquid and vapor is separately tabulated in Table 8-2. Many of
the rabbits in the Lewisite study were watched for more than one year;
no secondary lipoid degeneration or cholesterin deposition was noted,
nor any long-term effect, in particular (Mann et al., 1946).

Human Studies

Occupational Exposure

A large number of injuries occurred in the production of sulfur
mustard. A summary of the toxic accidents in all three mustard gas
production factories in England showed that 10.4 percent of 939 eye
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casualties showed improvement of the cornea, and only 1 percent had
severe Class 111b comeal lesions (Hughes, 1945a). A report of 1,097
patients treated at Edgewood Arsenal during the 17 months preceding
March 1, 1943, showed that 91 percent of the injuries were due to
mustard agent vapor, and of that number 78 percent had eye bums
(Uhde, 1946). Eighty of these patients were exposed to a sudden break
in the shell filling line, which released large quantities of mustard agent
vapor. The remaining 93 percent were exposed to slow leaks that were
not detected by smell. Unfortinately, there have been no long-term
studies of these patients to determine their ocular status many years
after exposure.

Battlefield Exposure

The British reported many thousands of eye casualties during World
War I. Sulfur mustard was responsible for 77 percent of all gas injuries
in WWI; of these, 75 percent were relatively mild conjunctival irritations,
forcing hospital care for an average of two weeks before return to active
duty (Gilchrist and Matz, 1933; Hughes, 1942). Another 15 percent were
described as intermediate, with incapacitation for four to six weeks.
Finally, 10 percent were severe, requiring hospitalization or rehabilita-
tion for a four- to six-month period before stabilizing (Hughes, 1942). A
total of 51 British soldiers were reported as blinded, and there were 180
vision-related pensions (Phillips, 1940). Phillips (as cited in Hughes,
1945a) also reported 80 patients with late recurrent ulceration of the
cornea following exposure to sulfur mustard in WWI. He stated that
there were a total of 300 reported cases of delayed keratitis as of 1939.

Two French reports describe only a handful of ocular lesions.
Teulieres (as cited in Hughes, 1942) reported on 1,500 mustard gas
casualties, of which only 23 patients sustained ocular lesions severe
enough to necessitate observation. Of these, 3 patients showed ulcer-
ation of the cornea and 1 developed inflammation of the entire eye
(panophthalmitis). In a parallel report of 1,800 sulfur mustard casualties,
Beauvieux (1920) found only 2 patients in whom severe corneal ulcer-
ation developed; both cases ultimately recovered useful vision. Beau-
vieux also examined the retinal blood vessels and condition of the retina
in 120 cases of severe generalized sulfur mustard lesions and noted
venous dilatations in 34 percent and hyperemia of the optic disk in 23
percent.

If all of these reports are combined, up to 90 percent of casualties
would be expected to have ocular involvement, with symptoms peaking
6 to 12 hours after exposure. However, 90 percent of these cases would
have no significant corneal involvement. Common symptoms included
gritty sensation, conjunctivitis, chemosis (edema of the conjunctiva
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causing swelling around rim of cornea), lid edema, blepharospasm,
photophobia, blurred vision, and tearing. The 10 percent of patients
with corneal involvement exhibited corneal edema, keratitis, ocular
pain, temporary blindness, tissue necrosis, iridocyclitis (inflammation of
iris and ciliary body), glaucoma, vascularization, and, rarely, ulceration
or perforation of the eye.

Anatomical investigations by Ashoff and colleagues, cited in Oswald
(1920), have shown that sulfur mustard poisoning probably causes
blood d-ots in the precapillary arterioles of the eye. This might explain a
report of progressive narrowing of the retinal blood vessels in a
34-year-old man who had sustained a relatively mild exposure to sulfur
mustard in 1917 that nevertheless resulted in bilateral blindness (Os-
wald, 1920).

Chronic Course

Many patients continue to have recurrent corneal erosions and
inflammatory keratitis for an indefinite number of years after the serious
corneal injury. Approximately 243 cases of late recurrent ulceration of
the cornea have been reported following severe sulfur mustard bums in
WWI (Scholz and Woods, 1945).

In the acute stage the limbal region frequently presents a marbled
appearance in which porcelain-like areas of ischemia (decreased or
blocked blood flow) are surrounded by blood vessels of irregular
diameter. Later, the vascularized scars of the cornea often contain
deposits of cholesterin, calcium, and fat. There were reports of a sudden
increase in these symptoms and findings some 8 to 25 years after the
initial injury. This information first appeared in the U.S. literature in a
1947 article by Scholz and Woods, but many such cases had already been
reported in the British, French, and German literature (Genet, 1925;
Heckford, 1937; Moore and Heckford, 1929; Proceedings of the Royal
Society of Medicine, 1940; Rohrschneider, 1937; Sourdille, 1936; Weill,
1939).

Phillips, who collected 70 cases, called attention to the delayed
keratitis due to sulfur mustard exposure (Proceedings of the Royal
Society of Medicine, 1940). He noted that, after the initial early and
intermediate hospitalization from 4 to 6 months, these patients were
often symptom free for 10 to 13 years, whereupon delayed keratitis
developed, characterized by photophobia, lacrimation, and failing vi-
sion. Superficial ulcerations also occurred in these patients, and the
sensitivity of the cornea to touch and other stimuli was reduced.
Marbling of the cornea appeared in the acute stage of these cases along
with additional linear marks referred to as "skate marks on fresh ice."
Also found were pale triangular patches on either side of the cornea,
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indicating an absence of small conjunctival and episcleral blood vessels
that left large areas of the sclera bare. In each of these cases there was a
history of a severe corneal and perilimbal burn that involved an
extensive amount of the perilimbal conjunctiva. This corresponds to
Class III injuries in which there is (a) damage to the limbal blood supply,
associated wit. moderate corneal edema, superficial collections of
inflammatory cells, with or without superficial corneal vascularization;
or (b) ischemic necrosis of the limbal regions, marked and persistent
corneal edema, deep corneal inflammatory cells, and deep blood vessel
ingrowth into the cornea (vascularization).

The problem of delayed keratitis was neither trivial nor infrequent in
the severe injuries. Mann's studies of 84 cases in 1944 showed that an
inflammatory keratitis (inflammation of the cornea) developed intermit-
tently in the most severely injured veterans for a period of 17 years after
initial exposure (Mann, 1944); however, during the next 7- to 8-year
period, a sudden substantial increase in these numbers was observed.

The use of Lewisite as a wartime gas was much less common. A
combination of sulfur mustard and Lewisite was reported to have been
used in the Japanese attack on Ichang in 1941 (SIPRI, 1971). No medical
reports are available to document the short- or long-term effects to the
health of survivors. No large-scale reports of pure Lewisite eye injury to
humans are noted in the literature.

Medical Therapeutic Exposure

Sulfur mustard has not been used to treat eye disease. However,
other alkylating agents, such as cyclophosphamide and chlorambucil,
have been shown to be effective in arresting a number of eye diseases,
including peripheral ulcerative keratitis, Mooren's corneal ulcer, some
ulcerative and nonulcerative scleral diseases, and recalcitrant uveitis
(inflammation of the iris, ciliary body, and choroid). Each of these
diseases is regarded as, or has been proven to be, an autoimmune
process. There are no reports of secondary cancers developing as a
consequence of immunosuppression from treatment of eye disease.

SUMMARY

Gaps in Knowledge

Limbal Vascular Damage

The whitened appearance of perilimbal ocular tissues after sulfur
mustard injury suggested to early investigators that destruction of the
iimbal vasculature resulted in the disastrous effects on the cornea and

__ _ __ _ _ _



OCULAR EFFECTS 143

the late development of recurrent keratitis. This hypothesis was based
on the presumption that the cornea derived its entire nutritional supply
from these vessels. Since then it has been discovered that corneal
nutrition is principally derived from the aqueous humor and probably
receives only a small facultative supply from perilimbal vessels. It is
unknown whether sulfur mustard can damage blood vessels in the
ciliary body-the only way that nutrition of the cornea could be
influenced.

Ocular Epithelial Damage

The most trying and difficult problems associated with mustard gas
injuries are the corneal complications that can occur in the early,
intermediate, but especially the late phases after exposure. Recent
research suggests that the loss of ocular epithelium is a key factor in
persistent epithelial defects of the cornea, giving rise to new disease
entities called "ocular surface disease" and "stem cell disease." Even
when the cornea itself has not been damaged, loss of stem cells can
result in persistent epithelial defects that will encourage inflammatory
cell invasion, vascularization, and scarring. When corneal scarring
interferes with vision, corneal transplantation is hazardous in the
absence or with a deficiency of stem cells.

The croncept of corneal stem cell injury and destruction has become of
central importance in a variety of diseases of the eye, especially severe
alkali and acid injuries. Frequently in these cases all corneal, limbal, and
extensive conjunctival epithelium is lost.

No clinical trial has been initiated to study this problem, but
numerous individual reports and clinical observations have shown
that small conjunctival transplants from the limbus of an unaffected
eye to the injured eye can eliminate these recurrent erosions and
inflammatory propensities and iestore the injured eye to full function
(Kenyon and Tseng, 1989). When the injury is bilateral it is possible
that conjunctival stem cell transplants from a donor eye would survive
in these injured eyes to create a stable epithelial surface. If the corneal
problem is one of constant epithelial breakdown, then stem cell
transplant should stabilize the epithelial surface and thereby improve
vision. In those patients who show severe tear film instability,
irremediable eyelid malappositions, recurrent corneal transplant fail-
ures, and severe distortions of the anterior segment, a keratoprosthe-
sis (artificial cornea) is an option to provide some vision when live
corneal tissue consistently fails. Patients with severe corneal opacities
also benefit from modern techniques of corneal transplantation and
postoperative management.
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Protection of the Corneal Epithelium with a Contact Lens

Mechanical protection of the corneal epithelium has been shown to
reduce the irritation and improve the vision in a large series of cases of
recurrent keratitis. The large and cumbersome scleral lenses were
difficult to make, could only be worn for short periods by most
individuals, and gave only a limited but welcome response. The
development of soft contact lenses has dramatically improved our ability
to protect the corneal epithelium in those patients when it is fragile
(Pfister, 1986). Research to study the effect of soft contact lenses on the
chronic relapsing keratitis after sulfur mustard injuries might provide an
updated approach to mechanical protective devices.

Sulfur Mustard Compared to Alkali Injury: The Stromal Component

Sulfur mustard injuries bear distinct similarities to alkali or very
strong acid injuries of the eye. If these two injuries present similar
problems, then treatments that have been initiated for alkali burns of the
eye might well be effective in mustard gas or Lewisite injuries. An
animal model of the alkali-injured eye has yielded significant data
showing that sodium citrate and sodium ascorbate, when applied
topically to the eye, significantly reduce the incidence of corneal
ulceration and perforation (Pfister and Paterson. 1980; Pfister et al.,
1981, 1982). A national clinical trial on the treatment of human alkali-
injured eyes with ascorbate and citrate is currently in progress. Other
chelatorb, that inactivate metalloproteases, such as collagenases, are also
available. These metalloprotease inhibitors interfere with the enzymes
leading to corneal ulceration. Although there is no clear-cut evidence
available, it seems likely that this treatment could be quite effective in
sulfur mustard injuries of the eye.

CONCLUSIONS

Acute, severe injury of the eye with sulfur mustard might result in
recurrent corneal ulcerative disease for the remainder of the patient's
life, with a maximum incidence occurring 15 to 20 years after the injury.
Based on extensive deta, there is a causal relationship between severe
exposure to sulfur mustard and the development of delayed recurrent
keratitis.

There is a causal relationship between exposure to sulfur mustard
and the development of prolonged, intractable conjunctivitis.

There Is evidence, in laboratory animals, to indicate that no causal
relation is present between exposure to Lewisite and any long-term
ocular disease process. However, any corneal scarring or vasculariza-
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tion occurring soon after the injury will persist. In spite of the arsenical
nature of Lewisite, no association has been noted between Lewisite and
the development of neoplasia of the eye.
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Dermatological Effects of Mustard
Agents and Lewisite

Probably more research has been done on the dermatological effects
of sulfur mustard than any of its other effects. This chapter reflects this
extensive research in its length and in the l:vel of detail presented in
certain sections. Exposure to both sulfur mustard and Lewisite causes
acute injury to the skin, including redness, swelling, blisters, ulceration,
and necrosis. Sulfur mustard is more effective under conditions of heat
and moisture; it appears to damage the skin by disrupting cell prolifer-
ation. The arsenic in Lewisite disrupts enzyme activity.

A considerable body of evidence links acute and chronic exposure to
sulfur mustard with the long-term development of pigmentary disor-
ders and skin ulcers in humans. Evidence also links sulfur mustard with
the development of cutaneous cancers and precancers in both animals
and humans. There is insufficient information, however, regarding the
long-term effects of Lewisite on the skin.

ANATOMY AND PHYSIOLOGY OF SKIN

The skin is the largest organ in the body, making up approximately 18
percent of the total body mass. Anatomically, the skin is divided into
three layers: the epidermis, dermis, and subcutaneous fat (Figure 9-1).
The severity of bums to the skin is classified according to how many of
these layers are damaged (Figure 9-1, "he skin serves to protect all of
the vital organs of the body from external trauma, invasion by infectious
agents, and invasion by noxious substances. It also serves to prevent
outward movement of body fluids and other vital substances. Through
special anatomical arrangement of the cutaneous circulation and the
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FIGURE 9-1 Anatomy of human skin showing skin layers, hair follicles, sebaceous and
sweat glands. The degree of the burn is determined by the depth of damage. First degree
burns involve only the epidermis, and cause edema and erythema without vesiculation.
Second degree burns involve the epidermis and dermis, and usually result in blisters or
dermal necrosis. Third degree burns extend into the subcutaneous fat, muscle, or bone
and often cause substantial scarring. SOURCE: Reprinted from Sams and Lynch, 1990,
with permission from Churchill Livingstone.

biochemical and physiological activity of the adnexal structures (eccrine
sweat glands, sebaceous glands, and apocrine glands), the skin assists
in the regulation of body temperature and the excretion, manufacture,
and absorption of electrolytes, vitamins, nitrogenous matter, and other
organic substances.

Epidermis

The epidermis occupies the outermost layer of skin and is paramount
to maintenance of mammalian homeostasis. It, among the three layers
of skin, offers the human body considerable protection from entry of
noxious chemicals and microorganisms; it prevents uncontrolled out-
ward movement of fluids, electrolytes, and many organic substances.
Large burns due to thermal, chemical, or ultraviolet injury, if they
destroy large amounts of epidermis, can lead to an enormous loss of
fluid, electrolytes, proteins, and other organic materials through an
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FIGURE 9-2 Layers of the epidermis. As specific cells in the basal layer replicate and
differentiate, they move toward the skin surface. The major change in the cells is called
"keratinization" in which the cells become filled with a fibrous protein called keratin.
Fully keratinized cells are -onstantly sloughed off at the skin surface. Other types of
epidermal cells, such as melanocytes, have other functions. SOURCE: Reprinted from
Sams and Lynch, 1990, with permission from Churchill Livingstone.

unprotected dermis. Such burns are quite painful because loss of an
intact epidermis exposes cutaneous nerve endings to air, heat, cold, and
other direct stimuli.

The epidermis contains several resident cell populations whose
responses to certain stimuli can be protective or destructive. The
Langerhans cell participates actively in recognition of and presentation
of antigens. Lymphocytes respond to signals from Langerhans cells and
other macrophages/monocytes and act in an appropriate fashion to
antigens. Melanocytes, pigment-forming cells, protect the skin from
harmful ultraviolet (UV) radiation.

The epidermis is composed of four biologically distinct layers of
stratified squamous epithelium (Figure 9-2). The deepest layer, usually
one cell thick, contains cells that continuously replicate and produce
new cells at a rate sufficient to maintain an appropriate number of cells
in the upper three layers of the epidermis. Based on location and
function, this layer has been called the basal cell layer or germinative
layer of the epidermis. Basal cells produce large quantities of the nucleic
acids and nucleoproteins required in the process of cell division. Much
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like the rapidly dividing cells of bone marrow, the intestinal tract, and
hair matrix, basal cells are very sensitive to chemicals that affect nucleic
acid synthesis. Sulfur mustard is one such agent.

Thickness of the epidermis varies greatly depending principally on
the body site and the number of cornified cell layers within the stratum.
The stratum corneum is thinnest on the scrotum, on the flexor surfaces
of the forearms, within the axillae, and around the eyes. These are body
sites through which sulfur mustard penetrates best and exerts its most
profound effects after acute exposure. It has been estimated that the
entire epidermis renews itself every 45 to 75 days. Sulfur mustard
inhibits cell replication within the basal layer of the epidermis and thus
disrupts this pattern, resulting in blister formation.

Basal cells of the epidermis are attached to the dermis through the
basal lamina, which is often referred to as the basement membrane
zone, or epidermal-dermal junction (Figure 9-3). A variety of collagen-
like fibrils within basal cells, traverse and attach to the basal lamina
within the dermis. Other collagen-like filaments are thought to serve as
"anchoring rods" between dermis and epidermis, and dermis and basal
lamina. Injury to or destruction of one or more types of anchoring
structures causes separation of cells, giving rise to the formation of
vesicles and blisters. It has been postulated that proteases released by
sulfur mustard, acting on attachment structures between basal cells and
basal lamina, give rise to blister formation (Papirmeister et al., 1991).
Destruction of the epidermis followed by "shedding" exposes underly-
ing tissue that is devoid of pigmentation and color. When exposed, the
underlying tissue, or dermis, imparts a glistening "whitish" appearance
to skin even in the darkest of races.

Dermis
The dermis makes up the greatest mass of human skin. It contains

cells and fibers that contribute to the skin's elasticity and resiliency
(elastic fibers and collagen fibers) and serves as a major force in
protecting the internal organs from injury due to external mechanical
forces. It is a true supporting structure for cutaneous blood vessels,
nerves, and epidermal adnexal structures. Blister fluid is made up
principally from fluid released from the dermis. The depth of injury to
the dermis and underlying subcutaneous tissues will determine the
depth and extent of skin ulceration. Injury to the upper levels of the
dermis results in superficial, rapidly healing ulcers. Injury to the entire
dermis results in deep, slow-healing skin ulcers.

The predominant cell type found within the dermis, the fibrocyte, is
limited in distribution in the normal active dermis; so is the metaboli-
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FIGURE 9-3 Epidermal-dermal junction. This electron micrograph of human skin
shows the specialized attachments anchoring the epidermis to the underlying dermis.
Structures include anchoring fibrils (af), hemidesmosomes (hd), lamina leucida (11), and
lamina densa (Id). Micrograph provided by Henry Bogaars, Brown University.

cally active cell, the fibroblast. Only after injury and during the process
of wound healing do fibroblasts proliferate. Large numbers of lympho-
cytes and monocytes also accumulate in the dermis after injury.
Through the production of lymphokines/monokines and other soluble
proteins, lymphocytes and monocytes stimulate fibroblast and endothe-
lial cell proliferation and migration, the first step in wound healing and
ultimately scar formation. Proliferation of fibroblasts is accompanied by
an accelerated production of collagen and mucoproteins and by scar
formation. In the normal healing of a cutaneous wound, the accelerated
production and degradation of collagen are regulated, through a process
of "remodeling," and the degree of scar formation is limited. Unlimited
or unrestrained wound healing results in the formation of hypertrophic
scars and keloids. Wound infection, which may follow skin injury from
sulfur mustard exposure, can cause continued and uncontrolled stimu-
lation of collagen production and ultimately hypertrophic scar and
keloid formation.
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Eccrine Sweat Glands

Eccrine sweat glands are tube-like invaginations of the epidermis that
lie within the normal dermis and are distributed over the entire human
body surface. Although exact numbers appear to be related to individual
and adaptive factors, there are from 2 million to 4 million glands in the
skin of each human being. In an average human, the palms and soles
contain the largest number of sweat glands per unit surface area; the
back and buttocks contain the least. Excretion of sweat is under
emotional and thermoregulatory control, except under resting condi-
tions. Under resting conditions sweating is periodic and involves
alternating groups of sweat glands. This form of sweating is invisible or
inapparent, and is described as "insensible sweating."

Environmental temperatures above 31°C to 32°C provoke thermoreg-
ulatory sweating-a generalized outbreak of sweating and an increase in
the number of functioning glands. Areas supplied with few sweat
glands may, at thds time, be more physiologically active. Thus, at high
temperatures, glands of the trunk, thighs, and extremities that respond
to thermal stimuli excrete large amounts of sweat. Eccrine sweat glands
of the palms, soles, axillae, groin, and forehead respond maximally to
emotional stimuli. Under conditions that are stressful these glands are
stimulated to produce large volumes of sweat. Sulfur mustard-induced
injury to the skin, under wartime conditions, is seen most often in areas
that contain thermally and emotionally stimulated sweat glands.

Sweat that is excreted intermittently contains large quantities of
chlorides, urea, uric acid, and ammonia. Profuse sweat contains consid-
erably less of these substances, including sodium chloride, and is often
pure water. Sulfur mustard is activated by water, yet in the presence of
5 percent sodium chloride it has a markedly reduced effect on human
skin (Renshaw, 1946). The decrease in sodium chloride in profuse sweat
may account for sulfur mustard's profound cutaneous effects under
conditions of high temperature and high humidity. In contrast, the most
profound effects of Lewisite, which is deactivated by water, occur under
conditions of low temperature, low humidity, and dry skin.

Apocrine Glands

Apocrine sweat glands develop from the follicular epithelium of the
pilosebaceous unit, as do the sebaceous glands. The viscous secretions
of this gland differ markedly from those of the eccrine sweat gland and
are emptied into the canal of hair follicles, rather than directly onto the
surface of the skin. In human beings, the apocrine glands are limited in
their distribution to the armpit, groin, and pubic regions, around the
anus and umbilicus, in a linear band above the umbilicus, and in the
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external auditory canal. Physiologically, apocrine glands perform little
or no useful function. Their secretions serve as rich culture media for
gram-negative bacteria. The action of bacteria on apocrine secretions is
in part the cause of "offensive" body odors. Subsequent to sulfur
mustard skin injury, the large numbers of gram-negative bacteria
residing in apocrine areas are often responsible for secondary bacterial
infections. Infection, as stated earlier, is frequently associated with
hypertrophic scar formation, a common occurrence in the scrotal area of
men after sulfur mustard exposure.

Melanocyte System

Skin color in humans is determined by a number of factors, the most
important of which is the overall epidermal cell content of melanin.
Hemoglobin, the tissue content of carotenoids, keratin, collagen, and
the thickness of the keratinizing layers of the epidermis also contribute
to the coloring of the skin. Yet, the total color contribution of all other
factors combined does not equal that made by melanin. Ultraviolet light,
heat, trauma, and a variety of topically applied chemicals can stimulate
melanin production and increase skin pigmentation, usually at the site
of exposure. Some systemically administered agents can cause increased
generalized skin pigmentation.

Melanin is a dense, insoluble polymer derived, in part, from conver-
sion of the amino acid tyrosine by the copper-containing enzyme
tyrosinase into ax' alkyl-insoluble brown chromoprotein. Melanogene-
sis, the formation of melanin, occurs within specialized cells, called
melanocytes (Figure 9-4). Each melanocyte synthesizes a specialized
cytoplasmic organelle, called a melanosome, on which the hydroxyla-
tion and polymerization of tyrosine to dopa and then to melanin occur.
Darkly pigmented races produce large quantities of melanin; Northern
European races produce very little melanin and incompletely melanized
melanosomes. Darkly pigmented races respond to minimal external and
internal stimuli with sharply increased skin pigmentation.

Melanin pigmentation is of substantial benefit in skin. Intense UV light
exposure can cause varying degrees of bum damage to unprotected epider-
mal keratinocytes, adversely affecting cell nuclei, DNA, RNA, structural and
enzymatic proteins, and cell membranes. Metabolic alterations caused by UV
light injury stimulate epidermal cells either to attempt self-repair or to die,
depending on the degree of injury. Severe injury to the epidermal basal cells
can lead to faulty cell repair, mutation, and ultimately the development of
cancer. Death of epidermal basal cells causes loss of cell-to-basement mem-
brane and cell-to-cell adhesions. Separation of cells from the basement
membrane results in subepidermal blister formation. Sulfur mustard-
induced blisters are subepidermal in location.
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FIGURE 9-4 (A) Epidermal melanin unit. Melanocytes, located in the epidermal layer
of the skin, have numerous cellular extensions. These extensions are filled with granules
containing the pigment melanin. Melanin granules are "injected" into surrounding
epithelial cells from the extensions. (B) Summary of major events in melanocyte
development. A cascade of biochemical reactions produces melanin, which protects
epidermal cells from damage from the sun. SOURCE: (A) Reprinted from Quevedo, 1969,
with permission from American Zoologist. (B) Reprinted from Jimbow et al., 1976, with

permission from Williams & Wilkins.
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Radiomagnetic emissions from the sun, principally UV light of the A
and B spectra, exert a significant influence on skin pigmentation.
Polypeptide hormones from the anterior pituitary gland, especially
melanocyte-stimulating hormone (MSH), also enhance melanin pigmen-
tation. In women, estrogens stimulate an increase in melanocyte and
pigmentary responses ir, facial, genital, and areolar skin. Chemicals
such as theophylline, caffeine, cholera toxin, and prostaglandin E
increase the effect of MSH on skin pigmentation. Finally, heat, inflam-
mation, and mechanical injury also stimulate increased pigment forma-
tion, especially in the skin of darkly pigmented persons. Based on
clinical descriptions of individuals exposed to toxic doses of sulfur
mustard, sulfur mustard can also potentiate skin pigmentation. Topical
nitrogen mustard, when applied to the skin in the treatment of psoriasis
and cutaneous T-cell IjPhoma, causes increased skin pigmentation
through mechaniE,,1--n tl•o. are as yet unknown.

Tnjnry to tU: n-J-r of sufficient intensity to cause destruction of
melanocytes will result in skin that is devoid of pigmentation. White
patches of skin will be noted in even the darkest of pigmented races
(leukoderma). Thus, skin that has been subjected to injuries with lotIally
varying intensities, such as after sulfur mustard and Lewisite exposure,
will characteristically show areas of depigmentation alternating with
areas of hyperpigmentation. In fact, over time the process of healing
reveals significant changes in the patterns of pigmentation.

Following skin injury, epithelial cells surrounding the external ori-
fices of the hair follicle and other adnexa proliferate and migrate
outward from their source to repopulate skin devoid of epithelium.
Epithelial cells from surrounding normal skin also contribute to the
process of repair in skin devoid of epithelium. Melanocytes surrounding
uninjured hair follicles are stimulated to replicate and increase the
production of melanin. Regenerated epithelial cells surrounding the
orifices of the haii, follicles, then, are the first cells to receive new
pigment. The clinical picture of melanocytes repopulating skin is re-
ferred to as having a "salt and pepper" appearance. The salt and pepper
appearance of skin after sulfur mustard exposure is often written about
with some degree of bewilderment. Yet, this is a process that occurs
commonly after mechanical and chemical injury to skin.

As melanocytes grow and repopulate normal skin, there is a tendency
for overmelaruzation of any given area. Overmelanized skin at the edges
of a healing wound is characteristically darker than skin distal to the
healing site. As healing progresses, such skin will eventually return to its
normal color and appearance. Normalization of this process often takes 6
to 12 months. The inherent skin color of the affected individual usually
determines the amount of time required to return to a normal state.

In many ways, acute and chronic sulfur mustard skin injury mimics1._ _ _ _ _ _ _ __ _ _ _ _ _ _
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injury caused by a variety of toxic chemicals, and mechanical devices.
Unsophisticated and untrained observations of sulfur mustard skin
injury have often led to distorted accounts of such injuries. Any
interpretations of published and unpublished data should be made
based on a knowledge of normal and abnormal morphologic, biochem-
ical, and physiological responses of normal and injured human skin.

ACUTE EFFECTS AND BIOLOGICAL MECHANISMS

Sulfur Mustard

Sulfur mustard is an oily substance that is freely soluble in animal
oils, fats, and organic solvents (lipophilic). It is only slightly soluble in
water, yet water is required for activation. When delivered as a liquid or
vapor, the skin plays a very important role as a portal of entry for sulfur
mustard. The lipophilic nature of sulfur mustard and the affinity of skin
for lipophilic substances make the skin a fairly good transport system for
this agent. After cutaneous exposure to sulfur mustard, high levels
appear immediately, but transiently, within the skin. A portion of a
given dose passes rapidly from the skin into the bloodstream to elicit
toxicity at distant sites. However, even under the most ideal circum-
stances, only a very small portion, probably only 20 percent, f a single
dose of sulfur mustarc penetrates human skin (Cullumbine, 1947;
Renshaw, 1946). Of this amount, about 12 percent reacts with compo-
nents in the skin, principally within the epidermis. The remainder
(about 8 percent) is absorbed systemically. At a temperature of 21'C,
sulfur mustard rapidly penetrates human skin. Rensha%ý (1946) noted
that sulfur mustard liquid or saturated vapor penetrates human skin at
a rate of 1 to 4 mg/cm 2/min at 21°C. Any increase in ambient temperature
causes increased penetration.

There is substantial individual variation in the cutaneous response to
sulfur mustard. In general, however, the effects of sulfur mustard on the
skin depend on a number of factors including the dose of drug
delivered, delivery medium (vapor or liquid), length of exposure of skin
cells, degree of hydration of the skin, temperature of the atmosphere,
thickness and surface area of the exposed skin, presence or absence of
infection, and the intactness of exposed skin. Large dosages of sulfur
mustard vapor delivered at 1,000-10,000 mg min/m3 (Ct), or liquid at
40-100 mg/cm 2 over a long exposure time, will yield significant systemic
toxicity, including death. Small vapor dosages at 50 Ct, or liqvid at 10-20
mg/cm2 and a short exposure time, yield limited local toxicity. Local
toxicity is manifest not only in the skin, but also in the eye and mucous
membrane of the respiratory tract.

The time of onset of visible cutaneous effecis is related to dose and
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method of delivery. Microscopically, cutaneous effects begin to appear
almost immediately after sulfur mustard contact with skin. Large
dosages yield an immediate and profound effect in 1 to 2 hours. Necrosis
of the skin following the delivery of large vapor dosages does not appear
instantaneously, usually occurring after variable periods of latency.
Total necrosis of the skin may occur. Small vapor dosages yield delayed
skin effects that may occur 7 to 14 days after exposure. Interestingly, the
timing of the onset of sulfur mustard cutaneous reactions is not unlike
that observed in cvttaneous reactions associated with common Rhus
(poison ivy oleoresin) dermatitis.

The precise mechanism whereby increased humidity or increased
moisture on the skin potentiates sulfur mustard effect is unknown.
However, it is possible to assume that wetting the skin alters the
permeability of skin cells, thereby increas4 .ng the ability of sulfur
mustard to penetrate to metabolically active layers; 5 percent, but not 4
percent, sodium chloride-containing water reduces sulfur mustard ef-
fects on the skin. It is postuhted that 5 percent sodium chloride
decreases the -olubility of sulfur mustard in water, decreases the overall
rate at which sulfur mustard molecules become activated, or alters sulfur
mustard penetrability through skin (Renshaw, 1947).

The me(chanism whereby an increase in environmental temperature
increases the adverse effect of sulfur mustard is also unknown. In-
creased environmental temperature may simply increase body temper-
ature, stimulating eccrine sweat gland activity and a concomitant
increase in hydration of the skin. It is also possible that profuse sweating
and a concomitant increase in the amount of pure water on the skin
cause activation of greater quantities of sulfur mustard at the site.
Blistering of the skin by exposure to UV light is also enhanced by
increased temperature and humidity.

The site of skin exposure and the thickness of skin may often
determine the type of cutaneous responses experienced upon exposure
to sulfur mustard. Thick skin is purported to be less affected by the
irritant effects oi sulfur mustard. Likewise, young skin, thought to be
morphologically thinner than old skin, and female skin, thought to be
thinner and more delicate than male skin, are suspected of reacting
more severely at all sites upon a given exposure to sulfur mustard
(Mathias, 1987; Renshaw, 1946). Racial factors and skin color appear to
have even less well defined relationships. It has been generally accepted
that black skin reacts in a different manner than white skin to c:ontact
allergens and irritants. Yet there are no good experimental data to
support the concept that there are substantial differences in the cutane-
ous response of black or white skin to antigen and injury. Weigand and
colleagues (1974) described a difference between black and white skin in
the number of cell layers in the stratum corneum, but these differences
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are no greater than those variations seen in the different body regions of
a single individual. According to Nagy and colleagues (1946), there is no
difference in the rate of sulfur mustard penetration between the skin of
whites and blacks. It is suggested that well-designed contemporary
studies are needed to better define the resistance or susceptibility of
specific skin thicknesses and types to injury.

Clinical and Microscopic Observations

The most useful clinical descriptions of acute sulfur mustard effects
on human skin have been reported by Momeni and colleagues (1992),
Smith and Dunn (1991), and a group of clinicians at the Hospital of the
University of Ghent Medical School, Belgium (Willems, 1989). These
reports were based principally on the examination of patients and
patient records of individuals exposed i sulfur mustard during the
Iran-Iraq conflict of 1980-1088.

Gross morphologic changes in the skin induced by sulfur mustard are
characterized by the appearance of an intense period of itching followed
by erythema and edema (signs of inflammation), as well as blister
(vesicle) formation, denudation of skin, ulceration, and necrosis. Imme-
diate color changes are often described in affected skin and occur in
response to stimulation of melanogenesis, probably an effect akin to the
"immediate darkening" effect seen after a specific type of acute UV
exposure, and from the darkening effect of "cooked" protein within
epidermal cells. Increased darkening of the skin from increased melano-
genesis at the periphery of mustard-induced blisters is also characteris-
tically observed. Peripheral darkening is often associated with larger
areas of hyperpigmented skin that occur at sites where erythema and
edema without previous blister formation had existed. Exfoliation and
deep ulceration may occur at these sites. Tissue dosages of sulfur
mustard vapor required to induce erythema vary between 0 1 and 1
mg/cm 2. Vesication can be expected in 50 percen4 of a population at
tissue dosages of 1-2 mg/cm 2.

It should be remembered that the site of exposure may be associated
with variations in the skin's response to the same amount and extent of
sulfur mustard exposure. At the same dosage and time of exposure,
loose tissue (less compact dermis) as seen on the face, especially around
the eye, and on the genitalia may respond with edema without blister-
ing. However, tissue sites having a very dense dermis, as on the back,
may respond with erythema and blister formation without edema.

Healing of the skin is variable and, in the absence of secondary
bacterial infection, may proceed without residual defects. The minimally
injured hair follicles end other adnexal structures contribute greatly to
the healing wound. Tisbue reepithelialization often begins and spreads
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from these sites, as well as from epithelium at the periphery of the
injured site. Time for healing varies depending on the degree of tissue
injury, residual skin necrosis, and presence or absence of infection.

Scar formation following sulfur mustard injury in specific anatomical
areas may be profound and disabling. As has been stated, the genital
regions are especially susceptible to sulfur' mustard injury. Severe
scarring of scrotal and penile tissue can cause deformity and impair
sexual performance.

Microscopically, the epidermis and dermis respond adversely to the
irritant effects of sulfur mustard. The National Defense Research Com-
mnittee group at Harvard made an extensive histological study of a large
series of experimental sulfur mustard bums of varying severity in
human subjects (Renshaw, 1946). Within the epidermis, and within
three hours after sulfur mustard dosages that produce erythema, only a
few scattered basal cells show nuclear changes consisting of swelling,
loss of chromatin, and dispersion of chromatin to the nuclear periphery,
clear vesiculation, vacuolization of the cytoplasm around the nucleus,
and in some cells vacuolar or hydropic degeneration of the cytoplasm
and pyknosis of nuclei. Later, disintegration of the cytoplasmic mem-
brane of basal cells becomes prominent. In some areas, but more often

.;-,-ore severely ap'maged skin, these degenerative changes may be
:;., ,•ii throughout the basal lay.'r of the epidermis.

Ultrastructural studies of human skin have been supplemented with
studies of mustard-exposed human Lkin grafts on athymic nude mice.
Ultrastructurally, the type of cellular injury seen in human skin does not
appear to differ from that observed subsequent to a wide variety of toxic
insults that lead ultimately to epithelial cell degeneration. The sequence
of events begins within basal keratinocytes and always within the cell
nucleus. Extensive condensation and margination of heterochromatins
and loss of euchromatins are followed by blebbing of the nuclear
membrane (blebbing of the nuclear membrane is also evident on light
microscopy at this stage). Cell lysis begins with the formation of
paranuclear vacuoles, swelling of rough and smooth surface endoplas-
mic reticulunm, dissociation of free rosettes of polyribosomes, loss of
mitochondrial structure, cytoplasmic vacuolization, and eventual dis-
ruption of the plasma membrane.

These changes are probably confined principally to basal cells of the
epidermis, because basal cells are the most active metabolic cells,
actively and continuously synthesizing nucleic acids and nucleoproteins
that are vital for cell growth and division. Antineoplastic agents such as
sulfur mustard and nitrogen mustard derivatives exert their most I
prominent cytotoxic effecs on cells that are actively producing large
quantities of nucleic acids and nucleoproteins in preparation for cell
division. Cross-ALiking of DNA is one of the most important cytopathic
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effects caused by sulfur mustard and other alkylating agents (Wheeler,
1967). Cells whose repair systems are overwhelmed by large concentra-
tions of alkylating agents and are unable to sustain effective nucleic acid
repair ultimately succumb to cell injury and then death.

Vesiculating and necrotizing dosages of sulfur mustard produce
microscopic effects similar to erythemogenic dosages, differing only in
the extent of injury to the epithelium. Basal cell degeneration is more
widespread, and Liquefaction necrosis involves multiple neighboring
cells rather than isolated foci. Initially limited dermal-epidermal separa-
tion followed by extensive separation causes formation of microscopic
then macroscopic vesicles. Gross blistering then becomes obvious.

Although residing within the dermis, adnexal structures such as hair
follicles, sebaceous glands, and eccrine glands are morphologic deriva-
tives of epidermis. Therefore, tissue injury within these structures
occurs in a manner similar to that seen in normal epidermis. Tissue
injury is considerably less within the epidermis of hair follicles; 3weat
glands show only minor defects, as do sebaceous glands.

In some situations, necrotic degeneration of the entire epidermis has
been described following blister formation and after the delivery of large
dosages of sulfur mustard. Such an occurrence is to be expected after
complete degeneration of the basal cell layer has taken place. An intact
basal cell layer is important to survival of the entire epidermis. Cells
above the level of the basal cell layer are engaged in the process of
differentiation and are not programmed for survival, as are normal basal
cells. The end product of the process of differentiation is a nonviable,
completely cornified cell. Unlike Lewisite, sulfur mustard has been
shown to be relatively inactive in interfering with protein and enzyme
synthesis. The action of sulfur mustard on protein and enzymes
required in the formation of keratin protein does not appear to be
effective enough to cause injury to differentiating epithelial cells. 'Ihis
assumption, however, does not rule out an overwhelming dosage of
sulfur mustard acting as individual cell poisons in replicating and
differentiating epithelial cells.

Factors responsible for damage to the underlying d-i ,hs an , .,yiTy
induced by sulfur mustard are not totally understooca. Unlike lower
mammalian species, dermal injury in human skin is ,ot often as
extensive as epidermal (Renshaw, 1946). During the early erythema and
edema stages of skin injury, dilatation of papillary dermal capillaries,
thickening of the capillary wall, and endothelial cell swelling are noted.
Dermal cellular infiltrates are sparse, accumulating principally in a
perivascular location. Lymphocytes predominate early, followed by an
invasion of polymorphonuclear leukocytes. Perivascular edema is fairly

prominent.
As injury progresses and vesiculation occurs, capillaries beneath



162 VETERANS AT RISK

vesicles show signs of necrosis. Capillary thrombosis and disruption of
capillary wall integrity do not occur until there is evidence of dermal
necrosis. Inflammation is increased in the presence of vesiculation and,
in fact, may become quite extensive throughout the papillary and
reticular dermis. Mononuclear and polymorphonuclear leukocytes ap-
pear equally prominent in the presence of epidermal and dermal
necrosis. Langerhans cells appear to migrate from the epidermis and
collect in clusters at the dermal-epidermal junction.

Fibroblasts, cells that are principally engaged in collagen formation
and are basically resting cells in the absence of tissue injury, appear to
experience some injury even during the erythematous stage. Pyknosis
of the nuclei of fibroblasts becomes prominent and increases as local
tissues enter the stage of epidermal and dermal necrosis. Collagen
bundles appear not to be affected by injury, retaining a fairly normal
morphologic appearance through, and up to, the appearance of blisters.

Mechanisms of Skin Injury

Our ability to explain or understand the mechanisms that lead to
sulfur mustard injury in human skin has been encumbered by the lack
of an appropriate animal model system. There are no animals in which
it has been possible to reproduce, in its entirety, the effects of sulfur
mustard on human skin (Mitcheltree et al., 1989; Renshaw, 1946).
Numerous investigators using rabbits, pigs, cows, rats, mice, and
guinea pigs, both normal and hairless varieties, have made attempts to
replicate sulfur mustard human skin injury. Some gross and microscopic
similarities to human skin responses have been noted in a few animal
species, but for as-yet-undiscovered anatomical and physiological rea-
sons human and animal injury differ to a significant degree. Sulfur
mustard penetration of mammalian skin, other than human, occurs
rapidly and to fairly deep levels. For a given dosage, higher dermal
concentrations are achieved in nonhuman mammalian skin, and hence
more profound tissue damage is noted in the dermis rather than
epidermis. Injuries to animal skin develop and heal more rapidly than
injuries to human skin, despite the same degree and severity of injury.
Microblisters rather than macroblisters characteristically appear in the
skin of all laboratory species tested. This response seems to occur at all
effective dosage levels. The lack of a suitable animal model has also
severely limited research directed toward the development of potential
prophylactic or treatment agents.

To date, in vitro studies using primary cultures of newborn rat
epidermal keratinocytes, or human skin grafts placed on athymic nude
mice, have provided the largest body of useful information relative to
sulfur mustard toxicity in skin (Papirmeister et al., 1991). These studies

8I
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have uncovered a number of clues to the possible mechanism of sulfur
mustard skin toxicity. Based on data reported from these systems two
postulates have emerged to explain the pathogenesis of sulfur mustard
skin toxicity.

DNA Alkylation and Protein Activation. Using cultures of primary
epidermal human keratinocytes, Papirmeister and coworkers (1991)
have uncovered evidence that alkylation of DNA, reduced tissue
levels of oxidized nicotinamide adenine dinucleotide (NADI), and
activation of cellular proteases may account for sulfur mustard-
induced blister formation in human skin. According to the authors,
the key reaction begins with the intramolecular cyclization of sulfur
mustard to form an electrophilic ethylene episulfonium intermedi-
ate, which, in the presence of water, alkylates a number of tissue
macromolecules including DNA, RNA, and protein. Alkylation of
DNA ultimately results in single-strand breaks within basal cells of
the epidermis, which in turn trigger activation of DNA repair
enzymes, particularly poly-(adenosine diphosphateribose) polymer-
ase (PADPRP). Excessive PADPRP activity causes inhibition of
glycolytic and respiratory enzymes, impaired glucose uptake, and
depleted stores of oxidized NADI. NADI depletion results in
inhibition of glycolysis, buildup of glucose-6-phosphate (a substrate
in the hexose monophase shunt), and, ultimately, activation of
cellular proteases. Proteases released from epidermal cells are
thought to cause disruption of dermal-epidermal attachments and
resultant blister formation.

In studies using cultured human epidermal cells, Martens (1991) has
accumulated some preliminary data to show that after exposure to 0.3
mM sulfur mustard, glucose utilization was 50 percent inhibited, and
NADI content within cells decreased to 50-60 percent of control. The
onset of sulfur mustard-induced NADI depletion preceded the inhibi-
tion of glycolysis. Martens states that his data support the Papirmeister
group's postulated mechanism of sulfur mustard damage to human
skin. Smith and Dunn (1991) have stated also that studies at their
institute are consistent with the Papirmeister proposal. They add,
however that "the process would appear to require an active inflamma-
tory response dnd altered fluid dynamics in the affected tissue to
generate ... blisters."

DNA Cross-Linking. A simpler postulate is advanced by Bernstein
and colleagues (1985, 1987). Using rat keratinocytes cultivated on
nylon membranes, their experiments-in which low-dose sulfur
mustard (0.01-0.5 nmol/cm 2), caused significant inhibition of 3H
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thymidine uptake-show that DNA is the most important target of
sulfur mustard. Uptake of 'H uridine (RNA synthesis) and 14C
leucine (protein synthesis) was not affected by low-dose sulfur
mustard in this system. Concentrations on the order of 10-500
nM/cm2 were required to inhibit 'H uridine and "4 C leucine incor-
poration. Bernstein proposes that alkylation of nucleophilic residues
of macromolecules creates interstrand and intrastrand cross-linking.
Synthesis of DNA in particular but also RNA and protein is inhib-
ited, thereby blocking cells at the interface of G2/M phases of the cell
cycle. Disruption of cell proliferation in the germinative cell popula-
tion of the skin occurs, eventually death of the affected cells takes
place, and separation of the epidermis from the dermis causes blister
formation. Yet to be explained in this postulate are the ultimate fate
of alkylated DNA and how alkylation is related to cell death and
vesication.

Other investigators (Crathorn and Roberts, 1966; Lawley and
Brookes, 1965) have found that cytotoxicity of sulfur mustard was not
associated with inhibition of RNA or protein synthesis in a certain type
of tumor cell (Hela) and in the bacteria Escherichia coli, respectively, and
that disturbance of growth was specifically associated with inhibition of
DNA synthesis. Their data may be advanced in support of Bernstein's
theory of blister formation.

That sulfur mustard does indeed induce cross-links in DNA has been
shown by Sorscher and Conolly (1989), using primary c,,' tures of
newborn rat epidermal cells. DNA cross-linking in sulfur mustard-
exposed cells was seen at 5 mM sulfur mustard, but not at a lower dose
of 2.5 mM sulfur mustard. Increased cross-linking was not observed in
cultures treated with 10 and 20 mM sulfur mustard.

Lewisite
Lewisite is a lipophilic substance; therefore, absorption through the

skin is a primary route of entry into the body. Percutaneous absorption
may be associated with systemic toxicity, manifested by pulmonary
edema, diarrhea, agitation, weakness, hypothermia, and bypotension.
Systemic toxicity secondary to Lewisite exposure occurs more rapidly,
and toxicity is more severe, than after exposure to sulfur mustard.

Cutaneous reactions after exposure to Lewisite vary depending on
the atmospheric temperature, relative humidity, presence or absence of
water, physical state of the agent (vapor or liquid), and concentration
and duration of agent delivered to the skin. The maximum effect of
Lewisite on skin takes place under conditions of low temperature, low
humidity, and dry nonalkaline terrain (Gates et al., 1946).

Under standard conditions of temperature and humidity, Lewisite

0



DERMATOLOGICAL EFFECTS 165

vapor (12 mg/m3 or less) produces erythema of the skin. Higher
concentrations (1,000 mg'min/m3) under conditions that yield hot, dry
skin may induce small, shallow, turbid vesicles that coalesce to form
larger blisters (Goldman and Dacre, 1989). Liquid Lewisite (0.2 mg/cm2 )
on the skin produces an immediate (10-12 seconds) stinging and
burning sensation at the site of application (Davis, 1944). This is
followed within 5-15 minutes by a cooked-skin appearance, character-
istically dull dead-white or grayish skin similar to that seen after an acid
bum. Shortly thereafter, erythema develops around the contaminated
site. The central region of the bum becomes urticaria-like and lemon in
color. Later, puckering of the skin occurs around adnexal orifices to give
the appearance of "tanned pigskin." Six to eight hours later, pinpoint
vesiculation appears, shortly replaced by large bullae that cover the
entire erythematous area. Characteristically there is a very sharp line of
demarcation between Lewisite-bumed skin and normal skin, making it
fairly simple to distinguish between the bum of Lewisite and sulfur
mustard. Delivery of a large quantity of Lewisite to intact skin over a
prolonged period can result in deep penetration of agent through
subcutaneous tissue into muscle, with attendant edema and necrosis.

Although Lewisite injuries are often described as healing at a more
rapid rate than those due to sulfur mustard, Davis (1944) states that "it
has been thought by some observers to heal more rapidly than mustard
gas bums, but I cannot assent to this opinion." Davis also notes that
residual pigmentation in small Lewisite bums is not as characteristic as
in sulfur mustard bums. Rather, Lewisite is more prone to leave residual
atrophic scarring.

Lewisite lethality in man when delivered via skin is also related to
physical state on delivery. According to data presented to this commit-
tee by Colonel Richard Solana of the U.S. Army Medical Research
Institute of Chemical Defense (Appendix A), the LDSO for humans is
estimated to be 40 mg/kg for liquid Lewisite, and 100,000 mg-min/m 3 for
Lewisite vapor. The LD5o often quoted for liquid Lewisite is considered
low by many investigators (Goldman and Dacre, 1989).

Less is known about Lewisite than sulfur mustard penetration
through human skin. Axelrod and Hamilton (1947), in studies using 10
microcuries of radioactive arsenic (74As) per milligram of Lewisite,
applied 475 p~g of Lewisite to the skin of humans for 10 and 15 minutes.
During each experiment 0.43 cm2 of skin was exposed, and biopsy
specimens were taken 24 hours after exposure. Radioautographs of
exposed tissue showed Lewisite to be confined principally to the
epidermis; very little was found in the dermis, mostly around blood
vessels and in some but not all hair follicles. Radioactivity within the
epidermis was confined to dead epithelial cells. There appeared to exist
massive necrosis of most of the involved epidermis. In similar experi-
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ments using pigskin, labeled Lewisite was deposited primarily in the
hair and hair follicle, with a small amount within the epidermis.
Ferguson and Silver (1947) described similar experiments using the skin
of guinea pigs: Lewisite could be found within the epidermis in 2
minutes and the dermis within 10; it remained concentrated within the
dermis for about 30 minutes and then begen to disappear; only traces
were detectable in the skin after 24 hours.

The histopathologic changes in skin after Lewisite exposure have
been described by Davis (1944), Cameron and colleagues (1946), and
McGown and colleagues (1985, 1987). Unlike sulfur mustard exposure,
Lewisite causes early and complete necrosis of the epidermis in humans.
The necrotic process also involves the dermis where it is principally
vascular in location. Capillary degeneration and perivascular leukocyte
infiltration accompany Lewisite vesiculation. Feister and colleagues
(1989) state that there is evidence to show that, like vesication after
sulfur wustard exposure, vesication subsequent to Lewisite injury
occurs within the lamina lucida. However, it is not clear which anatom-
ical structures are disrupted to cause epidermal-dermal separation.
Studies in the human skin-grafted nude mouse system suggest that
epidermal-dermal necrosis precedes epidermal-dermal separation.

It is assumed that upon entry of Lewisite into the aqueous medium of
the intact skin it is rapidly hydrolyzed to a stable, water-soluble, but
highly toxic derivative 2-chlorovinylarsine oxide (Lewisite oxide) and
hydrochloric acid. Feister and colleagues (1989) postulate that Lewisite
oxide may be the principal metabolite and major cytotoxic form of
Lewisite within tissues. It is also believed that the trivalent form of
arsenic, which is highly reactive in biological systems, is responsible for
the overt toxicity of all arsenicals, including Lewisite, to living systems.
Trivalent arsenicals exert their toxic effects through interactions with
active tissue sulfhydryl groups (Peters, 1955; Peters et al., 1946; Squibb
and Fowler, 1983). Trivalent arsenicals interact directly with protein
sulfhydryl or thiol (sulfhydryl attached to a carbon) groups.

Because a vast array of critical enzymes contain thiol groups that
interact with arsenicals, the end result of this interaction is enzyme
inactivity. This ability of arsenicals to inhibit tissue enzyme activity in
a variety of animal systems has made them valuable tools in the study
of the biochemistry of specific enzymes, their mechanisms of action,
and sites of action. A body of work, beginning with the separate
investigations of R.A. Peters and C. Voegtlin in the 1920s, supports
the concept that cell death from Lewisite results from the inhibition of
the pyruvate-dehydrogenase complex, causing energy depletion
within the cell (Peters, 1955; also see Feister et al., 1989). Numerous
studies have shown that addition of arsenic to isolated mitochondria
produces an inhibition of cellular respiration, the oxidation of tricar-
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boxylic acid cycle substrates, and oxidative phosphorylation (Squibb
and Fowler, 1983). An alternative and as yet unproven theory of
Lewisite toxicity postulates inhibition of glycolysis secondary to ar-
senical inhibition of the hexokinase enzyme. The resultant inhibition
of each of the subsequent biochemical steps in energy metabolism
leads to energy depletion and cell death.

EVIDENCE OF LONG-TERM HEALTH EFFECTS OF
MUSTARD AGENTS

Animal Studies and Cellular Bioassays

Animal studies of sulfur mustard effect on skin have been directed
principally at defining a role for this agent in the process of carcinogen-
esis (Fox and Scott, 1980; Heston, 1953; McNamara et al., 1975). Such
studies have been performed in a variety of animals including dogs,
guinea pigs, rabbits, rats, and mice, as described in Chapter 6. Although
several routes of administration have been used, subcutaneous injection
of fairly large dosages of sulfur mustard was the most successful route
producing cutaneous papillomas and sarcomas. Long-term exposure to
sulfur mustard vapor also produced squamous cell and basal cell cancers
in rats. These experiments, although crude, suggest that similar acute
and chronic exposure in humans may be carcinogenic.

Human Studies

The persistence of lesions following sulfur mustard exposure is
directly related to the duration and severity of the exposure. Secondary
infection will often influence the process of healing and, in turn, may
influence the eventual outcome of skin injury. Injury that results in
erythema and edema without vesicle formation is almost always fol-
lowed by complete healing and no residual cutaneous defects. Sites
characterized by early and diffuse hyperpigmentation are exceptions. In
such sites, erythema may be followed by exfoliation and skin necrosis.
Blistering wounds and necrotic wounds, which characteristically leave
large areas of skin devoid of protective epithelium, melanocyte, and
intact adnexal structures, are often followed by permanent residual skin
defects. Skin damage is intensified in the presence of secondary bacterial
infection of unepithelialized skin. The effect of infection is intensified by
the action of systemically absorbed sulfur mustard on bone marrow.
Intense skin exposure sufficient to cause severe vesiculation and skin
necrosis is almost always associated with systemic toxicity. Destroyed or
diminished bone marrow activity denotes reduced numbers of or
destruction of replicating marrow stem cells (also see Chapter 10).
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Reduced granulocyte and other marrow-derived cells in the peripheral
blood cause a diminished protective effect from polymorphonuclear
leukocytes, macrophages, monocytes, and other cell types that are
active in the destruction and scavenging of organisms that invade and
impede healing of wounds.

Residual cutaneous lesions most often take the form of scars that
result from uncontrolled fibroblastic activity and overgrowth of connec-
tive tissue during the process of wound repair. Even well cared for
wounds over body sites and parts that are not easily immobilized, such
as shoulders, knees, elbows, and male genitalia, often heal with severe
residual scar formation. Pigmentation is often altered (either increased
or decreased) at these sites, although the degree of alteration does not
differ from that observed in injuries caused by burns and other forms of
physical and chemical insult. In the absence of melanocyte destruction,
hyperpigmentation will predominate. If melanocytes are locally de-
stroyed, and inward migration from destroyed adnexal structures does
not occur, depigmentation will predominate. Some previously injured
sites have been described as "sensitive" to subsequent mechanical
injury. These sites may show recurrent blisters after mild injury.

Skin tumors (basa) cell, squamous cell, and Bowen's intraepidermal
squamous cell cancer) and rapidly spreading skin ulcers that are resistant
to therapy have been reported (Inada et al., 1978; Jackson and Adams,
1973; Klehr, 1984; Wada et al., 1963). To date, the number of cutaneous
cancers reported subsequent to acute and chronic sulfur mustard exposure
is low, and it is unclear whether some of these cutaneous cancers are
related to the carcinogenic effects of sulfur mustard or are related to the
presence of chronic skin ulcers (Jackson and Adams, 1973). The occur-
rence of skin cancers at the site of old scar formation is an acknowledged
biological phenomenon (Novick et al., 1977; Treves and Pack, 1930). It
appears that cutaneous cancers following acute sulfur mustard exposure
usually localize in cutaneous scars, whereas those following chronic
exposure can occur on any exposed site (Inada et al., 1978). Many
questions remain unanswered in sulfur mustard human carcinogenicity.
Some subjects who develop cutaneous cancers after chronic sulfur mus-
tard exposure, particularly Bowen's disease, have had exposure to multi-
ple potential cancer-causing agents, including Lewisite (Inada et al., 1978;
Wada et al., 1963). Yet, Kravitz and McDonald (1978) have reported
cutaneous cancer induction following chronic topical application of nitro-
gen mustard in the treatment of cutaneous T-cell lymphoma.

Occupational Exposure

Long-term effects of sulfur mustard exposure have been most fre-
quently described in people previously employed in the manufacture of
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mustard gas (BUscher, 1932; Easton et al., 1988; Inada et al., 1978; Klehr,
1984). Pigmentary disorders, skin ulcers, and cutaneous cancers and
precancers have been the most common entities described. Klehr
described a group of World War II (WWII) German mustard gas workers
as having multiple skin tumors, even in unexposed skin, and numerous
painful ulcerations that tend to spread. Klehr's report is principally
descriptive and is without valid comparative data or control popula-
tions, as are most other reports of occupational diseases associated with
sulfur mustard exposure. Of 53 workers remaining alive and examined,
34 percent experienced multiple skin tumors, and 45 percent experi-
enced arterial vascular ulcers of the lower extremities. Klehr's clinical
description of the kinds of ulcers seen gives the impression that they are
not unlike leg ulcers commonly found in individuals with chronic
arterial and venous disease. The lack of a control population and the
very general descriptive and retrospective nature of this report make it
difficult to place value on the content.

Wada and colleagues (1962, 1963) and Inada and colleagues (1978)
describe findings in a group of former workers exposed for variable periods
to a variety of "war gases" manufactured on Okuno-jima island in Japan
(see Chapter 6). Of 488 workers, 115 showed pigmentary skin changes
consisting of hyperpigmented and depigmented raindrop spots,
mostly on covered skin of the trunk and extremities. Another 22 cases
with Bowen's disease, basal cell carcinoma, and other hyperkeratotic
skin lesions were described. Of 5 cases extensively described, the
average time between initial exposure to sulfur mustard and the
development of tumors varied between 31 and 46 years. The number
of years worked in the facility varied from 3 to just over 15 years. Most
workers in this facility wore protective clothing, which was described
as "defective and ill-fitting" most of the time: numerous instance of
skin burns, blisters, and other cutaneous injuries were reported.
Although an adequate control population was not simultaneously
studied, 77 workers who were engaged in clerical and guard duty at
the same facility, did not develop evidence of long- or short-term
defects.

The principal drawback to assigning a cause and effect relationship
solely to sulfur mustard exposure at this facility may be found in the
background comments: before 1937, workers whose tasks were limited
to the production of "war gases" worked in the manufacture of gases of
all types, including mustard gas and Lewisite (Wada et al., 1962). Also
missing from these studies is a statisticat cor.pa sori of the number of
cases of Bowen's disease one covid expki.i to ind. in a comparable
population of nonexposed Japaziese. In a nationwide 5-year study of
skin cancer, the overall incidence of skin cancer among 851,685 new
patient visits to dermatologic clinics at major Japanese universities was
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0.10 percent (Miyaji, 1963). Comparable figures have been reported by
other Japanese authors (Kitamura, 1954), although a study in Hi-
roshima, the site of a Japanese pre-WWII war gas factory, reported an
incidence of 0.16 percent (Hosokawa, 1961). When the geographical
distribution of skin cancers in Japan was examined, there was a greater
incidence in southern and western Japan (including the prefecturate of
Hiroshima), areas where the largest amount of annual sunlight is seen
(Miyaji, 1963).

In a report on the British occupational experience, Eeston and colleagues
(1988) looked at mortality data from a World War I1 mustard gas manufac-
turing site in Cheshire, England. The observed number of deaths from skin
cancer was zero, versus the expected number of two. The implication from
this study is that there is a low or nonexistent death rate from skin cancer in
this cohort of individuals, and certainly the death rate is lower than generally
expected in a group of exposed workers. Indeed, the incidence of all
expected diseases and deaths has been less in the British workers than in
workers from other nations, a difference attributed to better worker protec-
tion measures in British war gas factories.

Battlefield Exposure

To date, thern. has been only a single report describing delayed toxic
effects of sulfur mustard exposure during battlefield operations. Balali
(1986), in a prospective study of delayed toxic effects, has followed a
cohort of Iranian solders exposed to mustard gas during the Iran-Iraq
war. After two years of observation, 41 percent of the exposed victims
are experiencing pigmentary disorders. No other abnormalities have as
yet surfaced.

Medical Therapeutic Exposure

For a number of years, Russian and Eastern European physicians
have studied the effects of a topical preparation containing sulfur
mustard 0.005 percent in petrolatum (psoriasin) on a hyperproliferative
disease of the skin, psoriasis. The delivery of therapeutic dosages
requires about 0.01 ýag psoriasin/cm2 of skin. This amount results in
inhibition of DNA synthesis sufficient to reduce basal cell replication,
causing a return of the bulk of cells back to a state comparable to normal,
yet the cells' ability to repair DNA cross-linking is not impaired. This
dosage level is 10-100 times lower than that required to cause erythema
in normal skin (Renshaw, 1946). Short-term (15 days) observation of
patients treated with Psoriasin reveals cutaneous hyperpigmentation.
like that seen after the application of nitrogen mustard to the skin,
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stimulation of hair growth, and cutaneous sensitization (Turanow et al.,
1977). Long-term effects are yet to be reported.

Experimental Exposure

Renshaw (1946) has reported on the development of contact sensitiv-
ity in man following localized exposure to liquid sulfur mustard.
Cutaneous sensitivity may be seen within 8 days following the first
application, and a more pronounced effect is seen after four weeks. The
incidence of hypersensitivity varies between 30 and 65 percent of
exposed individuals. Sensitivity may be immediate (urticaria) or delayed
(dermatitis) and appears to last for a lifetime. Sensitivity also includes
flares of old, healed sulfur mustard injured sites after a fresh application
of sulfur mustard to normal unaffected skin.

EVIDENCE OF LONG-TERM HEALTH EFFECTS OF LEWISITE

The long-term health effects of Lewisite on skin are unknown. There
is an extensive bibliography on the long-term effects of arsenicals on
specific organ systems, but with few exceptions the skin is omitted from
these studies. There is considerable controversy over which arsenicals
are most toxic to human and animal tissues (e.g., inorganic arsenicals
versus organic arsenicals, versus trivalent, versus pentavalent). The
more recent literature leans toward the conclusion that most long-term
effects attributable to arsenicals are due to exposure to inorganic
trivalent arsenic (Goldman and Dacre, 1989; Squibb and Fowler, 1983).

Epidemiologic studies have clearly demonstrated a real association
between chronic adverse reactions and occupational exposure to inor-
ganic arsenic in pesticides, herbicides, fungicides, and animal disinfec-
tants, and in smelter workers. In medicine, preparations such as
Fowler's solution, asiatic pills, and Donovan's solution that contain
trivalent elemental arsenic have been associated with long-term effects
including dermatitis, hyperpigmentathon, loss of hair, disseminated
cutaneous keratoses, palmar hyperkeratosis, and cutaneous cancer,
including basal cell, squamous cell, and Bowen's intraepidermal squa-
mous cell cancer. Yet the long-term administration of organic arsenicals
in the treatment of syphilis, trypanosomal diseases, parasitic infesta-
tions, relapsing fever, and yaws has not been associated with any of the
adverse reactions outlined above.

Animal Studies and Cellular Bioassays

Most animal studies of the long-term effects of Lewisite and other
arsenicals on skin and other organs have been directed toward the
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elucidation of carcinogenesis (Fraumeni, 1975; IARC, 1980; Kennaway,
1942; National Research Council, 1977; Fershagen, 1981). Squibb and
Fowler (1983) state emphatically, "The question as to whether arsenic is
a direct carcinogen.. . remains unanswered at this time. Epidemiolog-
ical data clearly indicate that exposure to arsenic increases the incidence
of skin, lung, liver and lymphoid cancer in humans, however, animal
studies designed to confirm the carcinogenic potential of arsenic and its
compounds have been, for the most part, negative." Goldman and
Dacre (1989) state, "There is still reservation about accepting arsenic as
a carcinogen because of the failure to demonstrate that arsenic in any
form has resulted in an increased incidence in the production of tumors
in experimental animals."

Human Studies

Occupational Exposure

The most often quoted evidence of Lewisite-induced cutaneous
cancer is a case of Bowen's disease that developed 8 years after
Lewisite-produced injury (Krause and Grussendorf, 1978) and the
multiple keratoses and skin cancers in the group of Japanese "war-gas"
factory workers described above (Inada et al., 1978). The questions
regarding the Japanese study in terms of sulfur mustard effects also
apply here.

Arsenic has been linked to the production of human cancer by many
investigators (Allen, 1967; Graham and Helwig, 1959; Graham et al.,
1961; Montgomery and Waisman, 1941). Roth (1956) described arsenic-
induced cancers among vineyard workers, as well as a striking multi-
plicity of arsenic-induced cancers. Sommers and McManus (1953) also
call]ed attention to the multiplicity of lesions and the involvement of
internal organs as well as skin. Arsenic may produce keratoses (kerati-
nized protuberances of skin, particularly on the palms and soles),
squamous cell cancer, basal cell cancer, multicentric intraepithelial basal
cell carcinoma, and Bowen's intraepidermal squamous cell cancer.

Convincing proof of the etiologic linkage of arsenic to neoplasms is
the demonstration of arsenic in tumors. Two fairly simple tests have
been used: (1) the Osborne test, which demonstrates the presence of
yellowish-green crystals in specially stained histologic sections of skin;
and (2) the direct differential chemical analysis of fragments of tissue for
arsenic. Montgomery and Waisman (1941) have shown that normal skin
will contain 0.00008 mg of arsenic per gram of tissue; whereas, cancer-
ous skin will contain 0.00024 to 4.3 mg of arsenic per gram of tissue.
Arsenic has been recovered from human skin up to 30 or more years
after administration of the compound. Graham and colleagues (1961) in
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an analysis of normal and involved skin found arsenic in increased
amounts in a significantly greater proportion of Bowen's disease po-
tients than in lesions of control patients with other dermatoses. These
findings were based on a review of material from 15 patients with
keratoses and a definite history of ingestion or contact with arsenic,
versus patients without such history. In a review of data from another
series of studies, Graham and Helwig (1959) conclude that "our obser-
vations strongly suggest that arsenic could be one of the causes of
Bowen's disease and that the systemic and cutaneous cancers in these
patients may well represent the systemic manifestations of this strong
chemical carcinogen."

Battlefield Exposure
It has been stated that the value of Lewisite as a military agent depends

in large degree on whether the nccessary dosages can be "set up in the
field." Field experiences indicate that dosages sufficiently large enough to
impact on military operations "are probably not attainable with any
reasonable expenditure of munitions" (Gates et al., 1946). Neither satura-
tion of fields, nor delivery of thickened and unthickened Lewisite vapor
through bombs and airplane spray, has proven of value. The casualty-
producing properties of sulfur mustard far outweigh those of Lewisite,
and for this reason there has been no known battlefield use of Lewisite.

Medical Therapeutic Exposure

As stated above, inorganic as well as organic arsenicals have been
used for medicinal purposes. Inorganic arsenicals have been used since
the time of Hippocrates (460-377 B.C.). Due to their low comparative
toxicities, organic arsenicals supplanted the general use of inorganic
arsenicals in medicine during the early 1900s. However, the use of
inorganic arsenicals was not totally eliminated, and many products were
sold as "over-the-counter" home remedies and tonirs through the latter
half of this century. In individuals exposed to inorganic arsenicals
through this route, all of the adverse reactions described earlier have
been seen. Cutaneous cancers, basal cell, squamous cell, and Bowen's
disease have been well described in these populations. In numerous
instances, systemic metastatic cancers of the internal organs have been
associated with a large number and v&riety of cutaneous cancers
(Sommers and McManus, 1953).

Experimental Exposure
Other than sensitization subsequent to Lewisite application to skin,

described above, there is a paucity of information regarding long-term
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effects of acute or chronic exposure to Lewisite from experimental
situations,

SUMMARY

Gaps in the Literature
There is a wealth of information on the acute and short-term effects of

sulfur mustard on human and animal skin. However, there is a paucity
of literature describing delayed or long-term effects. Based on a small
body of information derived from fairly crude data, observation periods
as long as 35-45 years may be required to produce meaningful human
data. To our knowledge, the only prospective study of long-term
cutaneous effect.s of acute sulfur mustard exposure on human skin is
that of Balali (1986). This study is now in its fourth or fifth year and
should provide very valuable information in 15-20 years.

Human data derived from patients previously treated in Russian and
Eastern European studies of the agent psoriasin may also be useful in
determining the delayed effect of short-term administration of
suberythema dosages of sulfur mustard. We are now approaching 20 to
25 years from the beginning of these studies. Follow-up of those
participants, if properly done, now would be of invaluable help in
determining delayed effects of acute sulfur mustard exposure. It is
possible that some studies were designed using chronic dosing and
adequate control populations. If so, patients in this category may aid in
determining if chronic sulfur mustard administration in subinjury dos-
ages, like nitrogen mustard, may lead to the development of cutaneous
cancer.

Ideally, if one were able to determine successfully who participated,
and when, in the variety of experiments carried out by the U.S. Armed
Forces and its Allies in World War II, an examination of this group,
potentially numbering in the thousands, would serve as an excellent
source of data on the long-term effects of sulfur mustard on the skin.

There are also numerous gaps in the literature relative to the acute
and long-term effects of Lewisite skin exposure. Lewisite has been
subjected to much less intense investigation than sulfur mustard. Very
little is known regarding its specific effect on skin; data on such basic
areas as absorption, disposition, and excretion after skin exposure are
minimal. Although much is known of Lewisite's biochemical interac-
tions, little is known of the morphologic sites of these interactions.
Microscopic examination of affected skin has yet to be pursued in depth.

Most studies have been impaired, as has been work on sulfur mustard
exposure, by the lack of good animal model systems.

Studies on the carcinogenicity or noncarcinogenicity of Lewisite
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need to be broadened and pursued with greater intensity. The
information obtained from these studies, unlike studies of sulfur
mustard exposure, will have broad application in industry, farming,
and medicine.

Conclusions
Despite the many years that the problem of acute sulfur mustard

toxicity to human skin has been known and observed, its long-term

effects after acute and chronic exposure remain obscure. Unfortunately,
large volumes of pertinent literature on experimental studies of human
exposure remain obscure or destroyed. Despite the flaws in the litera-

ture explored to date, it is possible to conclude that (1) the evidence
indicates a causal relation between acute, severe exposure to mustard
agents and increased pigmentation and depigmentation in human skin;
(2) acute and severe exposure can lead to chronic skin ulceration, scar
formation, and the development of cutaneous cancer; and (3) chronic
exposure to minimally toxic and even subtoxic doses can lead to skin
pigmentation abnormalities and cutaneous cancer. The evidence would
nevertheless be strengthened by (a) intensive data review; (b) physical
examination of identifiable victims of experimentation during and pre-
ceding former wars, and the comparison of these individuals with
matched cohorts of nonexposed persons; and (c) continued prospective
evaluation of individuals with recent battlefield anid experimental expo-
sure. It should also be emphasized that scarring of scrotal and penile
tissue, quite likely in mustard agent exposure, can impair sexual
performance.

There is insufficient information, however, to establish a causal
relationship between Lewisite exposure and long-term adverse effects
on skin.
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Other Physiological Effects of
Mustard Agents and Lewisite

Exposure to mustard agents and Lewisite may have long-term effects
on a number of other physiological systems. This chapter reviews the
animal experimental data and human epidemiclogical studies that have
focused on the following systems:

0 immune system, including blood lymphocytes, lymphatic tis-
sues, and bone marrow;

"* gastrointestinal system;
"* blood system;
"* nervous system, including autonomic and higher-order func-

tions; and
0 reproductive risks.

EFFECTS ON THE IMMUNE SYSTEM

Anatomy and Physiology

The human body has the ability to resist many types of organisms or
toxic agents to which it may be exposed. This capacity is called
immunity. The immune response includes specific actions of blood
lymphocytes (one type of white blood cells) and is facilitated by other
white blood cells including neutrophils, monocytes, macrophages, eo-
sinophils, and basophils.

The leukocytes are the mobile units of the body's protective system.
They circulate throughout the body, moving in and out of tissues via the
circulatory system and lymphatic system. The leukocytes are formed
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partially in the bone marrow and partially in the lymph tissue, but after
formation they are transported in the blood to different parts of the body
where they are to be used.

The development of the human immune system begins late in the
fetal period, is functioning at birth, and reaches maximum capacity near
the time of puberty. In human adults the majority of circulating
lymphocytes are T cells and the remainder are B cells and NK (natural
killer) cells (a lymphocyte that can nonspecifically destroy certain virally
infected or tumor cells). The production of B cells and T cells continues,
albeit at a reduced rate, throughout life (Twomey, 1982).

The normal function of the immune system involves a complex
sequence of cellular and biochemical events. After exposure to an
antigen (a molecule that stimulates a specific immune response), there is
phagocytosis (ingestion) of the antigen by macrophages during which
the antigen undergoes intracellular breakdown by enzymatic hydroly-
sis. After hydrolysis, the fragments of the antigen move to the surface of
the macrophage for reaction with specific T lymphocytes called helper-
inducer T ceL!s. Activation of these T lymphocytes occurs only if the
interacting lymphocytes have specific receptors that bind to a complex of
antigen fragments and a special protein derived from the major histo-
compatibility complex (Twomey, 1982).

The generation of antibody-producing plasma cells (B cells) and
cytotoxic cells (T cells) requires the presence of biochemical factors
(lymphokines and cytokines) secreted by T cells and macrophages.
Clonal expansion increases the number of these specifically reactive T
and B cells, so that subsequent exposure to the same antigen leads to a
rapid specific immune response. As an immune response occurs, a
decrease of the T cells is likely, and negative feedback into earlier phases
prevents excessive reaction. Thus, the specific antibody reacts with the
offending antigen to cause neutralization or inactivation while effector T
cells inactivate or destroy cellular targets. When these mechanisms are
functioning properly, the immune system recognizes and eliminates
foreign agents quickly and efficiently. Opportunities for dysfunction can
occur at any point along the pathway of cellular and biochemical
processes, resulting in a variety of immunological effects from hyper-
sensitivity to immunodeficiency, as illustrated in Figure 10-1.

For example, exposure to immunotoxicants can cause immunosup-
pression, resulting in altered host resistance. The outcome of immune
suppression is influenced by the dose and mechanism of action of the
immunotoxicants, along with concomitant exposure to other agents
such as bacteria, viruses, parasites, or chemicals at levels that might
normally be innocuous. In its suppressed condition, the immune system
does not respond adequately to hazardous agents. Adverse conse-
quences are those of severe disseminated infectious diseases caused by
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effects of the major components by toxic factors. SOURCE: National Research Council,
1992.

a variety of agents that are usually not pathogenic. Age, poor nutrition,
and stress (physiologicant m st lkel ) can exacerbate the develop-
ment of such immunologic disease (Golub, 1987).

Xenobiotics can also act as sensitizers to stimulate the immune system
as antigens by provoking a substantial immune response that leads tohypersensitivity. Immunologic tissue damage can result from activation

of the cellular and biochemical systems of the host. The interactions ofan antigen with a specific antibody or with effector lymphocytes trigger
the sequence of humoral and cellular events to produce the pathophys-
iologic effects that lead to tissue injury or disease (Vos, 1977).

Chemicals that suppress bone marrow function can affect reserves of
stem cells that are needed for cell replacement. Blood line cells are

derived from stem cells, which can develop into many cell types(pluripotent) and which, in adult humans, are primarily in bone

marrow. Within the marrow microenvironment, these self-renewing
cells mature into committed progenitors, which are in peripheral cells.Stem cells often appear to be sensitive targets for therapeutic and
environmental toxicants, most likely because of their rapid proliferation.
Xenobiotics or various drugs that are toxic to the myelocytes of the bone
marrow can cause profound immunoisuppression due to loss of stem
cells.

Animal Studies

In a review of the literature, a distinct impression arises that sulfur
mustard has been consistently observed to cause pathogenic states of
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decreased immunoresponsiveness in animals. One of the earliest clues
of this effect emerged from a series of animal experiments by Hektoen
and Corper (1920). They observed that dogs and rabbits experienced
depressed antibody formation after intravenous and intraperitoneal (IP)
exposure to sulfur mustard. The sulfur mustard had a restraining effect
on precipitation and on lysis-two of the principal ways antibodies can
inactivate invading foreign agents-and profoundly modified the leu-
kocyte count of the blood in experimental animals.

This series of studies placed sulfur mustard in a class with other
leukocytic toxins such as benzene, which has frequently been associated
with myelotoxicity expressed as leukopenia, pancytopenia, anemia, and
aplastic or hypoplastic bone marrow (Dean and Murray, 1991).

Later studies with rabbits demonstrated that the number of leuko-
cytes increased immediately after inhalation exposure but later dimin-
ished morphologically. The polymorphonuclear basophil (a type of
white blood cell) showed abnormal developments of the nucleus and
dissolution of the granules. The lymphocytes, which produce acquired
immunity, also showed degenerative changes (Hektoen and Corper,
1920).

Similar results were achieved in experiments in which the route of
absorption was intravenous: polymorphonuclear basophils increased
following injection and then diminished rapidly, apparently disappear-
ing from the peripheral blood. Zimmerman (1942) reported that lym-
phocyte disintegration began within 5 hours of intravenous injection of
sulfur mustard; within 24 hours most of the lymphocytes had disap-
peared.

Quantitative histologic investigation of the effects of intravenously
injected sulfur and nitrogen mustard on albino rats suggested a de-
creased immunoresponsiveness, expressed as leukopenia, lymphope-
nia, and neutropenia (the disappearance of the respective blood cells),
as well as hypoplasia and hyperemia of bone marrow. In the lymphoid
organs, tissue decreased in volume because of the destruction of
lymphocytes (Kindred, 1947). The author further noted that the bone
marrow reacted more slowly to the mustards than did the lymphoid
organs, but it became hyperplastic. There was some destruction of cells,
particularly of the mature granulocytes that protect the body against
invading agents by ingesting them (Kindred, 1949).

These data on the albino rat have been supplemented by studies
showing that dogs exposed to sulfur and nitrogen mustard experience
toxic effects on lymphoid organs and bone marrow. The results of this
action were observed in the quantitative decrease of cells in the
peripheral blood of poisoned animals. The extent of cellular intoxication
was directly related to the amount of the mustard injected (Kindred,
1949). Spurr (1947) further elucidated the influence of mustard com-
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pounds on immune function by simultaneous intramuscular injection of
typhoid vaccine and nitrogen mustard into rabbits. The data suggest
that the toxicity of nitrogen interferes with or suppresses antibody-
forming mechanisms of the lymphocyte.

More recent studies have generally confirmed earlier evidence that
laboratory animals exposed to mustards experience changes in cells of
the immune system that result in undesirable effects (i.e., irnmunosup-
pression, alteration of host defense mechanisms against pathogens and
neoplasia). Coutelier and colleagues (1991) noted a marked decrease in
the number of spleen cells in mice one week after receiving a relatively
high dose of sulfur mustard. B lymphocytes were relatively more
affected than T lymphocytes by sulfur mustard; similar results were seen
in humans, where toxicity for B lymphocytes led to a decrease in B-cell
number following exposure to nitrogen mustard compounds.

Blank and colleagues (1991) compared the immunotoxicity of sulfur
mustard and nitrogen mustard on humoral and cell-mediated immunity
of mice. The effects on thymic and splenic weight, spleen cell number,
and the formation of antibody were similar to earlier laboratory results.
Both compounds induced splenic and thymic weight loss. When splenic
cellularity was depressed, the total number of cells producing antibody
response was decreased. Only when sulfur mustard reached lethal
levels were the total spleen cells producing antibody response at a level
equivalent to that observed following nitrogen mustard administration.
Hence, the immunotoxic effect of nitrogen mustard could be distin-
guished from general toxicity and was tolerated at a higher dose than
was sulfur mustard. Nitrogen mustard had an additional immunotoxic
effect of decreasing host resistance to tumor cells that was not observed
with sulfur mustard. The reason for these differences is unclear.

Human Studies
Evidence that sulfur mustard causes immunosuppression in humans

has emerged from several lines of investigation. The earliest evidence
came from clinical observations of humans directly exposed to sulfur
mustard during World War I (WWI), who showed significant quantita-
tive and qualitative changes in the circulating elements of the immune
system. Stewart (1918) studied 10 fatal cases of mustard poisoning and
observed striking depression of bone marrow production of white blood
cells. For example, in one case the patient showed a total leukocyte
count of 7,630/mm 3 on the second day after exposure (gassing), 6,650 on
the third day, and 270 on the sixth day, 24 hours before death. In
another case a total leukocyte count of 35,000 was measured on the
second day after gassing, which dropped to 16,000 on the third day, and
to 172 on the seventh day, six hours before death.
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Krumbhaar (1919a,b) observed that among the first changes in the
circulating blood of patients exposed to sulfur mustard was an
exhaustion of leukocyte-forming centers. This downward trend in
leukocyte count ultimately leads to severe leukopenia. Thus the
leukocyte counts in four fatal cases were observed to fall steadily from
(1) 10,200 to 2,900; (2) 17,800 to 3,200; (3) 20,400 to 7,600; and (4) 36,000
to 14,000/mm3. Postmortem examination of the femoral bone marrow
revealed only a slight mottling, shown histologically to be due to
primordial cells and megablasts with a greater or lesser disappearance
of normoblast, myelocytes, and adult forms. This was interpreted as
an inadequate attempt at blood regeneration, and the resulting lack of
leukocytes in the bloodstream suggested a weakening of the immune
system. Even in bronchopneumonia that frequently supervenes in
heavily gassed patients, little or no leactive rise in leukocyte count was
observed.

In another study, the femoral bone marrow in 55 of 75 autopsies of
mustard gas-exposed patients was examined (Krumbhaar and Krumb-
haar, 1919). The results: 14 marrows were classified as showing almost
no regenerative potential; 8 showed only slight reaction; and only 13
showed moderate reaction. In no case was the marrow as hyperplastic
as in ordinary lobar pneumonia or acute infections accompanied by
leukopenia. The authors concluded that

the blood and bone marrow changes are due to direct action of
the poison and not the secondary infections (1) because they
have been found well marked in cases where infection was
slight or absent; (2) because influenza, typhoid, malaria, and
such leucopenia infections played no part in these cases; and (3)
because the kind of infection found to be present (pyogenic)
does not lead to leucopenia or impaired bone marrow function.

In 1946, Anslow and Houck reviewed classified literature concerning
the pharmacological action of sulfur and nitrogen mustard. They re-
ported that evidence from soldiers gassed or burned in World War I was
essentially the same as seen in experimental animals. Marked leukope-
nia and loss of reactivity of the bone marrow were observed in severe
cases of mustard intoxication. In mask volunteers, sublethally exposed
to sulfur mustard under temperate or tropical climate conditions, there
was a moderate to marked leukocytosis appearing as early as four hours
after exposure. This was followed by a moderate reduction in the
number of leukocytes in the blood.

Another set of clinical observations comes from reports on over 600
sulfur mustard casualties following the release of sulfur mustard in
Bari harbor, Italy, in December 1943 (Alexander, 1947). The effects
upon the leukocytes in the circulating blood were most severe: white
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blood cell counts of 100 cells/mm 3 or less were recorded; lymphocytes
were the first to disappear; and granulocytes were also severely
affected but lagged behind the lymphocytes in their rate of decrease.
Not all cases demonstrated a sharp decline in white blood cell count,
but all casualties with an extremely low leukocyte count died. Infec-
tion was a dominant feature, as it was among sulfur mustard casual-
ties during the Iran-Iraq conflict in 1984 and 1986. These patients
experienced leukopenia accompanied by tctal bone marrow aplasia,
wbich included extensive losses of myeloid stem cells (Balali, 1986;
Eisenmenger et al., 1991). These findings are further evidence of an
association between suppression of immunologic functions and an
increased incidence of infectious disease.

In one of the few studies of long-term effects, Zandieh and colleagues
(1990) measured the cell-mediated immunity in three groups of Iranians
exposed to sulfur mustard: (1) three months to two years after exposure;
(2) one to two years after exposure; and (3) two years after exposure. In
comparison to normal controls, T lymphocytes showed a significant
decrease of 50 percent in all three groups; helper-inducer T cells were
significantly decreased in 52 percent of the first and second groups; and
T suppressor cells were increased in 53 percent of the first group and 22
percent of the second and third groups. These measurements indicate
that depression of the cell-mediated immunity was observed one, two,
and three years after exposure to sulfur mustard. Several recent case
reports from the Bahar Medical Laboratory in Tehran, Iran, describe
similar long-term effects: about 100 patients exposed to sulfur mustard
were observed for a year, and the investigator found alterations in B and
T lymphocytes. In addition, the phagocytic activity of these patients was
reduced to 20 percent of that of a normally functioning immune system
(Balali, 1986).

The search for chemical agents with antitumor activities has pro-
vided another clue that sulfur and nitrogen mustards are immuno-
toxic. As alkylaring agents, they form covalent linkages with biologi-
cally important molecules, resulting in disruption of cell function,
especially cell division. As a result, these agents are particularly toxic
to rapidly prc!iferating cells including neoplastic, lymphoid, and bone
marrow cells. Because of these immunosuppressive effects, sulfur and
nitrogen mustard& have particular clinical importance. Nitrogen mus-
tards were the first nonhormonal agents to show significant antitumor i
activities in humans, producing dramatic tumor regression in lyrm-
phoma patients (Colvin and Chabner, 1990). The significance of the
immunosuppression produced by alkylating agents in the setting of I
cancer therapy is uncertain. The major concerns are (1) the danger of

increased susceptibility to infection in the immunosuppressed host
and (2) the potential interference with a host immune response to the
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tumor. Spitz (1948) conducted a histological analysis of postmortem
tissue of 57 cases consisting of a variety of lymphomas, leukemias, and
other malignant tumors treated with nitrogen mustards. Attributable
to mustard therapy in these cases was a consistent, apparently
accumulative hypoplasia of bone marrow. This hypoplasia was corre-
lated with the degree of leukopenia and thrombocytopenia that had
existed prior to death.

The immunosuppressive effects of alkylating agents have also been
demonstrated in treating autoimmune disease and as adjunctive therapy
in organ transplantation procedures, to prevent rejection by the recipi-
ent. Immunosuppressive treatments, like exposure to sulfur mustard,
result in increased incidence of infectious disease. There is a well-
established association between the therapeutic use of chemical immu-
nosuppressants, such as those used in organ transplant therapy, and an
increased incidence of infectious disease in humans (Ehrke and Mihich,
1985).

Conclusions

Evidence from animal experiments consistently confirms that mus-
tard agents affect immune system functions. Animal models are most
valuable in studying the physiological and molecular mechanisms
involved in mustard agent effects. In general, this review accorded
greater weight to data derived from studies in more than one animal
species or test system, on results that have been reproduced in different
laboratories and on data that indicated a dose-response relationship.
However, results from animal studies cannot be used alone either to
affirm or to negate relationships between exposure to mustard agents
and chronic disorders, nor can they be used to estimate accurately the
size of the effects in humans.

Clinical observations In humans provide the most direct evidence
of the immunologic effects of mustard agents. In this review, greater
significance was accorded to observations in humans that provide
clear evidence that mustard agent exposure is associated with bone
marrow toxicity expressed as leukopenia, pancytopenia, or aplastic or
hypoplastic bone marrow. Underrepresented in these works is infor-
mation on chronic or delayed effects. This may be attributable to the
fact that patients, if they survive the acute effects, experience a
number of secondary infections and may in fact die from them.
Finally, the data presented here indicate that clinical studies as a
whole support a close parallelism between animal experiments and
observations in humans regarding the immunosuppressive properties
of mustard agents.
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EFFECTS ON SYSTEMS OTHER THAN
THE IMMUNE SYSTEM

Gastrointestinal Effects
Although not the major focus of most studies of mustard agents,

g~snsinte,-tip•! 0fectý bkwve be.n documented in some animal studies.
The most common findings have been intestinal histopathological
changes, includiig destruction of the mucosa and shedding of epithelial
elements (Graef et al., 1948; Papirmeister et al., 1991). Gavage studies
have alko shown epithelial hyperplasia of the forestomach (Sasser et al.,
1989b).

In humans, gastrointestinal effects of mustard agents are commonly
seen in pcople with acute high exposures. Common symptoms include
nausea and vomiting, both immediately after exposure and as a delayed
effect (Papirmeister et al., 1991; Schonwald, 1992). Several mechanisms
may account for these effects including (1) a direct and immediate
cholinergic effect, (2) an inflammatory reaction of the upper gastrointes-
tinal mucosa, (3) a delayed radiomimetic effect on the small intestine,
and (4) physical stress secondary to skin and other effects from mustard
agent exposure (Papirmeister et al., 1.991). In some individuals there
may be chronic gastrointestinal symptoms, but these appear to occur
only secondarily to other chronic health problems due to acute high
exposures to mustard agents.

Exposure of dogs to bigh doses of Lewisite produces some injury to
the intestinal mucosa and focal necrosis of the liver with peribiliary
hemorrhage (Cameron et al., 1946, 1947; Gates et al., 1946). Exposure of
rats by lavage produced lesions of the forestomach including necrosis of
the stratified epithelium (Sasser et al., 1989a). No information could be
found on the effects of Lewisite on the human gastrointestinal systems.

Hematological Effects

In animals exposed to very high doses (i.e., LDE) of mustard agents,
aplastic changes occur in the bone marrow. Lymphatic damage also
occurs, including cellular depletion of the splenic sinuses and resultant
disappearance of lymphocytes from the blood (Graef et al., 1948;
Papirmeister et al., 1991). Similar hematological changes occur in hu-
mans after very high exposures to mustard agents. Marrow suppression
including anemia, thrombocytopenia, and leukopenia has been seen
(Papirmeister et al., 1991; Wiilems, 1989). Severe leukopenia appears to I
occur only after very high exposures, and secondary infections can be a
significant contributor to the mortality in this group.

Laboratory studies have also demonstrated that exposure to Lewisite
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may cause a hernolytic anemia similar to that seen with e rsine exposure
(Goldman and Dacre, 1989). As before, there are no data regarding
hematological effects on humans.

Neurological Effects

Extremely high exposures to mustard agents can cause central ner-
vous system excitation leading to convulsions in animals (Anslow and
Houck, 1946). Cardiac rhythm irregularities including atrioventricular
block may also occur at high levels of exposure (Anslow and Houck,
1946). Renal changes have also been reported, but usually as a, late
complication in fatal exposures (Papirmeister et al., 1991).

In humans, acute neurological symptoms are common with high
exposures to mustard agents, including severe depression and changes
in mentation. These symptoms are produced both directly by the
chemical and secondarily to other physiological changes (see also
Chapter 11). Follow-up of workers in German chemical warfare plants
snowed a high prevalence of various neurological disorders including
impaired concentration, diminished libido, and sensory hypersensitivity
(Lohs, 1975). To what extent these can be attributed to mustard agents
rather than other chemical warfare agents is unclear, but other expo-
sures at this facility included known nerve agents. Renal and cardiac
effects do not appear to occur after human exposures to mustard gas
other than as secondary effects in severely affected individuals.

Neurological effects have not been documented in animals after acute
exposures to Lewisite, but this apparently has not been well researched.
Acute exposure to high levels of Lewisite leads to a shock syndrome due
to increased capillary permeability (Goldman and Dacre, 1989). Some
direct cardiotoxic effects can be seen with intravenous administration.
No direct evidence exists that Lewisite may cause neurological problems
in humans. However, arsenic is a well-known neurotoxin, and periph-
eral neuropathy has been described in humans after a single exposure to
arsenic (LeQuesne and McLeod, 1977).

Conclusions

Gastrointestinal, hematological, and neurological effects are com-
mon after acute high exposures to mustard agents. These effects can be
attributed primarily to the known toxicological effects of these agents
and secondarily to effects on other organ systems (i.e., shock, bums).
Although effects on these other organ systems have not been a focus of
follow-up studies of people exposed to mustard agent, the available
evidence provides no indication of persistent or delayed effects other
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than those secondary to other conditions related to exposure to mustard
agents.

There is insufficient Information to link Lewisite with long-term
health effects on the hematological, gastrointestinal, and neurological
systems.

REPRODUCTIVE RISKS

Sulfur Mustards

Sulfur mustard causes cross-linking of DNA and is known to alkylate
DNA at the 0-6 position of luanine. This observation is consistent with
the known mutagenlc potential of sulfur mustard (see Chapter 6). It is a
bacterial and mammalian mutagen. Sulfur mustard causes chromosome
breakage and induces sister chromatid exchanges in a wide variety of
cells. Epidemiologic studies have also led the International Agency for
Research on Cancer to classify sulfur mustard as a human carcinogen.
These observations underscore the potential of this compound to induce
genetic damage. They also suggest that sulfur mustards could be a
reproductive toxin.

Animal Studies

Sulfur mustards induce dominant lethal mutations in Drosophila. Luening
(1952) observed gross deletions in chromosomes in Drosophila offspring.
Sonbati and Auerbach (1960) also showed that sulfur mustard can cause
heritable mutations in germ cells in the offspring of treated Drosophila. Sasser
and colleagues (198c) administered sulfur mustard orally to rats in sesame
oil for 5 days per week for 10 weeks at doses of 0, 0.08, 0.2, and 0.5 mg/kg.
Treated and untreated males were mated with treated females and untreated
females and their fetuses evaluated after 14 days. The observed effects
included early fetal resorptions and preimplantation losses, as well as
decreases in live embryo implants. A significant increase in abnormal sperm
was detected in males exposed to the highest dose. The authors concluded
that the timing of these effects was consistent with an effect during the
post-meiotic stages of spermatogenesis, possibly involving the generally
sensitive spermatids. In an earlier experiment, Rozmiarek and colleagues
(1973) exposed pregnant female rats to 0.1 mg/n 3 of sulfur mustard by
inhalation; exposure during the interval of gestation failed to produce any
fetal malformations.

In an extensive study, Hackett and colleagues (1987) studied maternal
toxicity, intrauterine mortality, and developmental toxicology in rats
and rabbits. Distilled sulfur mustard, diluted in sesame oil, was deliv-
ered by intragastric intubation in a volume of 1 ml/300 g rat and I mI/4
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kg rabbit. Rats were dosed daily from 6 to 15 days with 0, 0.5, 1.0, and
2.0 mg/kg; rabbits received 0, 0.4, 0.6, and 0.8 mg/kg on 6-19 days. In
rats, indicators of maternal toxicity were observed at all dose levels, but
significant fetal effects (decreased weights, reduced ossification, and
skeletal anomalies) occurred only at the highest dose (2.0 mg/kg). In
rabbits, maternal toxicity occurred at the highest dose level, body
weights of fetuses were reduced, but no other fetal effects were
observed.

Finally, Sasser and colleagues (1989c) studied rats to evaluate the
effects of sulfur mustards on reproduction. Groups of rats (27 females
and 20 males per group per generation) were force-fed with 0, 0.03, 0.1,
or 0.4 mg/kg sulfur mustard for 13 weeks prior to mating and through-
out gestation, parturition, and lactation in a 42-week two-generation
study. There were no significant effects on reproductive function or
pregnancy outcome in either generation. Growth of adult F1 rats of both
sexes was reduced by the highest exposure, as was the growth of their
F1 and F2 offspring during lactation. A dose-related lesion of the
squamous epithelial mucosa of the forestomach was observed in both
sexes, and benign neoplasms of the forestomach were found in about 10
percent of the intermediate (8/94) and high-dose (10/94) groups. The
NOEL in this study was <0.03 mg/kg for toxicity and >0.4 mg/kg for
reproductive effects.

Human Studies

In humans, two studies have attempted to evaluate the potential of
sulfur mustard to induce adverse reproductive outcomes. Yamakido and
colleagues (1985) used electrophoresis to study blood protein variants in
456 children of 325 workers exposed occupationally to sulfur mustard
and Lewisite at the Okuno-jima poison gas factory; children were
divided into three exposure groups based upon parental job category
within the plant. The blood protein analysis revealed 6 types of protein
variants in 11 children, and 11 variant erythrocyte proteins in 25
children. Examination of 32 of the 36 families of interest showed all of
the detected variants to be familial and not exposure induced. One
protein variant was found in one child that did not differ electrophoret-
ically, but did differ in its enzymatic activity. This variant was not
inherited. The female child in question was mentally retarded and had
a normal g-banded karyotype but was born with a cleft palate and
hypomyotonia (significant decrement in normal muscle tone). The
significance of these findings is unclear, as this variant might have been
the result of either (1) a germ cell mutation in an intron sequence (a DNA
sequence outside of the region coding for the RNA and subsequent
protein) that controls expression of the gene of interest, or (2) aberrant
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translation or another mechanism unrelated to exposure-induced repro-
ductive anomalies.

In consultation with Dr. Sanford S. Leffingwell (Special Programs
Group, Center for Environmental Health, Centers for Disease Control,
U.S. PHS) the committee attempted to estimate the power of the
Yamakido and colleagues (1985) study to detect induced mutations in
the offspring of exposed workers. Of the 456 subjects, 87 were children
of workers with the highest likelihood for exposure, 75 were children of
workers with intermediate likelihood for exposure, and 294 were chil-
dren of workers with relatively low likelihood of exposure. The results
suggest that an effect could be detected with reasonable probability only
if the mutation risk were inrnreased at least 100-fold in the least-exposed
group (i.e., from 10-6 to 10') or 1,000-fold in the smaller, more-exposed
groups (i.e., from 1076 to 10e). Thus, the Yamakido study did not
evaluate a sufficiently large sample to detect induced mutations in the
offspring of exposed workers of the Okuno-jima war gas factory.

One additional report suggests that sulfur mustard may be responsi-
ble for the induction of deft lip and palate in the offspring of exposed
parents. Taher (1992) studied 21,138 live births at Najmeia Hospital in
Tehran between 1983 and 1988, following the use of sulfur mustards in
the Iraq-Iran conflict. He asserts that parental sulfur mustard exposures
were associated with 30 of the 79 cases of cleft lip and palate that were
recorded among newborns in this hospital during this period. No actual
exposure data exist, although parents were questioned about their
exposure to mustard gas, as well as any family history of clefts, rubella
during pregnancy, dietary deficiency, and drug use during pregnancy.
No information is presented regarding whether mustard exposure was
maternal or paternal or both. It is also unclear if the population captured
by this hospital represents the geographic area of heaviest mustard
exposure during the Iran-Iraq conflict. Further, it is unclear if this
incidence of clefts is truly elevated relative to other regions in this
country or other parts of the world. Therefore, this study is hardly
definitive. It appears to contain, however, the only other human data
that attempt to address the reproductive toxicity of sulfur mustards.

It should also be noted that other animal studies have shown that the
structurally similar nitrogen mustards are potent teratogens (Danforth
and Center, 1954; Haskin, 1948; Murphy et al., 1958; Sanyal et al., 1981).

Summary and Conclusions

Data exist on the reproductive toxicity of sulfur mustards in more
than one animal species, but it would be useful to have additional
studies to examine the extent of the variability between species. More

inhalation and cutaneous exposure studies would also be very helpful,
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as these exposure results would more accurately mimic human expo-
sure. Certainly studying larger numbers of animals would provide a
more sensitive measure of the possible magnitude of any reproductive
risk associated with exposure to sulfur mustards. Short-term, high-dose
exposures would also be helpful in attempting to examine any dose-rate
effects. It should also be noted that the quality of the human data on the
reproductive toxicity of sulfur mustards is quite poor. There has been
insufficient follow-up of the occupational or battlefield cohorts to deter-
mine the nature of any reproductive toxicity or teratogenic effects
aitributable to these exposures.

Evidence suggests a causal relationship between sulfur mustard
exposure and reproductive toxicity in laboratory animals, but the
database is far too small and uncertain to allow a clear understanding
of human reproductive risk from exposure to sulfur mustards. Sulfur
mustards can cause genetic alterations in the sperm of male rats after
inhalation or gastric exposure, but rodent and rabbit studies showed
that sulfur mustards are not detectable teratogens in animals. The
human data are difficult to interpret: it is unclear if it is significant that
the Japanese child with one nonheritable variant protein had the same
congenital malformation (cleft palate) that was reported in association
with parental mustard exposure in Iran.

Lewisite

Introduction

The literature addressing the reproductive toxicity of Lewisite is
small; in fact, few data exist that advance the precise biologic fate of
Lewisite in humans. Arsenic itself is known to be embryotoxic and
teratogenic, and while Lewisite is an organic arsenical, in highly alkaline
environments inorganic arsenic could be formed. These facts led the
committee to examine the reproductive effects of inorganic and organic
arsenicals, as well as Lewisite itself.

Inorganic Arsenicals. Ancel (1946) reported that sodium arsenate
induced a significant reduction in size of offspring when chickens
were given this compound orally. James and colleagues (1966) also
reported a similar decreased size in offspring of ewes fed sodium
arsenite during gestation. Ferm and Carpenter (1968) studied intra-
venous administration of sodium arsenate (20 mg/kg) in pregnant I
golden hamsters; the treatment resulted in exencephaly when in-
jected on the eighth day of gestation. Genitourinary abnormalities,
cleft lip, cleft palate, rnicroanophthalmia, and ear deformities also
were observed when exposure occurred at varying times during
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gestation (Ferm, 1974; Fermr et al., 1971; Holmberg and Ferm, 1969).
Ferm and Saxon (1971) also reported renal agenesis in hamsters
treated with arsenic. Hood and Bishop (1972), studying IP injection
of pregnant mice using 45 mg/kg of sodium arsenate, found a variety
of malformations in the surviving fetuses.

Finally, Luego and colleagues (1969) report the case of a 17-year-old girl
who ingested "a dose" of inorganic arsenic during the third trimester of
pregnancy. She gave birth to a baby weighing 1.1 kg who died 11 hours later.
The child had very high levels of arsenic in the liver, brain, and kidney. This
dearly shows that anionic arsenic can pass through the mammalian placental
barrier. This is consistent with work by Morris and colleagues (1938).

Organic Arsenicals. Organic arsenicals appear to be stored in the
placenta at high concentrations, but they appear not to cross the
placental membrane with any great ease in humans, cats, or rabbits
(Eastman, 1931; Underhill and Amatruda, 1923). Several studies of
the teratogenicity of a variety of organic arsenicals have been
completed. Sodium dimethylarsonate was given by gavage to CD
rats (7.5-60 mg/kg per day) and CD-1 mice (200-600 mg/kg per day)
on day 7-16 of gestation. Sacrifice of the animals on day 18 (mice)
and day 21 (rats) showed that there was both maternal and fetal
toxicity in both species (Rogers et al., 1981). Cleft palate was seen at
the middle and highest doses in the mouse. In the rat, genesis of
irregular rugae (stomach folds) was observed to be dose related. Both
species had maternal toxicity at doses below the maximum.

Frost and colleagues (1964) found no teratogenic effects in feeding
studies (0.01, 0.02, and 0.05 percent arsanilic acid) following seven
generations of rats. Harrison and colleagues (1980) studied intravenous
administration of sodium dimethylarsonate in pregnant CD-1 mice. On
day 9 and 10 they observed increased fetal resorption and mortality
rates, with increased incidence of skeletal malformations and exenceph-
aly. Hamsters given 900-1,000 mg/kg of sodium dimethylarsonate on
day 9. 11, and 12 of pregnancy had a significant dose-related incidence
of fetal resorptions (Hood et al., 1982a,b). The same work showed that
IP injection of methanearsonic acid into hamsters (500 mg/kg) also
induced both fetotoxicity and teratogenicity.

The sodium salts of the methanearsonates administered by IP injec-
tion in rodents (500-1,500 mg/g) also caused maternal mortality (Harri-
son et al., 1980; Hood, 1985). Inorganic arsenic injected at doses of 5-15
mg/kg induced developmental defects in mice (Hood, 1972; Hood and
Bishop, 1972). Finally, Willhite (1981) injected 20-100 mg/kg of methy-
larsonic acid or 20-100 mg of dimethylarsinic acid intravenously into
golden hamsters on the eighth day of gestation. In this work there was
no teratogenic response.
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Animal Studies

Two animal studies of the teratology of Lewisite appear to exist in the
literature. Hackett and colleagues (1987) studied the reproductive effects
of Lewisite administered daily by intragastric intubation at 0.5, 1.0, and
1.5 mg/kg in rats and 0.07, 0.2, and 0.6 mg/kg in rabbits. These doses
were chosen after careful study of the toxic effects of larger dose ranges
in these animals. The highest dose used in the study of rats (1.5 mg/kg)
did not cause any toxicity or teratogenicity in the maternal animals or
their fetuses. In the rabbits, maternal mortality occurred in all but one of
the Lewisite treatment groups. This mortality ranged from 14 percent
(0.07 mg/kg) to 100 percent (1.5 mg/kg). At the 0.6-mg/kg dose a
decrease in maternal body weight gains and an increase in fetal stunting
occurred, with decreased fetal weights.

The second study (Sasser et al., 1989a) reported similar negative results.
Rats were administered 0, 0.10, 0.25, or 0.60 mg/kg of Lewisite per day in
sesame oil by gavage prior to mating, diring mating, and after mating until
the birth of offspring. The dams received Lewisite during lactation. At
weaning, a selected group of both genders continued to receive Lewisite
during adolescence, mating, and throughout gestation. Lewisite did not
affect reproductive organ weights, performance, or fertility in the two
generations. No adverse effects on any offspring were observed. Histologic
study showed no changes in male or female reproductive organs.

The committee also received information from Colonel Richard Solana of
the U.S. Army Research Institute of Chemical Defense concerning unpub-
lished data on the reproductive toxicity of Lewisite (Appendix A). The litters
of approximately 140 rats were tested. Preconception maternal exposures
were to either 0.045 or 0.002 mg/cm3 by inhalation for 4 hours per day, 5 days
per week for 4 months. Subsequently, the exposed females were mated to
unexposed males. After 21 days the pregnant rats were sacrificed and
reproductive outcomes assessed. The numbers of corpus lutea and implan-
tations, intrauterine mortality, number and physical dimensions of fetuses,
and the degree of ossification of the long bones were measured. The
interpretation of the data concluded that no significant exposure-related
differences were observed.

Human Studies

The work of Yamakido and colleagues (1985) on the offspring of
workers at the Okuno-jima poison gas factory includes individuals
exposed to Lewisite. As is noted above, this study is difficult to interpret
as clearly negative, since one child was found to have an activity-variant
enzymatic protein that was not familial. If this represents a significant
finding, it cannot be attributed with any certainty to mustard exposure
alone, Lewisite exposure alone, or the combination of the two.
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Summary and Conclusions

Serious gaps clearly exist in our knowledge concerning the potential
of Lewisite to cause reproductive problems. There appears to be no
measurable reproductive toxicity of Lewisite In rodents when exposure
was by gavage or inhalation. Our ability to extrapolate from these data
to humans is limited, however. The conversion of Lewisite to other toxic
forms of arsenic in vivo in animals and man is poorly understood. The
comparability of the biochemical conversion of the Lewisite to poten-
tially teratogenic arsenicals between animals and man is unknown.

More studies of multiple species are needed to define more accurately
any differences between species. Also clearly needed are studies of the
biologic fate of Lewisite in man. The precise nature of the products of
bioconversion of Lewisite should be more thoroughly studied. The
precise form of arsenic that is a potent teratogen in animals is not
entirely clear. This should be combined with studies of the mechanism
of action of teratogenic arsenicals. It then would be more clear that the
differences in reproductive toxicity between some arsenicals and
Lewisite are not related to the bioconversion of Lewisite or to select
species-specific action of these compounds.

The studies of the reproductive toxicity of Lewisite in laboratory
animals are negative and are therefore insufficient to indicate a causal
relationship between exposure and adverse reproductive outcomes.
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Relationship of Mustard Agent and
Lewisite Exposure to

Psychological Dysfunction

During the course of this study the committee decided to consider the
psychological, as well as the physiological, health effects of exposure to
mustard agents and Lewisite. This decision was based on three areas of
inquiry. The first was examination of the experimental protocols used in
the World War II (WWII) chemical warfare testing programs. It became
clear through this examination that numerous aspects of the experi-
ments could be expected to cause moderate to extreme stress to the
human subjects involved. The second area of inquiry was the public
hearing process (also see Chapter 4). Nearly two months before the
April 15, 1992, hearing, more than 50 veterans had already contacted the
committee. Among their reported health problems, long-standing psycho-
logical problems were common, especially problems with depression and
anxiety, and some individuals had been diagnosed with post-traumatic
stress disorder (PTSD; see Chapter 4 and Appendix G). Finally, the
committee investigated whether or not any scientific literature existed that
might apply specifically to a possible causal relation between exposure to
these warfare agents, under circumstances that existed in WWII, and the
development of psychological dysfunction. On April 15, 1992, Robert
Ursano, who heads the Department of Psychiatry at the Uniformed
Services University of the Health Sciences and has studied the psycholog-
ical effects of chemical and biological warfare environments, presented
information about what characteristics of such environments are impor-
tant in the etiology of stress reactions (see Appendix A). I

Following this presentation and consideration of evidence from the
other areas of inquiry, the committee appointed an additional committee
member to review the information already gathered, along with appro-
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priate scientific literature relating to the development of psychological
dysfunction as a result of exposure to environmental toxins or experi-
ences in chemical and biological warfare environments. Although the
amount of scientific literature in this narrow area of focus was found to
be quite small, it can be assessed against the background provided by
intensive research into PTSD and other stress-related syndromes.

This chapter begins with a description of the historical development
of the concept of PTSD. It also relates the findings from the literature
and places those findings in context with what is known about the
chemical warfare testing programs in WWII. Finally, this chapter out-
lines the committee's conclusions on the likelihood of adverse psycho-
logical health effects from exposure to mustard agents and Lewisite,
particularly exposures such as those experienced in WWII testing
programs.

The emphasis is on PTSD because the majority of work on the
psychological sequelae of "war" experiences. such as those experienced

by veterans contacting this committee, emphasizes PTSD. In this con-
text, depression and anxiety are most often considered to be part of a
constellation of psychological and psychiatric symptoms that comprise
PTSD. In addition, mood disorders (e.g., major depressive disorder,
bipolar disorder, and dysthymia) and anxiety disorders (e.g., general-
ized anxiety disorder, panic disorder, obsessive-compulsive disorder,
and phobia) can also occur independently or as diagnostic entities
coincident with PTSD (defined as comorbidity).

The precise definition of PTSD comes from the Diagnostic and
Statistical Manual of the American Psychiatric Association (APA), 3rd
Revised Edition (DSM-III-R, 1987; Box 11-1). The DSM is constantly
undergoing revision by panels of experts who reexamine each diagnos-
tic category and refine definitions and criteria based on the latest
research data. It is also important to note that the diagnostic categories
must be broad enough to cover PTSD caused by combat stress, sexual
abuse and violence, environmental disasters, and many other types of
stress. In addition, the exact combination of symptoms may also be
dependent on age, gender, and other variables. At present there are
four diagnostic criteria for PTSD:

* the existence of a recognizable stressor that would evoke signif-
icant symptoms of distress in almost anyone and is outside the range of
usual human experience;

• reexperiencing of the trauma and intensification of symptoms
with exposure to events that symbolize or resemble the traumatic event;

• numbing of responsiveness to, or reduced involvement with,
the world, beginning after the trauma and including avoidance of
activities that arouse recollection of the traumatic event; and
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BOX 111-1

DIAGNOSTIC CRITERIA FOR 309.89 POST-TRAUMATIC STRESS DISORDERS
A. The person has experienced an event that is outside the range of usual human

experience and that would be markedly distressing to almost anyone, e.g.,
serious threat to one's life or physical integrity; serious threat or harm to one's
children, spouse, or other dose relatives and friends; sudden destruction of
one's home or community; or seeing another person who has recently been, or
is being, seriously injured or killed as the result of an accident or physical
violence.

B. The traumatic event is persistently reexperienced in at least one of the following
ways:
(1) recurrent and intrusive distressing recollections of the event (in young

children, repetitive play in which themes or aspects of the trauma are
expressed)

(2) recurrent distressing dreams of the event
(3) sudden acting or feeling as if the traumatic event were recurring (includes a

sense of reliving the experience, illusions, hallucinations and dissociative
[flashback] episodes, even those that occur upon awakening or when
intoxicated)

(4) intense psychological distress at exposure to events that symbolize or
resemble an aspect of the traumatic event, including anniversaries of the
trauma

C. Persistent avoidance of stimuli associated with the trauma or numbing of general
responsiveness (not present before the trauma). dS indicated by at least three of
the following:
(1) efforts to avoid thoughts or feelings associated with the trauma
(2) efforts to avoid activities or situations that arouse recollections of the trauma
(3) inability to recall an important aspect of the trauma (psychogetic amnesia)
(4) markedly diminished interest in significant activities (in young children,

loss of recently acquired developmental skills such as toilet training or
language skills)

(5) feeling of detachment or estrangement from others
(6) restricted range of affect, e.g., unable to have loving feelings
(7) sense of a foreshortened future, e.g., does not expect to have a career,

marriage, or children, or a long life
D. Persistent symptoms of increased arousal (not present before the trauma), as

indicated by at least two of the following:
(1) difficulty falling or staying asleep
(2) irritability or outbursts of Anger
(3) difficulty concentrating
(4) hypervigilance
(5) exaggerated startle response
(6) physiologic reactivity upon exposure to events that symbolize or iesemble

an aspect of the traumatic event (e.g., a woman who was raped in an
elevator breaks out in a sweat when entering any elevator)

E. Duration of the disturbance (symptoms in B, C, and D) of at least one month.

Specify delayed onset if the onset of symptoms was at least six months after the
trauma.
SOURCE: American Psychiatric Association, 1987.
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* a miscellaneous group of symptoms including symptoms of
increased arousal, hypervigilance, irritability, and exaggerated startle
responses.

A total of 17 symptoms are encompassed by the final three of these
four categories, and specific numbers of each symptom type are re-
quired for a diagnosis of PTSD. These criteria are a matter of ongoing
revision and controversy, however, and failure to meet the full criteria
for PTSD does not preclude the presence of other psychiatric disorders
or other forms of traumatic stress disorder. Further modification of these
characteristics is likely in the future publication of DSM-IV (American
Psychiatric Association, 1991; Davidson and Foa, 1991). Possible
changes include the incorporation of subjective experiences of a stres-
sor, greater distinctions between the anxiety symptoms in PTSD and
those associated with panic disorder, and more precise definition of
subtypes of PTSD.

HISTORICAL DEVELOPMENT OF THE CONCEPT OF PTSD

Since time immemorial, human beings have faced major to maximal
stressors--floods, fires, earthquakes, plagues, and wars. While the
vastness of human misery is overwhelming, however, the consequences
of stressors are uniquely experienced by individuals. At least since the
1600s, the diaries kept by literary men of the day have recorded these
individual responses to trauma. Trimble (1985) reported several. For
example, Samuel Pepys described the Great Fire of London in his Diary,
relating his experiences on September 2, 1666, as the fire approached his
home and he saw the terror in others. Subsequently, Pepys developed
dreams of the fire and falling houses. Six months later, he wrote that he
was still unable to sleep "without great terrors of fire" and in his diary
referred to the sequelae of the disaster for others, including attempted
suicide. In 1865, Charles Dickens was involved in a railroad accident in
which he was "shaken up" from viewing the dead and dying around
him. He wrote, "I am curiously weak-weak as if I were recovering from
a long illness." Later, Dickens developed a phobia of railway travel.
Since the late 1800s and early 1900s, industrial accidents, major natural
and man-made disasters, concentration camps, terrorist activities, and
especially wars have been the source of observations about human
responses to major traumatic events. (Andreasen, 1980, 1985; Boehnlein
et al., 1985; Giller, 1990; Horowitz, 1976, 1986; Hulbert, 1920; Idelson,
1923; Jewett, 1942; Kardiner, 1941; Kinzie, 1989; Kolb, 1990; Krystal,
1968; Macleod, 1991; Nemiah, 1980; Rennie and Small, 1943; Ross, 1966;
Solomon, 1989; Tabatabai et al., 1988; Trimble, 1985; Ursano and
Holloway, 1985; Ursano et al., 1981).

Anxiety syndromes in war settings were reported by military sur-
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geons in the Franco-Prussian War of 1870, in the Civil War (DaCosta,
1871), and in the Boer War of 1899-1902 (Nemiah, 1980). Various labels
have been given what is now called PTSD. In the Civil War, PTSD was
called "soldier's heart" (Horowitz, 1976); later in that century Oppen-
heim introduced the term "Traumatic neurosis"; and Mott used the
World War I (WWI) term "shell shock" (Trimble, 1985). Idelson (1923),
writing about his observations on one of the larger samples of men w'th
"traumatic neuroses" from WWI, attempted to distinguish between
"toxic sequelae" and "psychic or psychogenic seqaelae." Without
achieving the separation, yet in the best tradition of clinical observation,
he described clearly and convincingly in men exposed to toxic gases,
those behaviors and responses that are now tenrmed PTSD.

There was little understanding of combat stress reactions in WWI,
however, and many of the disagreements about labels were reaily
disagreements about whether or not certain individuals 'ýere "predis-
posed" to develop adverse psychological effects following traumatic
events (Horowitz, 1976). Further, there was uncertainty regarding the
contributions of physical trauma and the precise type of mental disturb-
ances that could be caused by stressful experiences. A paper by Hulbert
in 1920 deemed 'gas neurosis" to be the reaction of "discontented
soldiers with a morbid, ignorant fear of being gassed." Later analysis by
Jewett (1942) distinguished between panic and anxiety states in groups
of WWI combat casualties. He further defined a subgroup that exhibited
"psychoneuroses" typified by anxiety with psychosomatic components,
conversion reactions, and dissociation (amnesia). In one field hospital,
Jewett reported that 500 troops suffered psychological symptoms, which
were accepted as real effects of combat (as opposed to malingering)
because these were all seasoned troops. In his conclusion, Jewett called
for "intelligent handling" of psychological casualties.

In WWII (Andreasen, 1980; Kinzie, 1989), many labels appeared:
"traumatic war neurosis, combat neurosis, combat fatigue, combat
exhaustion, battle stress, operational fatigue, and gross stress reaction."
Early in WWII, Kardiner (1941) wrote of the traumatic neuroses of war,
warning that while some men were responding rapidly to treatment of
acute siress symptoms (now recognizable as PTSD). studies were
needed of all phases of such responses, including chronic phases. The
importance of the chronic phase of PTSD in WWII veterans was recently
affirmed by Kolb (1990), who wrote, "We now know that such symp-
toms may persist up to 40 years." Yet as van Kammen and Ver Ellen
(1990) noted, "After every war, disaster, or publicized atrocity of the last
125 years, the renewed public interest in the stress response syndromes
quickly wanes, whereas the victims continue to suffer."

Labels continued to change through the 1950s and 1960s. In 1952, the
first edition of APA's Diagnostic and Statistical Manual (DSM-1) used the
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term "gross stress reaction." Interestingly, this term was omitted in the
revised DSM-II released in 1968, a year synonymous with the peak of
the Vietnam War. That war was destined to produce great numbers of
veterans suffering from PTSD, so many that there are now Centers for
Post Traumatic Stress Disorder in a number of locations, established and
funded by the Department of Veterans Affairs. It was not until 1980,
with the release of DSM-III, that stress response syndromes, called
PTSD for the first time, became a diagnostic category once again. This
category and its accompanying criteria represented a landmark in the
development of the concept of PTSD in that the first criterion, "existence
of a recognizable stressor that would evoke significant symptoms of
distress in almost anyone and is outside the range of usual human
experience," clearly indicates that all individuals are at risk, not just
those with pre-existing emotional problems.

CURRENT RESEARCH IN PTSD
There are intensive programs of research into the etiology, course,

and treatment of PTSD. In considering all the possible causes of PTSD
and the variables that affect the course and treatment of PTSD in
specific individuals, it is not surprising that the body of PTSD research
varies tremendously in focus. In addition, many theoretical ap-
proaches are brought to bear on this issue. For example, much of the
research is based on classical stress research and animal studies. Other
research is focused on various treatment types, from cognitive and
behavioral approaches to drug therapies. One of the most active areas
of PTSD research is the biological assessment of PTSD and the design
of therapies that deal with the psychological, as well as physiological,
manifestations of the disorder. These studies employ multivariate
techniques that integrate neurochemistry, hormonal status, and other
physiological conditions with sophisticated psychological assessment
strategies (see Giller, 1990; Kulka et al., 1990). Perusal of the proceed-
ings of the Seventh Annual Convention of the International Society for
Traumatic Stress Studies (1991) also underscores the diversity of this
research: over 260 presentations were made at this meeting, in 12
different categories.

EVIDENCE FROM STUDIES OF MILITARY PERSONNEL
AND VETERANS

Chemical and Biological Warfare Environments

In the mld-1980s, a project was undertaken at the Uniformed Services
University of the Health Sciences (USUHS) to examine the psychological
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and behavioral responses to chemical and biological warfare (CBW)
environments (Ursano, 1987a,b; 1988ab,c). The project, inspired by the
continuing threat of CBW in world conflicts and specifically aimed
toward development of effective strategies for use by the U.S. Air Force,
had three components. The first component was the development of a
database containing available knowledge about the psychological and
behavioral responses to stressful environments, CBW environments,
and the effects of such responses on performance and health. A second
project component was direct observation of CBW training exercises and
facilities. Finally, two major conferences were held, supplemented by a
variety of small group discussions. Although largely applicable to all
CBW agents, the project's major focus was on nerve agents. The final
recommendations of this project were published in 1988, covering
command, medical care, performance, and training issues (Ursano,
1988d). Similar findings, based on the above project and a review of
additional literature, were published in 1990 (Fullerton and Ursano,
1990).

A number of recommendations from the USUHS project are interest-
ing when viewed in reference to the handling of subjects in earlier CBW
testing programs. Under the category of command issues, recommen-
dations were made about the value of effective communications between
command levels and troops to reduce the likelihood of adverse psycho-
logical and behavioral responses to stress. This included ensuring that
troops had adequate knowledge of what was happening. The commu-
nication issues were so important to the troops' perception of risk and
overall fear response that they were reiterated in the medical care,
performance, and training categories. A further recommendation from
this project was that officers, medical personnel, and others in command
roles be sensitive to the problems and concerns of their troops, espe-
cialy to those problems that were "unique" to CBW environments.
These include heat stress,1 concern about exposure levels, stress of
confinement in protective structures holding many people, and many
others. Another recommendation warned commanders that individuals
may appear healthy initially in a psychological sense, but can develop
delayed symptoms that warrant attention. It was also determined that
an adverse response in one individual, or small group, can be "conta-
gious" to the rest of a group under CBW conditions, and that "over-
dedication" to the mission can cause commanders and individual troops
to surpass their physiological capabilities and lead to exhaustion, as well
as faulty reasoning and decision making.

'Heat stress is a particular concern due to the CBW protective gear alone. This group

estimated that 5 to 20 percent of the casualties from a CBW exercise or incident will be from

the characteristics of the environment and protective gear.
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Numerous issues emerged as relevant to appropriate medical care
in CBW environments. For example, it was found that, at least for
nerve agents, stress and fear increased with prolonged and low-dose
exposures. The need for health workers trained to deal with stress
reactions was emphasized, as well as the need for commanders and
supervisors to be sensitive to the manifestations of stress among
their troops. To reduce the incidence of severe adverse reactions,
certain strategies were recommended, including making certain
troops had privacy and time during rest periods to interact with
others about their concerns and experiences. Attention was also
specifically directed at those who may witness grotesque injuries
and handle the dead. Such activities were judged to be among the
most stressful experiences possible in these environments. In cases
of actual CBW exposures, it was also recommended that spouses of
the affected troops be briefed about what had occurred so that the
spouse could be an active participant in the post-trauma support
efforts.

The recommendations outline the possibility of major decreases in
performance and concentration arising from the psychological reactions
to CBW environments, decrements that could in some cases cause
life-threatening mistakes. Such decrements could also result from the
physiological effects of nerve agents, or from heat stress alone, so the
importance of distinguishing the causes and treating them appropriately
was emphasized.

Under issues of training, the recommendations underscored the
importance of prior training to reduce stress and to strengthen group
cohesiveness, which further reduces stress. These training issues were
quite varied, from training to deal with injuries and death to training in
handling the protective gear effectively. An interesting recommendation
addressed the costs versus benefits of the use of live agents in training
and concluded that further investigation was needed to resolve this
question. Finally, CBW trainers were warned to expect a certain number
of individuals to develop claustrophobia during training exercises and
were advised to attempt "talk down" procedures or remove the indi-
vidual from the area.

In summary, then, numerous aspects of CBW environments can
cause stress reactions of varying magnitudes in those involved. Al-
though no direct statements are made regarding the long-term effects of
such stress reactions, some of the characteristics of CBW environments
fall into the description of experiences "outside the usual human
experience... [and]... stressful to almost anyone" (DSM-III-R). Thus,
it may be assumed that experiences in these environments may result in
adverse psychological effects, including depression, anxiety, and PTSD-
like symptoms in certain individuals.
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Studies of PTSD in Veteran Populations

It is difficult to estimate how many veterans in the United States suffer
from PTSD, but estimates range from 500,000 to 1.5 million (Kulka et al.,
1990). The large numbers of veterans affected and a greater appreciation
for the disabling effects of PTSD have inspired an increased research
effort on the causes, psychological and physiological mechanisms,
diagnostic criteria, course, and treatment of P'TSD. Although it is
impossible to review all of this work here, examples of this research bear
directly on some of the key aspects of the experiences of veterans who
contacted this committee.

A recent study of Vietnam veterans examined the kind of stressors
most likely to result in PTSD in combination with other psychological
disorders, including depression, panic disorder, phobic disorder, and
alcoholism (Green et al., 1989). Over 52 percent of the sample of 196
individuals met the criteria for some type of psychiatric disorder: 29
percent met the criteria for PTSD, 21 percent were found to have phobic
disorder, 15 percent suffered from major depression, 11 percent were
alcoholic, and 7 percent exhibited panic disorder. Interestingly, a little
more than 10 percent met criteria for both PTSD and major depression,
and over 14 percent had both PTSD and phobic disorder. When these
disorders were correlated with specific types of military experiences,
some intriguing associations emerged. For example, the younger the
individuals were entering the military, the higher was the percentage of
PTSD found. In addition, the most potent predictor of PTSD and anxiety
disorder comorbidity (PTSD with phobic or panic disorder) was involve-
ment in dangerous and high-pressure "special assignments." Exposure
to grotesque scenes of death and mutilation was associated with higher
incidence of multiple disorders (e.g., PTSD and some other disorder,
but no one disorder in particular). None of the results could be reliably
attributed to psychiatric conditions prior to the war experiences.

Reasonable arguments may be made that Vietnam veterans, as a
group, are quite different from WWII veterans due to a difference in
the public perception of the respective conflicts, generational value
differences, and other variables. Davidson and colleagues (1990) have
compared Vietnam veterans with WWII and Korean War veterans on
measures of depression, anxiety, severity and types of symptoms, and
intensity and nature of combat expeiiences. The two groups of
veterans were generally the same in terms of the sequential emergence
of diagnoses and the age of onset of diagnoses: PTSD was followed by
a general anxiety, which was then followed by panic disorder, major
depression, and intermittent depressions. Alcoholism tended to
emerge later in World War II and Korean War veterans than in
Vietnam veterans. In addition, Vietnam veterans had, among other
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differences, more severe symptoms, higher depression scores, greater
survivor guilt feelings, and more work disruption than World War II
and Korean War veterans. In addition, despite similar rates of comor-
bidity overall, the Vietnam veterans were more likely to have panic
disorder and PTSD. The differences in the veterans' reports of inten-
sity of their experiences were interesting: WWII and Korean War
veterans were most upset by general fear, fear of physical injury, and
fear of incapacitation; Vietnam veterans, on the other hand, were
traumatized most by witnessing brutality, sight of mutilated bodies,
and loss of a friend in combat.

That stress reactions can set the stage for lifetime psychological
difficulties is important in view of the nearly 50 years that have passed
since the WWII testing programs with mustard agents and Lewisite.
Indeed, a constellation of psychological problems may result from
traumatic experiences, including depression, anxiety, panic disorders,
and PTSD. Almost no data exist regarding the natural course of these
adverse psychological effects over decades in the absence of treatment.
A collection of case studies published by Macleod (1991) is pertinent to
this issue.

Eighteen WWII veterans from New Zealand, identified as suffering
from chronic PTSD, were interviewed extensively following routine
psychiatric review for the War Pensions Claims Panel. Most of these
men had not been treated for PTSD, but some had been treated for
other psychiatric illnesses. The majority of the men recalled traumatic
experiences during the war with great vividness and detail. Key
among their emotional responses to these events was fear, physiolog-
ical arousal, and helplessness. Two thirds of the men reported lifelong
troubles with, or distance from, their spouses and families. Most
interesting was the commonality of the reported long-term course of
their emotional problems. This course generally began with a con-
trolled response at the time of the trauma, followed by superficial
attempts at coping with the incident. After the war ended, the men
experienced significantly greater emotional difficulty for a period of
time, but the schedule and routine of their working years was
associated with a moderation of symptoms. A second escalation of
symptoms arose in these men after retirement. The author concluded
from this sequence that work became a distraction for the men and the
cessation of working caused a reemergence of underlying problems.
Although the conclusions drawn from this case study must be
tentative, the paper supports the concept that PTSD symptoms,
untreated and unrecognized over long periods of time, may neverthe-
less be traceable and diagnosable. Further, the suggestion is unavoid-
able that there may be many WWII veterans who have struggled
unknowingly with PTSD or PTSD-like symptoms for decades.
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EVIDENCE FROM STUDIES OF THE PSYCHOLOGICAL
EFFECTS OF ENVIRONMENTAL CONTAMINATIONS

Scientists interested in stress reactions have also begun to look at
groups of people who have been exposed to environmental contamina-
tions of various kinds, or who have lived in close proximity to contam-
inated areas. It is useful to consider the findings of such studies, because
some of the characteristic stressors of these experiences are relevant to
the WWII testing programs.

Longitudinal studies of people living near the ill-fated Three Mile
Island (TMI) nuclear power plant have been reported by Baum and
colleagues (1981, 1987). A number of measures have been employed in
these studies, including performance tests, depression and anxiety
measurements, interviews, and physiological assessments. In addition,
the TMI group was compared to other communities located nearby, or
distant from, toxic waste dumps. One of the main problems for
members of the TMI group has been the high level of uncertainty they
have lived with since the accident. There has been uncertainty about the
level of exposure they experienced, whether radioactivity is still present,
and what the '.iort-and long-term health effects will be. The uncertainty
has been exacerbated by conflicting reports from government officials,
the press, and members of the community themselves. The authors
further argue that the very presence of the "smokestacks," so identified
with the accident in the minds of all, serves as a constant reminder to
those who continue to live in the area.

Among the TMI group, there is a widespread concern about cancer
and somatic complaints are common, especially headaches, backaches,
and gastric distress. Measures of anxiety have increased with time, as
have specific physiological measures of stress. Blood pressure measure-
ments in the TMI group, assessed by examination of personal physician
records from before the accident, show increases by one year after the
accident and have remained high; 10 to 15 percent have developed
hypertension since the accident, a percentage not explained by smoking
or other controlled variables. Compared to other groups studied, the
"IMI population also exhibits higher concentrations of urinary catechol-
amines, which are indicative of physiological stress responses.

Some of the individuals in the TMI group scored high on all three types
of measures: performance tasks, depression scales, and physiological
measures. Such individuals were categorized as a "high-stress" group and
studied further in comparison to "low-stress" and control groups. It was
found that, although the entire population showed decreased lymphocyte
counts (inonocytes, B cells, T cells, T helper, and T suppressor cells), the
high-stress group exhibited dear indications of immune syrtem depres-
sion by these measures. Interestingly, it was found that individuals who
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had strong social supports reported fewer symptoms of any kind, but
these individuals nevertheless exhibited differences in biochemical and
physiological measurements. Finally, there were no differences reported
in any of the groups between those individuals who were actually exposed
and those who believed they were exposed.

Indeed, the entire issue of exposure to toxic chemicals or radiation is
complex in terms of psychological, physiological, and social responses.
Uncertainty is probably the most important characteristic in increased
perception of risk and level of stress, yet uncertainty on the part of the
involved health professionals can also decrease the effectiveness of
health care for those exposed. The interplay of such variables has been
the subject of Henry Vyner's 1988 analysis of the psychosocial correlates
of exposure to toxic chemicals and radiation, so-called invisible environ-
mental contaminants. In his book, Vyner analyzed numerous studies
done with various "exposed" populations, including people living at
Love Canal, veterans exposed to radiation during the A-bomb tests,
people in Michigan who were affected when a toxic chemical known as
PBB was mistakenly put into cattle feed, and the TMI community.

According to Vyner, the psychological effects of such exposures
proceed in sequential fashion, from uncertainty arising from the indi-
vidual's attempt to adapt to the possible health threats of the exposure,
to hypervigilance about one's health and the development of nonem-
pirical belief systems, to "traumatic neuroses."

Vyner argues that this sequence can become a vicious circle in which
these individuals get caught. The more hypervigilant they are, the more
they believe their health is threatened, the lest seriously their com-
plaints are taken by the medical establishment or other groups charged
with the medical care or compensation of these individuals. Institutional
responses to persons exposed to toxic chemicals or radiation often show
a tendency to blame the victims and view them as hypochondriacs or
malingerers. When this happens, the individual becomes more threat-
ened and more vigilant. Vyner writes that the challenge to physicians
and health care providers is to recognize such an individual's uncer-
tainty and vigilance, and to provide the patient with as much informa-
tion and control as possible, in order to increase the effectiveness of
health care for that person and, likely, the eventual outcome.

CONCLUSIONS
The experiences of the human subjects represent a combination of

variables seen in combat stress and environmental contaminations. Such
a combination fits quite well into several of the broad categories of
reactions to stressful life events outlined above and would be expected
to increase the likelihood of adverse psychological effects for a certain
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percentage of individuals. It is the judgment of this committee that the
best available evidence indicates a causal relation between the experi-
ences of the subjects in chamber and field tests of mustard agents and
Lewisite and the development of adverse psychological effects. These
effects may be highly individual, but diagnosable, and may include
long-term mood and anxiety disorders, PTSD, or other traumatic stress
disorder responses. In addition, some of the experiences of those who
worked with chemical warfare agents or who were exposed to sulfur
mustard at Bari harbor, such as explosions, injuries, and witnessing of
injury and death, may also have resulted in development of such
adverse psychological effects.

There are many aspects of the chamber and field test situations that
individually may have been sufficient to produce adverse psychological
effects in certain human subjects. These include (1) the number and
duration of chamber trials in the presence of live agent and under hot,
humid conditions; (2) the inability to escape the chamber without fear of
severe reprisals; (3) the sight and/or experience of severe blistering,
especially to genital areas; (4) the young age and lack of adequate
preparation of the subjects; (5) the commands of secrecy and its resultant
isolation of subjects; and (6) certainty that an exposure occurred (in the
chamber tests, evidence of exposure was the end point of the experi-
ments). Such conditions certainly qualify as "outside the range of normal
experience" and they would be upsetting to almost anyone. For those
involved with handling warfare gases, who witnessed or were injured by
explosions and other types of accidents, these would also qualify as
stressful experiences outside the normal range of human experiences.

The aspects above are, however, only part of the total experience of
many of the human svbjects. The passage of time, the imposed silence,
the lack of medical follow-up, and the institutional denials have almost
certainly complicated the original trauma and worsened its effects. Such
effects would include hypervigilance and the establishment of long-held
beliefs regarding health problems and their cav es.

Despite intensive research, it is not possible to know the degree to
which PTSD and other psychological disorders are accompanied or
caused by physiological perturbations such as changes in hormone
levels, tone of the autonomic nervous system, levels of circulating
lymphocytes, and other measures of physiological function. It is not
possible, therefore, to draw any conclusions about specific physiological
conditions and their possible psychological concomitants or causes.

REFERENCES

American Psychiatric Association. 1952. Diagnostic and Statistical Manual of Mental
Disorders. Washington, DC: American Psychiatric Association.



212 VETERANS AT RISK

American Psychiatric Association. 1968. Diagnostic and Statistical Manual of Mental
Disorders (DSM-II). Washington, DC: American Psychiatric Association.

American Psychiatric Association. 1980. Diagnostic and Statistical Manual of Mental
Disorders (DSM-lII). 3rd ed. Washington, DC: American Psychiatric Association.

American Psychiatric Association. 1987. Diagnostic and Statistical Manual of Mental
Disorders (DSM-IIIR). 3rd ed., rev. Washington, DC: American Psychiatric Associa-
tion.

American Psychiatric Association, Task Force on DSM-IV. 1991. DSM-IV Options Book:
Work in Progress 9/1/91. Draft publication.

Andreasen NC, 1980. Posttraumatic stress disorder. In: Kaplan HI, Freedman, AM,
Saddock, BJ, eds. Comprehensive Textbook of Psychiatry, 3rd ed. Baltimore: Williams
and Wilkins. 1517-1525.

Andreasen NC. 1985. Posttraumatic stress disorder. In: Kaplan HI, Freedman AM,
Saddock BJ, eds. Comprehensive Textbook of Psychiatry. 4th ed. Baltimore: Williams
and Wilkins. 918-924.

Baum A. 1981. Chronic and acute stress associated with the Three Mile Island accident and
decontamination: preliminary findings of a longitudinal study. As cited in: Vyner HM.
1988. The psychological dimensions of health care for patients exposed to radiation and
the other invisible environmental contaminants. Social Science in Medicine 27:1097-
1103.

Baum A. 1987. Biopsychosocial effects of disasters: Three Mile Island. In: Ursano RJ, ed.
Individual and Group Behavior in Toxic and Contained Environments. A Conference
to Explore the Psychological Effects of Chemical and Biological Warfare. Bethesda,
Maryland: Uniformed Services University of the Health Sciences.

Boehnlein JK, Kinzie JD, Ben R, Fleck J. 1985. One-year follow-up study of posttraumatlc
stress disorder among survivors of Cambodiant concentration camps. American journal
of Psychiatry 142(8):956-959.

Da Costa JM. 1871. On irritable heart: a clinical study of a form of functional cardiac
disorder and its consequence. American Journal of Medical Science 61:17.

Davidson JR, Foa EB. 1991. Refining criteria for posttraumatic stress disorder. Hospital and
Community Psychiatry 42:259-261.

Davidson JR, Kudler HS, Saunders WB, Smith RD. 1990. Symptom and comorbidity
patterns in World War II and Vietnam veterans with posttraumatic stress disorder.
Comprehensive Psychiatry 31:162-170.

Fullerton CS, Ursano RJ. 1990. Behavioral and psychological responses to chemical and
biological warfare. Military Medicine 155:54-59.

Giller EL Jr. ed. 1990. Biological Assessment and Treatment of Posttraumatic Stress
Disorder. Washington, DC: American Psychiatric Press.

Green BL, Lindy JD, Grace MC, Gleser GC. 1989. Multiple diagnosis in posttraumatic
stress disorder. The role of war stressors. Journal of Nervous and Mental Disease
177:329-335.

Horowitz MJ. 1976. Stress Response Syndromes. New York: Jacob Aronson.
Horowitz MJ. 1986. Stress Response Syndromes. 2nd ed. Northvale, NJ: Jacob Aronson.
Hulbert HS. 1920. Gas neurosis syndrome. American Journal of Insanity 75:213-216.
Idelson H. 1923. Nervous disorders caused by toxic gases and their relationship to

traumatic neuroses. Revue Neurologique 30:140-151. (In French]
International Society for Traumatic Stress Studies. 1991. Proceedings. The Reality of

Trauma in Everyday Life: Implications for Intervention and Policy. Washington, DC,
October 24-27, 1991.

Jewett S. 1942. Neuropsychiatric chemical warfare casualties. Bulletin of the New York
Medical College (June-October):107-113.

Kardiner A. 1941. The Traumatic Neuroses of War. New York: Hoeber.



RELATIONSHIP OF EXPOSURE TO PSYCHOLOGICAL DYSFUNCTION 213

Kinzie JD. 1989. Post-traumatic stress disorder. In: Kaplan HI, Sadduck BJ, eds. Compre-
hensive Textbook of Psychiatry. 5th ed. Baltimore: Williams and Wilkins. 1000-1008.

Kolb LW. 1990. Foreword. In: Giller EL. Biological Assessment and Treatment of
Posttraumatic Stress Disorder. Washington, DC: American Psychiatric Press.

Krystal H. 1968. Massive Psychic Trauma. New York: International Universities Press.
Kulka RA, Schlenger WE, Fairbank JA, Hough RL, Jordan BK, Marmar CR, Weiss DS.

1990. Trauma and the Vietnam War Generation. New York: Brunner Mazel.
Macleod AD. 1991. Posttraumatic stress disorder in World War Two veterans. New

Zealand Medical Journal 104:285-288.
Nemiah JC. 1980. Anxiety state. In: Kaplan HI, Freedman AM, Saddock BJ, eds.

Comprehensive Textbook of Psychiatry. Baltimore: Williams and Wilkins. 1483-1493.
Rennie TAC, Small SM. 1943. Psychological Aspects of Chemical Warfare. Review Series,

Vol. 1, No. 1. New York: Josiah Macy, Jr. Foundation.
Ross WI). 1966. Neuroses following trauma and their relation to compensation. In: Arieti

S, ed. American Handbook of Psychiatry. New York: Basic Books. 131-147.
Solomon Z. 1989. Characteristic psychiatric symptomatology of post-traumatic stress

disorder in veterans: a three year follow-up. Psychological Medicine 19:927-936.
Tabatabai SM, Rizabi N, Kamkardel MH, Balali M. 1988. Study of psychiatric complica-

tions of poisonings with chemical warfare agents. In: Abstracts of the First Interna-
tional Medical Congress on Chemical Warfare Agents in han. June 13-16, 1988,
Mashhad University of MMdical Sciences. Mashhad, Iran. No. 66.

Trimble MR. 1985. Post-traumatic stress disorder: history of a concept. In: Figley CR, ed.
Traum&e and its Wake. New York: Brunne: Mazel. 5-14.

Ursano RJ, ed. 1987a. Groups and Organizations in War, Disasters, and Trauma.
Bethesda, MD: Uniformed Services University of the Health Sciences.

Ursano RJ, ed. 1987b. Individual and Group Behavior in Toxic and Contained Environ-
ments. A Conference to Explore .he Psychological Effects of Chemical and Biological
Warfare. December 12-i4, 1986, Airlie, Virginia. Bethesda, MD: Uniformed Services
University of the Health Sciences.

Ursaao RJ. 1988a. Combat stress in the chemical and biological warfare environment.
Aviation, Space, and Environmental Medicine 59:1123-1124.

Ursano RJ, ed. 1988b. Performance and Operations in Toxic Environments. 2nd ed.
Bethesda, MD: Uniformed Services University of the Health Sciences.

Ursano RJ, ed. 1988c. Training for the Psychological and Behavioral Effects of the CBW
Environment: A Conference to Explore Training for Operational and Medical Personnel
for Coping, Adaptatic n and Performance in the High Stress Environment of Chemical
and Biological Warfare. November 6-8, 1987, Airlie, Virginia. Bethesda, MD: Uni-
formed Services University of the Health Sciences.

Ursano RJ, ed. 1988d. Psychological and Behavioral Responses to a Chemical and
Biological Warfare Environment: Final Recommendations. Bethesda, MD: Uniformed
Services University of the Health Sciences.

Ursano RJ, Holloway HC. 1985. Military psychiatty. In: Kaplan HI and Saddock BJ, eds.
Comprehensive Textbook of Psychiatry. 4th ed. Baltimore: Williams and Wilkins.

Ursano RJ, Boydstun JA, Wheatley RD. 1981. Psychiatric ilhless in U.S. Air Force Vietnam
prisoners of war: a 5 year follow-up. American Journal of Psychiatry 138:310-314.

Van Kammen DP, Ver Ellen P. 1990. Afterword. In: Giller EL. Biological Assessment and
Treatment of Posttraumatic Stress Disorder.

Vyner HM. 1988. Invisible Trauma: The Psychosocial Effects of Invisible Environmental
Contaminants. Lexington, MA: Lexington Books.

S



12

Summary of Findings and
Recommendations

GENERAL. CONCLUSIONS

In the course of this study the committee reviewed almost 2,000 papers,
monographs, abstracts, and technical summaries in search of information
regarding the long-term health effects of exposure to mustard agents and
Lewisite. The committee found a "stunted" body of literature, dearly
focused on the acute effects of these agents and the prevention or
treatment of these effects. Certainly, protection of lives in combat situa-
tions is an important and necessary effort. Yet the narrow focus of the
literature presented a major barrier to this committee, concerned as it was
with surveying the scientific and medical literature to assess the health
risks incurred by anyone exposed to these agents, but especially the
human subjects in the World War II (WWII) testing programs. Thus, the
lack of follow-up health assessments of the human subjects in 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 lack of follow-up of these subjects particularly dismayed the
committee for a nv iber 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 gas mask could have leaked enough mustard agent or Lewisite
to cause inhalation and eye injuries.

214
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There was, in fact, no long-term follow-up of any of the thousands of
individuals exposed to these agents during WWII as evidenced by the
accompanying lack of epidemiological studies of chemical warfare
production workers, war gas handlers and trainers, and combat casu-
alties of the Ban harbor bombing. The committee was particularly
dismayed a. this lack of epidemiological and follow-up data from the
United States, despite the availability of a large cohort of civilian
workers and military personnel who were involved in chemical warfare
production and training, as well as the individuals who served as
human subjects in chemical warfare testing programs. The committee
was forced to rely on studies done in Japan and Great Britain to assess
what was known about the long-term health risks from occupational
exposure to mustard agents and Lewisite. As demonstrated in Chapters
3 and 7, such occupational data are directly relevant to the assessment of
the potential effects of mustard agent and Lewisite exposure in the
experimental testing programs, because the levels of exposure to
mustard agents or Lewisite experienced by the human subjects may
have been much higher than inferred in the summaries of the gas
chamber and field tests.

These exposures were likely as high as those estimated for battle-
field and occupational exposures, due to cumulative skin exposure
compounded by inhalation exposure. Numerous lines of evidence
demonstrate that inhalation exposures did indeed occur (see Chapter
3 and 7). First, modern gas masks have efficiency ratings (or PF)
between 50 and 100 (a PF of 100 means that 1 percent of the
contaminant in the atmosphere will penetrate a mask's filter canister);
however, the efficiency achieved in actual use has been demonstrated
to be much lower. Even if a much higher PF of 1,000 is assumed for the
gas masks used in the WWII testing programs, penetration of suffi-
cient amounts of the agents to cause respiratory and ocular signs and
symptoms would have been expected at many of the concentrations
used in the experiments. Second, there i3 documentation in the actual
records of these experiments, as well as official histories of production
settings, that respiratory and ocular symptoms and injuries did occur,
and 1,hat problems were encountered with gas masks leaking after
repeated use. Third, the specific diaphragm type of gas mask used in
the gas chamber tests was eventually shown to be leaky due to
penetration of the diaphragm element, independent of the filter
canister employed.

The reasons for the lack of follow-up of human subjects and combat
casualties, as well as gas production, handlhig, and training personnel,
can only be surmised, but the climate of secrecy within which the WWII
chemical warfare production and testing programs were conducted is I
probably a key factor.
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CONCLUSIONS REGARDING THE
CAUSAL RELATIONSHIPS OF EXPOSURE TO THE

DEVELOPMENT OF SPECIFIC DISEASES

The major conclusions reached by the committee regarding the
association of exposure to mustard agents or Lewisite to specific
diseases in different organ systems are summarized in Table 12-1. In
some cases, the data examined were found to indicate a causal relation-
ship between exposure and a particular disease or health problem. For
other health problems, the data were suggestive, but not completely
clear. Finally, there were certain health problems for which very little or
no data existed regarding the possible contributions of exposure to
mustard agents or Lewisite. By the same token, however, there was no
condition evaluated that could be removed from consideration as a
health consequence of exposure to these agents. Thus, for many
diseases and health problems, there remains significant doubt about
whether or not exposure to these agents is a key etiological factor.

The evidence indicates a causal relation between sulfur mus-
tard exposure and the occurrence of excess respiratory and skin
cancer, and possibly leukemia. This conclusion is based upon
estimates of exposure to sulfur mustard during the chamber
tests, which may have approximated the battlefield exposure of
surviving World War I (WWI) soldiers and WWII production
workers in Japan and Great Britain. Inadequate exposure
information, however, limits precise estimation of the cancer
excesses that may be expected. The evidence is insufficient to
indicate a causal relationship for Lewisite carcinogenesis.

Mustard agents are DNA-alkylating agents and are extremely cyto-
toxic at low doses. DNA alkylation is probably responsible for the
mutagenicity of mustard agents. These agents also alkylate RNA and
proteins and can, at moderate to high doses, produce nonrepairable
DNA lesions (genotoxicity). The sulfur mustards induce a wide variety i
of genetic lesions in many types of mammalian cells in vitro in a
dose-related fashion. They also induce genetic damage in vivo in
peripheral blood lymphocytes from exposed individuals at low doses.
The toxicology of Lewisite has been poorly studied.

Chamber exposure to sulfur mustard has produced skin malignancies
in rats, and intravenous injection has produced a significant increase in
pulmonary tumors in highly susceptible strain A mice. Subcutaneous
injection of sulfur mustard has been shown to cause sarcomas and other
tumors at the injection site in C3H, C3Hf, and strain A mice, but did not
produce an increase of tumors at other sites.

Nitrogen mustard, particularly HN2, has been more widely tested
than sulfur mustard and has been found to be a carcinogen, producing
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TABLE 12-1 Summary of Findings Regarding Specific Health Problems

Evidence Indicates Causal Relationship to Mustard Agent Exposure4

Respiratory cancers
nasopharyngeal
laryngeal
lung

Skin cancer
Pigmentation abnormalities of the skin
Chronic skin ulceration and scar formation
Leukemia (typically acute nonlymphocytic type, nitrogen mustard only)
Chronic respiratory diseases (also Lewisite)

asthma
chronic bronchitis
emphysema
chronic obstructive pulmonary disease
laryngitis

Recurrent corneal ulcerative diseaseb

Delayed recurrent ketatitis of the eye
Chronic conjunctivitis
Bone marrow depression and immunosuppressionV
Psychological disordersd

mood disorders
anxiety disorders (including post-traumatic stress disorder)
other traumatic stress disorder responses

Sexual dysfunctione

Evidence Suggestive of Causal Relationship to Mustard Agent Exposure
Leukemia (sulfur mustard)
Reproductive dysfunction (genotoxicity, mutagenicity, etc.)

Insufficient Evidence of Causal Relationship to Mustard Agent Exposure
Gastrointestinal diseases
Hematologic diseases
Neurological diseases
Reproductive dysfunction (Lewisite)
Cardiovascular disease!

"aIndudes Lewisite only when indicated.

qlncludes corneal opacities; acute severe injuries to eye from Lewisite will persist.
cAn acute effect that may result in greater susceptibility to serious infections with

secondary permanent damage to vital organ systems.
dThese may result from traumatic or stressful features of the exposure experience, not a

toxic effect of the agents themselves.
eScrota! and penile scarring may prevent or inhibit normal sexual performance or

activity. Decreased sexual function may adversely affect reproductive success.
!Except when caused by serious infection (e.g., rheumatic fever) closely following an

exposure that produced bone marrow depression and immunosuppression.

pulmonary tumors from both intravenous and intraperitoneal injections
in strain A mice. Subcutaneous exposures produced injection site
tumors and pulmonary tumors in selected strains of mice. The carcino-
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genic potency of nitrogen mustard appears to be similar to sulfur
mustard. In addition, nitrogen mustard has been shown to be one of the
most potent carcinogens amongst the alkylating agents tested in the
strain A bioassay program of the National Cancer Institute.

Studies of these agents in humans have involved occupational,
battlefield, and therapeutic exposures. Occupational exposure to sulfur
mustard has been associated with respiratory tract cancer. The data from
battlefield exposures, however, have been somewhat more equivocal:
an excess of lung cancer was observed, but the excess was not statisti-
cally significant. Follow-up of cancer patients treated with nitrogen
mustard derivatives has clearly indicated a causal association with skin
cancer and leukemia, particularly the acute nonlymphocytic type. Al-
though an excess of skin cancer or leukemia was not evident in the
occupational or battlefield studies, the discrepancy may result from
differences in amount of exposure; the leukemias or skin cancer may
have occurred prior to the start of observation of the occupational and
battlefield cohorts; or nonfatal cases of skin cancer may not have been
detected in mortality studies. It is also possible that skin cancers did not
occur in the studied populations, or that there was a difference in effects
between sulfur and nitrogen mustards. Although nitrogen mustard-
associated leukemia and skin cancer occur usually within a decade of
therapeutic exposure, the occurrence of an excess of such cases among
the WWII human subjects, Bari casualties, or workers would not be
surprising.

The evidence indicates a causal relation between exposure to
sufficient concentrations of sulfur mustard (and presumably
nitrogen mustard and Lewisite) and chronic nonreversible
respiratory effects in humans.

Follow-up of WWI battlefield casualties has demonstrated the asso-
ciation between exposure to sulfur mustard and development of chronic
bronchitis, emphysema, and asthma. Chronic respiratory effects have
also been shown in workers from WWII chemical weapons factories and
casualties of the Iran-Iraq war. These results are well supported by
studies in laboratory animals. Given the concentrations of mustard
agents and Lewisite used in the WWII experiments, prior research
predicts the development of chronic nonreversible lung diseases. Fur-
ther, indirect evidence, based on a review of the relationships between
acute and chronic effects caused by other substances, suggests that these
long-term respiratory effects may occur in the absence of an acute
respiratory response.

The evidence indicates a causal relation between exposure to
sulfur mustard and recurrent corneal ulcerative disease (includ-

ing corneal opacities), delayed recurrent keratitis, and chronic
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intractable conjunctivitis. Evidence in laboratory animals indi-
cates no causal relation between exposure to Lewisite and any
long-term ocular disease process. However, any corneal scar-
ring or vascularization that occurs soon after injury from
Lewisite will persist.

There is an extensive base of knowledge from studies in laboratory
animals and humans regarding the long-term effects of mustard agents
on the eye. Thus, acute, severe injury of the eye with sulfur mustard,
resulting in corneal scarring among other effects, can result in recurrent
corneal ulcerative disease. The maximum incidence of this disease
occurs 15 to 20 years after the injury. Acute severe injury from sulfur
mustard has also been shown to result in the development of delayed
recurrent keratitis and corneal opacities. The conjunctiva of the eye has
been shown to be more vulnerable than the cornea to sulfur mustard
exposure, explaining the development of intractable, prolonged con-
junctivitis even in the absence of severe injury to the cornea.

The evidence indicates a causal relation between acute, severe
exposure to mustard agents and increased skin pigmentation
and depigmentation, chronic skin ulceration, scar formation,
and the development of cancer in human skin. A causal
relationship also exists between chronic exposure to minimally
toxic, and even subtoxic, doses and skin pigmentation abnor-
malities and cutaneous cancer. There is insufficient evidence,
however, to establish a causal relationship between Lewisite
exposure and long-term adverse effects on skin.

There has been much research on the toxic mechanisms of acute skin
injury from mustard agents, especially in laboratory animals and tissue
cultures. Injuries from mustard agents have been shown in these
models to result in a complex cascade of biochemical reactions that cause
cell death and genotoxicity. Studies of carcinogenesis were positive in
laboratory animals, but these studies employed outdated methods and
are relatively crude by today's standards. Studies in humans after
battlefield or occupational exposure also vary tremendously in quality.

Nevertheless, skin cancers have been observed in many of these
studies. That fact, coupled with documented and plausible biological
mechanisms, indicates cancer as a likely consequence of acute, severe
(or chronic, mild to moderate) mustard agent injury to the skin. Scar
formation and chronic ulceration of the skin following mustard agent
exposure have been well documented in the literature. Genital regions
are especially sensitive to exposure, and scarring of the scrotum and
penis can seriously impair sexual performance and capability. In those
studies in which pigmentation abnormalities were reported, including
recent observations in casualties of the Iran-Iraq war, the abnormalities

C I
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are completely consistent with known effects of skin damage. Despite
data highly suggestive of a link between skin diseases and arsenic
exposure, very little data exist that can be directly extrapolated to
exposure to the organic arsenical Lewisite and its consequences in the
skin.

The evidence indicates a causal relationship between exposure
to mustard agents and bone marrow depression and immune
system dysfunction. These acute effects would render individ-
uals highly susceptible to infections, including pneumonia,
rheumatic fever, and tuberculosis, which in severe cases may
cause permanent damage to vital organs. There is insufficient
evidence with which to draw conclusions regarding the effects
of Lewisite on immune system function.

Animal studies dearly demonstrate a causal relationship between
exposure to mustard agents and immunotoxicity. Evidence from obser-
vations in humans indicates a causal relationship between mustard
agent exposure and acute bone marrow toxicity expressed as leukope-
nia, pancytopenia, and aplastic or hypoplastic bone marrow. However,
underrepresented in human studies is information on chronic or de-
layed effects. The data examined, however, indicate that clinical studies
as a whole support a close parallelism between animal experiments and
observations in humans regarding the immunosuppressive properties of
mustard agents.

There is insufficient evidence to demonstrate a causal relation-
ship between exposure to mustard agents and the development
of long-term gastrointestinal, hematologic, or neurological dis-
eases or dysfunctions, other than those secondary to other
conditions related to exposure to mustard agents. In addition,
there is insufficient information to link Lewisite with long-
term health effects on the hematological, gastrointestinal, and
neurological systems.

Gastrointestinal, hematological, and neurological effects are common
after acute high exposures to mustard agents and can be attributed
primarily to the known toxicological effects of these agents and second-
arily to effects on other organ systems (e.g., from shock or bums).
However, effects on theso organ systems have not been a focus of any
follow-up studies of humans exposed to mustard agents or Lewisite.

There is insufficient evidence to demonstrate a causal relation-
ship between exposure to mustard agents or Lewisite and
toxicity to the reproductive system.

The database is too small and uncertain to allow a clear understand-
ing of human reproductive risk from exposure to sulfur mustards.
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However, there is evidence to suggest a causal relationship between
sulfur mustard exposure and reproductive toxicity in laboratory ani-
mals. Reproductive success, however, can be adversely affected by
impaired sexual function caused by scarring of penile tissue.

The studies of the reproductive toxicity of Lewisite in laboratory
animals are negative. Such data, however, are not complete and thus are
insufficient to support or deny a causal relationship between exposure
and adverse reproductive outcomes.

The evidence indicates a causal relationship between charac-
teristic aspects of the chamber and field experiences and the
development of adverse psychological effects. These effects
may be highly individual, but diagnosable, and may includL
long-tenm mood and anxiety disorders, PTSD, or other trau-
matic stress disorder responses. Data are insufficient, however,
to associate the presence of adverse psychological disorders
with any physiological disease or dysfunction.

Many elements of the gas chamber and field experiments were highly
stressful. These include lack of prior knowledge about what to expect,
the duration and conditions of the chamber trials, the experience of skin
injury from the exposures, the threats of punishment if the experiments
were revealed, and other elements. Any stress reaction from the
experiences may have well been magnified by subsequent secrecy, fears
about the health risks, and in ititutional denials. Data from studies of
chemical and biological warfare environments and environmental expo-
sures to toxic chemicals or radiat-on support the assertion that, in certain
individuals, these experiences would have been sufficient to cause
adverse psychological effects, resulting in long-term dysfunction. It is
likely that such effects also occurred in some production workers, gas
handlers and trainers, and Bari harbor survivors as a result of traumatic
episodes including explosions, accidents, personal exposure injury, or
the witnessing of severe injury or death of others. Current investiga-
tions of the physiological concomitants of psychological disorders are
compelling and of great interest for future research. However, it is not
possible to predict from these studies what adverse physiological effects
may be attributable to long-standing psychological problems.

GAPS IN THE LITERATURE REGARDING MUSTARD

AGENTS AND LEWISITE

Human Studies

Clearly the most important gap in studies assessing the effect of agent
exposure on humans is the lack of epidemiological studies of occupa-
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tional exposure. Only limited cohorts of workers in Japan and Great
Britain have been studied, and the value of these studies has been
diminished by a lack of precise exposure information. The few exposure
meesurements made were usually from specific plant regions or during
particularly troublesome parts of the manufacturing process. More
useful would have been exposure information according to specific job
categories. Finally, no attempts were made in such studies to determine
the likely dose-response relationships. Such prediction would require
quantitative risk assessments for which adequate data are not available.

The focus on carcinogenicity in epidemiological studies also left large
gaps in the literature pertinent to the development of nonmalignant
diseases. Although sufficient studies exist to associate the development
of nonmalignant respiratory diseases, eye damage, and certain skin
diseases with exposure, little to nothing is known regarding the effect of
exposure on the development of gastrointestinal, immunological, and
neurological diseases in humans. Further, no human data exist concern-
ing the possible adverse reproductive effects of exposure to mustard
agents or Lewisite.

The most extensively studied organ systems in terms of human
pathology are the eye and the skin. Much of this research is quite old
and, for the skin, research into the long-term effects in humans of
exposure is still lacking. The recent casualties of sulfur mustard expo-
sure, such as those injured in the Iran-Iraq war, are now being followed
to assess long-term cutaneous effects of acute sulfur mustard exposure.
Yet, observation periods as long as 35-45 years may be required to
produce meaningful human data. Because these studies are only in their
fourth or fifth year, conclusive results will probably not be available for
another 15 to 20 years. In the short term for this cohort, however,
investigative application of modern methods of ophthalmological treat-
ment, such as the use of soft contact lenses to reduce the effects of
chronic relapsing keratitis of the eyes, may yield some benefits. There
are also human data derived from patients previously treated in Russian
and Eastern European studies of the sulfur mustard-containing agent
psoriasin that may be useful in determining the delayed effect of
short-term administration of sub-erythema dosages of sulfur mustard.
Because these studies began 20 to 25 years ago, follow-up of the
psoriasin-treated patients now, if properly done, would be of invaluable
help in determining delayed effects of acute sulfir mustard exposure.

Animal Studies
The most critical gap in animal studies is the lack of more extensive

carcinogenicity and toxicity studies of mustard agents and Lewisite.
Particularly lacking are studies, employing modern methods, of the
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long-term effects of varying levels of exposure to these agents. For
example, investigations of the systemic toxicity of short-term exposures
to these agents to the gastrointestinal, immunological, and neurological
systems are nonexistent. Further studies of the mechanisms of long-
term damage to the respiratory system would also be useful. Despite
intensive research on the mechanisms of sulfur mustard injury to the
skin in animal models, little data exist regarding the long-term conse-
quences of such injury.

In addition, the mechanisms of eye injury from sulfur mustard
remain to be elucidated. For example, research on the effect of sulfur
mustard on the ciliary body would disclose any changes in its vascular,
nutritive, and transport functions. Research to determine the effect of
sulfur mustard and Lewisite on limbal stem cells might be useful in
determining whether stem cell replacement could reverse some of the
adverse effects of injury. Finally, research directed at protection of the
stromal component of the cornea might reduce the incidence of ulcer-
ation and perforation so common after chemical injuries to the eyes.

Although data exist on the reproductive toxicity of sulfur mustards in
more than one animal species, it would be useful to have additional
studies to examine the extent of the variability between species. More
inhalation and cutaneous exposure studies would also be very helpful,
as these exposure results would more accurately mimic human expo-
sure. Certainly studying larger numbers of animals would provide a
more sensitive measure of the possible magnitude of any reproductive
risk associated with exposure to sulfur mustards. Short-term, high-dose
exposures might also be helpful in attempting to examine any dose-rate
effects.

The gaps in our knowledge of the toxicity and carcinogenicity of
Lewisite based on animal studies are especially prominent, even in the
most basic types of research. There is little information available in the
literature concerning the reactions of Lewisite with biologically impor-
tant molecules. Studies on the carcinogenicity or noncarcinogenicity of
Lewisite need to be broadened and pursued with greater intensity.
Much of the information obtained from these studies, unlike studies of
sulfur mustard exposure, will have broad application in industry,
farming, and medicine, because arsenic-containing chemicals are in
wide use today.

There are also numerous gaps in the literature relative to the acute
and long-term effects of Lewisite skin exposure. Very little is known
regarding its specific effect on skin; data on such basic areas as
absorption, disposition, and excretion after skin exposure are mini-
mal. In addition, the morphological sites vulnerable to Lewisite are
not known. Microscopic examination of affected skin has yet to be
pursued in depth, although most studies have been impaired, as has
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been work on sulfur mustard exposure, by the lack of good animal
model systems.

Serious gaps also exist in our knowledge concerning the potential of
Lewisite to cause reproductive problems. The reproductive toxicity of
Lewisite in males is unclear. Our ability to extrapolate from the animal
studies to humans is limited. The kinetics of absorption through the skin
are unclear, as is the potential of this exposure to induce long-term
storage of potentially teratogenic arsenic in doses high enough to induce
reproductive problems later in life. Even the form of arsenic that is a
potent teratogen in animals, and the ability of Lewisite to yield this form
as a metabolite in man, are not entirely clear. More studies of multiple
species would be helpful in understanding the potential reproductive
toxicity of this compound.

RECOMMENDATIONS

With the immense gaps in the knowledge base about the long-term
health risks associated with exposure to mustard agents and Lewisite,
and after serious consideration of the historical analyses of the WWII
testing programs and the likely exposure levels to the human subjects
involved, this committee believes certain recommendations are neces-
sary and justified. First, the committee recommends that the Depart-
ment 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 exposures and the likely health risks associated with
those exposures. Further, all subjects so identified, if still living,
should be medically evaluated and followed 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. Morbidity and mortality studies should be
accomplished 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 for this recommendation in the later identification and fol-
low-up of veterans exposed to chemicals, including hallucinogenic
drugs, in the military testing programs between 1950 and 1975. The
committee is also well aware that a half century has now passed and that
many of those who might have benefited from a broader understanding
of the toxicity and carcinogenicity of mustard agents and Lewisite are
already dead. Nevertheless, these individuals' surviving family mem-



FINDINGS AND RECOMMENDATIONS 225

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. Treating these
cancers with full knowledge of their likely cause should be the respon-
sibility of the VA and may be life-saving; for example, the likelihood of
survival from skin cancer is greatly increased by early diagnosis and
treatment.

In the case of the human subjects of the WWII testing programs, it is
reasonable to assume that the secrecy surrounding the experiments may
have kept individuals and entire families from successful resolution and
treatment of any adverse psychological effects that may have been
caused. Given this possibility and the special problems of ambiguity,
health fears, and institutional denials encountered by many of those
exposed to these agents, 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 commit-
tee is able, in the establishment of comprehensive guidelines for
handling of these cases.

The above recommendations are not meant to ignore the fact that
thousands, 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. The committee is also
aware that some lmdlitary 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, because of job classifications, inadequate documenta-
tion of "live agent" training and accidents, and other factors. Therefore,
the committee additionally recommends that the Department of De-
fense (DoD) should use all means at its disposal, including public
channels, to identify cohorts of chemical warfare production 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 notification, inclusion in morbidity and mortality
studies, and health status evaluation. Records of the civilian personnel
should be used by the DoD to notify the former workers. These
workers should also be advised as to their health risks and options for
seeking appropriate compensation for any illnesses that resulted from
their exposures.
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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 are not released to
the public. As a result, the committee 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 only arrived 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 informa-
tion 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. Veterans, who had just
heard about the study and thought it might now be permissible to reveal
their experiences, were still contacting the committee for information up
until the very end of the study. Such continuing secrecy, in the
committee's view, has impeded well-informed health care for thousands
of people. Therefore, the committee 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. rn addition, professional educational
materials should be prepared by the DoD or the VA, 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 WWII. 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.
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Excerpt from The Residual Effects of
Warfare Gases (1933)

Harry L. Gilchrist, M.D., and Philip B. Matz, M.D.

SUMMARY AND CONCLUSIONS

1. Mustard gas as used during the World War affected particularly
the skin, mucous membrane of the upper portion of the respiratory
tract, and the eyes and their appendages. Secondary broncho-
pneumonia was a frequent complication and cause of death following
mustard-gas poisoning.

2. The principal residua noted in the series studied were: Chronic
bronchitis, emphysema, bronchial asthma, and certain chronic disabili-
ties of the eyes, such as conjunctivitis, blepharitis, keratitis, and corneal
opacities.

3. A group of 89 living and 53 deceased ex-service men who had been
gassed with mustard during the World War was selected for the study
of residual effects. The standard of selection was on the basis of
complete clinical histories, severity of gassing and aftereffects. A num-
ber of cases with a doubtful relationship of the disabilities to mustard
gassing were also invetigated.

4. Of the 89 living cases included in the study it was found that 27
gave evidence of definite anatomic or sympto, atic residua which could

From: Gilchrist HL, Matz PB. 1933. The Residual Effects of Warfare Gases. Washington,

DC: U.S. Government Printing Office.
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be attributed to mustard gassing. In one instance the relationship of
gassing to present disabilities was questionable.

5. Of the 53 deceased beneficiaries with a history of mustard gassing,
in 11 instances deaih was an immediate result and in 4 instances a late
result of mustard gassing. In 38 of the deceased cases death was not
considered a result of mustard gassing.

6. The principal residual disabilities of the positive cases noted 9 to 10
years after mustard gassing were: Chronic bronchitis and emphysema,
bronchial asthma, chronic conjunctivitis, and corneal opacities.

7. (a) Cases with chronic coniunctivitis gave a history of an acute
inflammation of the conjunctivae from the date of gassing, followed by
continual symptoms referable to the eyes and the development of
chronic conjunctivitis, blepharitis, keratitis, or corneal ulcerations and
opacities.

(b) Emphysema was frequently found in combination with bron-
chitis. It usually appeared immediately after gassing and was compen-
satory in character, due to the extensive atelectasis found following
gassing with mustard. It may also have been due to the obstruction by
the exudate or false membrane in the bronchi or bronchioli which
brought about an imprisonment of the inspired air in the pulmonary
alveoli and resulted in their distention.

(c) Bronchial asthma as a residual disability following mustard
gassing may be due to the following:

(1) Hypersusceptibility of the asthmatic subject to mustard gas.

(2) Irritation of upper or lower portions of the respiratory tract
resulting in spasm of the bronchi or bronchioli and swelling of
the mucous membrane. Such spasm and swelling interfere with
normal inspiration and expiration.

(3) Anoxemia or prolonged shortage of oxygen and an increase
of carbon dioxide due to interference with normal respiration
may cause a degeneration of the myocardium. the latter in turn
may result in abnormal heart action and abnormal respiratory
effort.

8. Of the 27 positive cases [only] 2 gave evidence of residual
pulmonary tuberculosis following mustard gassing. In these two cases
the histories indicate that a quiescent tuberculosis was present at the
time of gassing and that, as a result of severe traumatism of the
respiratory parenchyma by mustard gas and a lowered resistance, the
latent tuberculosis foci became reactivated and a reinfection of the lungs
followed.

9. In the four cases in which death was due to a residual disability
following mustard gassing, in one instance pneumonia was the cause of
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death and in three instances pulmonary tuberculosis. It is believed that
gassing reactivated quiescent tuberculosis foci which ultimately resulted
in an activity and extension of the tuberculosis disease and later resulted
in death of the veterans.

10. Of 38 men who had been gassed by mustard and subsequently
died from various disease, in no way related to gassh-ig, tuberculosis
was the cause of death in 8 instances.

11. One must not generalize on the relationship of mustard gassin-
to the development of tuberculosis. Each case must receive individual
study for the purpose of establishing the part played by mustard gas in
the inception of tuberculosis.



C
Involvement of the National Academy
of Sciences Complex in World War II

Research Programs: A Summary

Chartered in 1863 during Abraham Lincoln's presidency, the
National Academy of Sciences (NAS) serves as an independent
scientific advisory organization to Congress and government agen-
cies. Three other components of the Academy complex were added
later under the Academy's original charter, the National Research
Council (NRC) in 1916, the National Academy of Engineering in 1964,
and the Institute of Medicine in 1970, Each component of this
complex works through commitiees of scientific experts who gather
to discuss, share their expertise, and make recommendations on
scientific policy and is3ues. A key aspect of all such committees is
their inlependence from outside pressure and influence. Through a
variety of mechanisms, each committee represents a group of indi-
viduals who operate with consideration for all kaiown positions or
views on a specific subject, but who also operate with complete
independence from any of the involved parties, including those
providing the funds for the study.

As the United States mobilized for the Second World War, the level of
involvem•nt of NRC committees in the actual research enterprise was
dramatically changed. Of interest to the present study is the fact that
certain NRC committees acted directly for the government in the
supervision of war-related research, including animal studies of the
effects of mustard gas on the body and tests with human volunteers of
ointments to protect against mustard gas burns. The specific agencies
and relationships involved in this collaboration of the NRC with the
government are described in other sources, but the important aspect is
that the strict, distinct boundary lines we see today between the role of

338



APPENDIX C 339

the NRC committees and the role of the government were absent
(Andrus et al., 1948; Stewart, 1948).

In 1941, President Roosevelt established two branches and an Advis-
ory Council under the Office of Scientific Research and Development to
initiate and supervise war-related research. The first of these branches
was the Committee on Medical Research (CMR), charged with studying
the medical effects of various warfare agents and situations and with
developing protocols of treatment for everything from malaria to mus-
tard gas bums. CMR came directly to the NRC and took advantage of
already standing NRC committees to form, among others, the Commit-
tee on Treatment of Gas Casualties. It was from this group that the first
requests for human volunteers were made in order to test protective
ointments then under development.

The other branch, the National Defense Research Committee
(NDRC), was charged with the development of protective clothing, gas
masks, and other equipment-type items. Thus, the NDRC was respon-
sible for the chamber tests of protective clothing against mustard gas,
such as the tests done at the Naval Research Laboratory. Although
seemingly separate, CMR (and NRC's Committee on Treatment of Gas
Casualties) and NDRC dealt with many overlapping issues and, thus,
were in relatively constant communication with each other. The overlap
among the groups can be seen today in the reports of the testing
programs, some of which list NDRC as sponsor, some of which list
CMR, and some of which list those two along with NRC's Committee on
Treatment of Gas Casualties.

The specific role of the Committee on Treatment of Gas Casualties
was to review and supervise the 23 grants dealing with chemical warfare
agents. This supervisory role for NRC committees ended in 1944, when
CMR expanded its staff and reorganized in order to coordinate and
supervise all medical research contracts. By 1947, many of the respon-
sibilities and functions of the CMR were incorporated into newly formed
government agencies, such as the National Science Foundation.
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This report I4004i1L"±40-? -Zhe- .
deals with the design, calibration and operation of a ahnber Ifar
the exposure of hum volunteers to. the vapors of chemical warfare
agents. The construction of the chamber ts such that the tempera-
ture, relative humidity and. concentration of vapor of the chemical
warfare agent can be controlled closoly over a wide range of oondA-
tions.

The second part deals .ith the tUsting of •ay issueo
5-14,5 Impregnated Arnsen urotective clothing. proteetive ointments
and maks. Hen dressed In water suspension, solvent an& solvent
ZnO iMrcgfated clothing have been exposed to H vapor at OT's rang-
ing from 200 to 2500. A series of tests is in progress in vhich
nen dressed In the three tynce of suits have been exposed remoatolly
to 9 vapor at a C! of 1200. 17o significant difference hAs been
found in the protection afforio& bjr these tOree ty'es of suits. T'he
effects of leakage of R through the suits : disoussod.(<.

STh*e irritancy of 8-461 and 8-330 Protective Ointoent when
applied to the face. oars and neck of the non before exposure has
been co=mared. 5-330 is far lese irritating than 8-461.

,%'hw rubber of the gas mask face-piacesand connecting
tubes absorbed enough H after 12 to 15 exposures to cause conjurc-
tivitis, laryngitis an& erythem of the face. The ccnncating hosecs
have been encased in impregnated cloth sloeeves, and no break has
been observed after 16 exposures.

A screening test hae-ban rum en the CT's rcquiri to
cause burns of difforent degreos of severity on the bare skin of
the aze.
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1. This work was authorised under Project 547/41, "Maintenance. Bureau
of Ships," dated 26 December 1940. The vroblems which were proposed for
study were given in Bureau of Ship. letter 8-877-a (Do), Serial 811 of
17 December 1940.

TAT•,21'2 OF PROMN

3. This Investigation was undertaken to design, calibrate and study the
operation of a gas chamber for the exposure of human volunteers to the
vapors of ohemic~l warfare agents, and to evaluate Navy tome ZIoregnated
Protective Olothing and Maske when exposed to K vapor, and test the irri-
tancy of Protective Ointments.

IOWW FACTS =1,ARflG 0N PRO LII

3. At present the Navy is Issuing single layer protective clothing which
requires suitable testing against vesicant vapor@ on human beings.
Newer developmnts in protective devices alec require extensive testing
before they can be adopted. Therefore, it is essential to test such
items as clothing, masks, ointments, etc. under carefully controlled con-
ditions so that proper evaluation can be mde of existing urotecting
measures, and to test newer develoments still in the excerinental stages.

4. TDMO #731 from OWS, Zdgewood Arsenal, I'd. describeg chamber tests on
subjects protected only by Impregnated shorts. Complete protection
a•ainst N vapor via afforded to the scrotal area by the impreonated
shorts whereas burns of casualty severity resulted on other areas of the
body from exposure to 315 to 600 mg. min./-m3 (CT).

TOORETICAL CO;STDXDTITONS

5. The use of a properly constructed gas chamber for testing protective
equipment against chemical warfare agent vapors is the best available
method which will most closely simulate actual field trials and yet be
operated under conditions which can be controlled critically. The whole
body or, by suitable use of proper protection, any area of the body can
be used for teoting. The temperature, humidity, concentration of veao-
cant vapor and length of exposure can be varied at will in the chamber so
that any type of condition can be achieved. Relatively high temperatures
and humidities have been used in the toots actually carried out so far
since the human skin is more sensitive to 9 vapor under these conditions.
It can be assumed that if protective devices, such as clothing, prove to
be adequate in those tests they will also be adequate under more tecroratc
conditions.

.,,,
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MVJOuS •oal D04z AT THIS aULORATORY

6. No pe chamber work ha* been done previously at this Laboratory.

IXMI.-CRT. S 4L WORK

1. PAS gPLKMISIrSION,. CALIBUTION &M OM•AT1911

0M1ZRAL SCRIZPT!ON

7. The IRL gas chamber consists of a lead-lined room built as an addi-
tion to the laboratory building. Zt is designed an a static chamber,
i.e., no air is passed through the chamber during a test, but the air In
tha chamber is continually circulated and volatilised agent to added as
required to maintain the desired concentration. The volume of the
chamber is such as to conveniently accommodate a maximum of ten subjects
engaged in moderate activity, and construction is according to the follow-
Ing general specificatione.

8. ijjges Inside dimensions are 10 ft. 1ýy 15 ft. and 12 ft. high, giving
a volume of 1,800 ft. 3 or 50 wr.3 .

9. Construtions The chamber is of transit. covered frame construction
insulated with rook wool. The floor to concrete and is vrovidod with a
center drain. The ceiling and mlls are lined with lad, all Joints be-
Ing soldered.

10. En.ruoet %ntrance to the chamber is made through an antechamber
approximately 5 ft. by 3 ft. and 7 ft. high. Doors of both the inner
chamber and the antechamber are 2163 by 618, open outward, and are
weatherstripped and gas proof.

11. Obsertion Window: This window, approximately 12" by 18". is
located near the entrance to the antechamber. It Is a single pane, double
window with a dead air space between.

12. Pooht In open porch of frame construction is built on to the gas
chamber and the laboratory as an approach to the chamber entrance. The
rcof contains two skylight windows for lighting, and an exhaust fan,
General Zlectrio Spec. 272905-1. Is mounted in the reef near the ante-
chamber door for ventilation.

13. Exhauat System: An exhaust blower, Buffalo Limit Load Conoidal Ian,
size #2, single width, Type LL, clockwise, with direct connected 1/2 H.P.
220-volt motor, is mounted in a gas proof compartment in one corner of
the chamber. This compartment is approximately 420 by 30" and 36" high,
with a door to the outside for &ocess to the blower. A 12" diameter
shoot metal duct extends through the compartment wall 2" into the chamber.
The duct omening is equipped with a removable shcot metal cover.

-2-
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TAIL 2 (cent'&)

Uuamory

Relative Humidity

Averageo 6% AXaIM . 72% 4inam. 63%

Actual O a (60 x 20.4) * 1884

II. INfITI !ZSS 0? 2•VY ZSSU! PRO•COT• COWTHT AGAf.l'ST
I VAPOR

75. There has never been amy difficulty in gitting volunteers for the
ezperimonts despite t.o fact that only two inducemants were offered;
i.e., leave and lib2rty-ohange of scenery. Hovover, those facts de-
finitely support the assme=tion that leave and now surroundings are
still uppermost on the avecmo sallor's ¶ririty list. Financial re-
munorations, whioh seem to play an important part in the rewards of-
fered to volunteers in other countries, i.e., Sn4land, Cannda, Australia,
e@t., have never been considered by ue nor asked for by the men.

76. It has boon Impressed on the men that they are not 2gu-inea pigs".
They are told that they are exponted to use their heads as well ae their
bodies; and if they do not understand anything to ask questions, these
questions being answered in a simple and non-teehLinil language.

77. During their stay at this activity, which varies from one to four
weeks, the men pick up an amazing amount of ga warfare fundamentals
and, It this Is sup.lmeonted by a moderate amount of instruction, they
leave with a basic amount of kIlowledge of defensive qas warfare which
should be sufficient for the duties required of an enlisted man in the
Navy Defensive Gas •Ia•fare Probrsm. The fact that has been most obvious
throughout those experiments ti thatt when the men first begin the work
they should not be toll too much. If they are, it sets up a fear re-
action that renains for varying lengths of time and dofinitely affects
their *virgin* runs in the chamber, and, occasionally, requires a re-
moval from the chamber before the run to comopleted. However, after the
first two runs in the ej.mber, the men became vetornns an4 c.%n be told
almost anything without affectinG their moral&.

Iel. TZto men take an7 resultin. casualty extre•ely well. Even the hosel-
tal cases, who, on a few occasions, were incapAcitn.od for a month or so,
were not unset and even volunteered for further trials.

-22 -
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?9. Occasionally there have been Individuals or groupe who did not coop-
orete fully. A short omplanatory talk, and, If necessuary, a slight ver-
bal 1dressing dtowN has always noven succeseful. Thor* has not boon a
single instance in which a men has refused te enter the lps chanber. Our
o'ninion In that the maen who have co-no through this vropam are much better
equipped both *ientally and physically to withstand gas warfare if and when
it o6mes.

Physical 2mmination aod 3aecuireMont

80. Tophasis out be placed on physical fitness. If not, the experiments
are doomed to failure duo to Inability of the can to reoain in the suits
and -sasks and perform effectively when Moxoed to the high temperature and
humidity ot the chamber. The so-called false positive roadings, due t3
physical unfitness, such as oonjv~ctIvlti., lae LtIst aue p k,eta., can easily be nistaken as Ve nanlfestitions. Anoth v cfo•-onsp-
too, headache, ray be attribute& to the tight Mask straps, ae., when it
is actually due to a systemic eendition not caused by the chanbor. In
this connection, it ray also be said that it is Itooesible to give the
men liberty during a regular eeries of experiments and expect them to be
in giod physical condition the next morningj there always are a few that
imbibe toe freely eand stay ashore too late to be iu good condition for
the experiments the next day. Because of the above conditions, a thor-
ough physical examination ti performed by the Medical Officer. particular
attention being paid to the parts of the body most liable to be affected
by the gas. i.e., the skin, eyes, genitalia, threat, ete. Many abnor-
mealities are noted and also brought to the man's attention before he
enters the chamber. This orevente false interpretatione by both the ex-
aminer and the men.

81. As a supplement to the actual physical examination complete blood
counts, urinalysts, and teomeratures are taken; the work being done by
qualified laboratory techonicians. Blood counts are repeated after a
cumulative CT of 4800. The history of each man Is briefly chocked by the
Medical Officer. emphasis bolng placed on asthma, allerg•, hay fever, skin
diseases, ate. At this time, a quick psychological Impression is also
obtained.

82. U1per respiratory Infections are the most ocmon disabling factors,
and If objective symptons are prosent, the man Is not sont into the gas
chamber. Immediate treatment ti Instituted and it is usually possible to
use the man in a later experiment. This procedure also applied to any
other minor physical disability.

83. •o man Is sent into the chamber without the Hodical Officer's ap-
proval. Occasionally, at this point. malingerers mnl pzychonourctice
are discovered. These eases hve all been handled so far by minimizing
their symto=s and then seoning them into the ce~anb:r.

-23-
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oa=&L PtO0zMMi ]MR ORAIG!R TZw•S

84. Zach man exposed !n the chamber was equipped with the followingt

a) Navy diaphragm make, Mark 111.
13 )morepated Arnsen protective suits.
a Stanar•l•Navy Umdemoear (uniapreguated).
d) Impregnated cotton socks and imreopated elbow length

w) Vool gloves.
e) Overshoes (Arctics).
f) Protective ointment for face and neck.
i) Imarnated udershorts for exposure to COT' above 1000.

,(.oav cotton rib-knit underwear out off at knee and rolled
to give pu-tight fit.)

85. The impregnated Arnsen protective suits used in these tests were of
three typoes.

a) Water suspension - Impregnated in a Navy Portable Plant with a
water suspension at room temperature using the followtnd
formulat 100 1-148/75 01/25 ZnO/3.75 PTA/0.75 Dazed 11/0.16
Duponol MB/9 Pigment, with enough water added to give a bath
containing approximately 10% 8-145.

b) Solvent - Impregnated in a Navy *-I Plant with a solution of
8-146 in totraohloroothane at 550C.

s) solvent +, ZnO - Impregnated in a Navy M4-1 Plant with a solution
of 8-145 In tetraohloroethane containing 154 ZnO bated on the
weight of 8-145 at 3500.

86. The physically fit men chosen for a given test were instructed in
the use of the gas mask and then checked with casks on in an atmosphere
containing a high concentration of a laoh&7rstor (MN), This was done to
make sure the masks fitted oroperly without leakage. The men wore dun-
garees in this test to avoid subsequent contamination of the chamber at-
mosphere.

67. The men then dressed in protective clothing under close suoorvisior
to insure gas-tight seals at waist, face, ankles and wrists. Unimpreg-
hated underwear was put on first, then impregnated shorts, followed by
suit, socks, areties, ointment, gloves and mask. Protective ointment was
applied to the nook sat fade extondirg Just inside the edge of the mr.sk
facepieoe. A final inspection wRs moe of maek and clothing Just before
the men entered the chamber.

88. Before each chaznber test, qualified -ersone were required to sign a
log attesting to the satisfaotory condition of the followingt (a) conisters,
(b) active chlorine content of clothing, (a) concentration of rgont in the
chamber, (1) physlipl condition of t.e men, (o) pro'ter %dJustiont of pro-
tectiva clothing t.nd mnsks.

-24-
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89. The men entered the chamber threU& the antechamber in grous of
five. The chamber was opera&ted under conditions considered average for
the troples, namely, 90*2, SO Relative Bumidity (R.N.).

90. Continuous visual and audio communicatien was maintaiied between
the officer in charge and the men in the chamber. Zvery five minutes
each man was required to move to a position an the opposite side of the
Ohamber, otherwise they were permitted to move about at will. The time
of each exposure was one hour, after which the men left the chamber and
reAmiesd in the open five minutes to aerate their clothing and then re-
moved their m-eke and gloves. The clothing was worn an additional four
hours, outdoors in the ehade on wars days end in a room at 75-80e? on
cold days. During this time the men were not exercised but were allowed
to move about freely.

91. Clothing was removed and the =in wero examined immedittely and at
subsequent twenty-four hour Intervals, the areas most vulnerable to H
vapor being closely ohe&!i.. Tte face and neck were examined for evi-
dences of ointment i ';

Uli~l ijW7AL RESUL L ;

Teot No, 1 - Irritanci of Zmoremated Arnsen Suit.

92. In order to determine the irritancy of the Protoctive Clothing un-
der sevire conditions, ton men with full equipmant were subjected to a
temperature of 96oF and 814 R.N. in the chamber for one hour. Five of
the men wore Aronen suit. imaregnated with 3-145 by the water uteponsion
pecesse, and the other five men wore Arnsen suits imreagnatod by the
solvent process (without ZnO). I-461 Protective Ointment (15% 01*) was
applied to the neck and face at the edges of the mask before the test.
The results are surshiied in Table XII. The outside teoperature was
900P and the R.N. was 37%.

-25 -
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1. A chamber for the exposure of human volunteers to the vapors of
chemical warfare agents has been built and is in operation. The con-
struction is such that the temeeraturs, relative humidity and concen-
tration of vapor of ths chemical warfazeagent can be controlled closely
over wide ranges. The design, calibration and operation of the chamber
are described in detail.

2. The subjects uaod in the tests are volunteer enlisted personnel who
have just completed their basic training at the N.T.S., Bainbridge,
Maryland. The men are given a thorough physical and laboratory examina-
tion before exposure in the chamber, and only these found physically fit
are used for the tests.

3. A preliminary test was run to determine the irritancy of S-145 im-
pregnated Arnmen protective clothing. The subjects developed transient
erythema of the body and limbs, when exposed to 9607 and 81% R.H. for one
hour, in both the water suspension and solvent type of impregnated suits.
There was no dgnificant difference between the two types, the eryt,"ena
being due to the irritant qualities of the clothing and/or the high tom-
perature during exposure.

4. A series of tests was. run on the water suspension, solvent and eel-
vent + ZnO 5-145 impregnated Arnzon uuits in which fully clothed oen
were exposed to 3 vapor at CT's rangin from 200 to 250. At lcv CT's
(up to 1200), positive reactions consisting of mild erythoema of back,
shoulders or arms occurred only if a -man received more than ore exposure.
At a OT above 1300 some positive reactions occurred on a single exposure
but none were severe even at a OT of 250C. It was concluded that new
suits gave adequate protection for single exposures at a CT up to 2500
and there was no significant difference in the three types. The lose of
active chlorine in any of these oxpomuros wns too small to measure its
relationship to H vapor concentration.

5. A sories of t:sts is in progr•ss on the throe typos of suits in which
fully clothed men have boon given reented exposures to F vapor at a CT
of 1200 during one hour, followed by four hours wenr of the clothing.
The same suits, without laundering, are boing used throughout the crioes,
and the men are replaced after an avoragc of three to four esoesuroe.
The water susuension suits have been exposed nineteen times at a total
CT of 23,980, the solvent suits twenty-one times at a total CT of 25,460,
and the solvent 4. ZnO suits ni-.e times at a total CT of 1,050.

S. The teste have shown that there is a definite .leaknes of R vapor
t:-.rough all the suits. lihen a ,:-n is exposed a sufficient nu.-ber of tines
with a short interval between exposures, a os••i•te remction results fron
the cuaulative effect of this leakage. The leangse shown by these three
typoes of suits increases with the nunber of eooesures.

___ _- 38 -
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7. Tor the most ..,rt the burns variedL ir &epcee from the mildeost type
to moderate erythema with only' occasional severe erythera and. veeics-
tlon, The majorityr of these burns reac~hedL their 73sak In 48-72 hours,

but there have been a few cases of delayed reactions In vhich the peak
occurred 58- days afteer the last exposure. Burn of the d~orsal thoraz,
shoulders and arms prodoodnatedL. The more sensitive areas of the body
dOl not show the dopes ot eahei that was anticipatedL.

8. 3-330 (10% 01+) Protective Ointment wae far lees Irritating on
single and repeated applications than 8-461 (0% C01)).

9. After an &aoeae )f 13.15 exposures In the cheriber at a CT of 1200
each, the gas make assorbod enough R to cause erythom and pigmentation
of the face and moderate oonjimativitia and laryngitis. Other masks
having the hose counesting tubes covered by Impregnated cloth sleevee
have not shown signs gf a break after 16 exposeIs.

1. None. The chamber tests are being continued at high priority.

-39 -
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ABSTRACT

ThIs report deocribas the results of exposure.. to H vapor of =n
wariA& ordlnar-/ olothizn, and unprotAtted except for masieg and. It oo
cason, protea'tive ehorta, -over a wide range of exposure oonditions. Variou3z-thods for the evuluation or the recults obtained are presented and dis-
€ua sed.

The severity a&-' locatious of bu',; fro a Liven CT of R vapor
vmre =&rksdly'Junnoed by the temperature of expceuroe At low toetra-
tures (70* F..) aotive sweat secreticn end H vupor burns were predo-Jnut-
1,y in the Lxillar-y and gerital regions. At hijh teaeratures (90" F.).
both sweating and.N vapor burns were generulized. The threshold tezpern-
tics foi goneralizod msating, and consequent inoreasid susceptibility to
N vapor, was epprcxktely 85" F. for lightly clothed, resting man.
Variation in relative h idi~ty had the most pronoumoed affeot an uaoepti-.
bility to N vapor at 866 F.

Conditioning of the 3wn before expoeiro, either artiticially or
booau.o of climtio conditions, had a itnifiocant effect an the roactions
produood from oxposure to H vapore Surprelsson of Pi~ating by application
of alu-4-- chlorlde to tho n.Lllne prior to eoxoauroe reduced the sovority
of the resulting I burns. The application of lanolin to tho akin prior to
exposuro had no effect an the resulting B burns, whereas wetting of the akin
with artificial sweet Increased the severity of the burns.

Ta sarotal "&ion was the nost vulnerable area of tho bod&y to
f V, and would bo tha most pcrtA¢ t area in the production of oasualtiose

It n-z found that uleoratod ozd eruste! lesions of the ponosorotal region
roquirod from throe to four reeks to heel t•t t ren at bod rest.

KEY WORDS

Aluminum Chloride, Antiperspiants, Chamber tests, Human subjects

:H vapor, Mustard gas, Chemical warfare, Chlothing, Erythema. Exposure,

Humidity, Persistance, Contamination, HN vapor, Impregnated chlothing,

Lanolin, Levenstein H, Nitrogen mustard, Pnysiological effects,

Toxic agents, Vesicants.
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M"RODUCTIO01

A. Auth.ri: rt inn.

1. This work wo author'.zod %=d&r Project Hlo. 547/41, "Ulintcnanco,. Bureau
of Ships" dated 10 Docaeibor 1940. The probleon which wero propocad for
oaý'dy vmro Ciwen in BuShips lettor S-077-2(D-), sorial 811 of 17 Decemibor
1940.

2. Participation of voluntoor Haval personnel in tests for the study
of voaico.t gasoa waa azpproved by the Socretary of the Rtewl (ActinL Sec.
Nav. lt.. to 0rRD dated 8 May 1942). Pcrformanoo of such tasts at the
Naval Rouxch Laboratory was approved by the Chief of the Buroau of
iMediciJlo and SurGorV (BuN'od ltr Serial No. 446 X:OA All/t10(430320)(SC)
dated 20 .UMrch 1943).

B. Statcemnt of Problen

3. This invostl;ation u•, undortalwn to dotorni.o the offoct of. H vapor
at difforent concentrations, and c-t various conditioLs of tomperature and
",olativo huidity, on mon woar.eng gas zns and oidiznay dlotbing. The
results obtainod would servo ttro purposes, na•ely, a nero complcte aiow-
lodGe of'tho effects which would bo expected fron an H attack in the fiold,
and also; by ccriporison -dth oth=r chaxor data, a aero adoeuato evaluation
of tho protection amefordod by diftcront typos of piotectiva clothing under
divorse conditions, During the course of the invoutigation, it bocame
evident that it would bo worth-whilo Alo to detormino the o.-tont of smat-
ing of difforont areas of the body under vvwious conditions of tonporaturo
and relative huiadity end to corrolato the results vith thoso obtained by
oxpoeuro to I vapor under the sam conditions.

C. Lzom Facts Moaring an the Problon.

4. -It has gonorally boon rocopiod that, whn non aDro exposod to I vapors

R1) Ordinary clothin offers very little protocticnj•i
)In roaso Lu CT, by incroeaLng'oithor tho oancontratio; or the

agent or the tLmo of oxpoauro, incroueos tho severity ot the
skin reaction;

(3) At a given oonoonjration, nore severs roaction. occur at higher
taeporaturos and hnmidities* in snor; and during ox~rolsej

(4) In any Individual; .arlwd dZfforonoeox ot in the suscopti-
bilition of non ct the body rogionsi end

(5) Thoro is also considorable variation in the ruaoaptibilitios of
difforont individualse

5. lAttlo proeise Wntormtion porttnont to t)% above statowents or the
nochannis involved has boon available. Howevors It is buggostod Lu maoh
Of the a-.ilnblo literature that, directly or Indirectly, the suscopti-
bility of tho skin to B vapor is olosoly rolatod to tho moating procoss.

6. , In .D. (lus*orla) Report Po. 40 datod 22 fy 1944, At i stated tha
Non o"pasod In the ohaboer to R vapor at.CT 150-200, 900 Y.e and 62-85% ]E.
Soeoivod sovoro gonorolizod orythom. The non voro roeular clothing and
w ro moatinG profusely during exposuro so that th6ir alothin was saturn-
tod with swat. xposeurO at similaz CTs at 70 Fe. 66-95% MB, affetod

•J• J•O" .1..



APPENDIX D 357

mainl1y 'Am neck, nIllass mad sorotu, 'out two-thirds of the am ihand
Generali-too erytheaoM The uskin of these latter men was described as
dozp anod the clott.ing as dry. All subjo-to prfrormed nederate exorcise
yhile in the obhanber. The writers oo~oluded that tcsaptraturv playid an
importazt part 1jA detoraining the sev e-ity of the lesions but that, within
the ranCe tested, humidity played no siga: 4.fioant, role. In Ceo. (Australia)
Report Wo. 41. dated 19 May 1944, It is st~ted that exeroise of the subjects.
durirZ fie.1d or ohambor oxipouuro to I va~por# play. an important part in
incroasing the severity of the lesioU.*

7. Experiments carried out at Porton Indioated that the importmnt factor
In Ukareaaing the seuseptibility 1i the noisture present on the akin sur-
face, but no correlaticin wasn foamd between akin teq~erature and pbysiologi-
"Ia effects.

Be By mans of exposures of human foresarme on the vapor tmin at IUCTh.
Dr. $imcn Blacks et &I, have desmontrated that I vapor in aclat air caucod
smash more seovere reactions than I vapor In dry air at any given C?. ' Sweat-
ing akin was feAmd to be samomit son. susceptible than non-sweating,.but
the difference was slight ea ed to the increased sumoeptibfLit wAe
the H vapor was In m*ist air rathor than In dry (08Rw Report Woo844
dated 30 August 1944).

t. In C.De.E. (Ziidia) Report No* 285. datad 29 Novemer 1944. ib is re-
ported'that two inn# wearing tropical battledress s=ite aind 00-2 Iupropaated
cabrts, -more exposed 1A a ohbambor to H vapor at an integrated Cr of 750
(Tole i lnutes), 86*?s 1 and 84$ M. The am iho had boen exieroirning so
that thoir clothing was sweatasaturated at tbo tin. of entry Into the ohmsn.
ber* sstained gonorulised second dope. burns with odina and vomioction.
and woro both incapablo Of ftanrw 21121t=7 dutios for four howl to four-
teen days after exosRea.

10. At the alkiersity of Chicago To~dolty Laboratory, studios bavn boon
made 6f the yesieiame of 310 nal. an the foroom he.1d In the wlý.i t~nl
(I~as Divisiongo W~orml Monthly Propross Roppt woe 9m-&1.23 datod
10 Dsoomor 1944)., dine. aesiw aocroatio of umosit lowere eloatrioal re-
sistanoe of tho skins skin roalatono measriwnts wero takm. win any
single ron It wae possIbla to predict whL&isma wonuld develop noro covare
reactionsa n the basis of skin. resistance moasureownts. ftb predictions
awe mach less reliable. between wis wad do nat appear to be usotial between
profuecly swating obsorysa's and those at the laoipiont uswating lml.9

U. In Portion 1601 A(T,1358) dated I iubruary 1045; ehaiscwr tests an rest.

o6(snaobly nt shwnggnoai e rating) at evon highor M7
51% RH] ar- reported. Zatense reactions Vore' Observed CA the nooks MA
andile. aft lodinand MAicsatiem of the poneni. courrd In mot ~f the mon.
Resootlowane the rest at the body w~.arch md.1dr. BU 5.1m resolts nero
obtained with 7 U170(To 6 &A~ aue)o 5610 70 9% Us and It was eon.
oldd'that the rule oQ14.Sstat had been dintmsatd 11th sifownclnt
"uaeowa tor aowearing PLO"4 olGIAg.&
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12. In O1PZ Rcport 7o. 6169, "Obsorvutions an the Role of Wator in the
Susooptibility ot TR'�'.n Skin to Voeloant Vopora", dated 12 April 1945,
Rc•=haw Lhs roviowo4 tho 1itoratLro portinoat to tho necbhai by which
swo.ting akin is moro ouscoptiblo to H vapor and has p rfor.d son
oriCiml oxporiontes. B found that tho akin of to arm oft won vdo
woro nevisibly swonting saforod a groeater injury fron H vapor (oppliod
by vapor cup@) it the akin woro wet with a t.Lln of distillod wrtor at the
tirm of vapor expoeuro thai it the sakn wore "unrottod" or "dry". In-
oroasod rusooptibility was not obsoryod it theo vtted akin were allowod
to dry botoro oxpoGuro to H vapor. Wotting tha skin attar B vcpor oxpo-
suro did "not warkodly influonoo the sovority of tho injurio, which rub-
soquontly dovelopod". No norkod ditforonoo was fod ,it tho skin woro
wottod with 4% NaC1 instoad of dirtillod wator. it wAs concludod that
the presence of water an and In the murfaco larrs is, to a oonsidorobli
doproo; rosponsiblo for tho wall knw hoightenod susooptibiLity of hot,
soating skin to H Papor@

2.4 Roooa t non-chaber tests condueted by Lt, Codr. J. F. Truxel, 90.
USN(Rot.), at UCTL (ZnW'orm; Report No* Ne. 1, datod 18 A•ril 1945),
which are espoolally significant booeuse ot the large nhiors of aubjoots
eoploydsd doeonstratodd that at ony given toaoraturo; en Increase in re-
lative huidity roeult~d in on inoroased soevrity of roeaiol to H vapor
at CT 100. Convormoly, at any constant rolativo nidlty; a riso in ton-
poraturo also r.asultod in an incroeaod sovarit.e Tho proatost incroase in

evoerity for a 100 Fe risa In tonporaturo ocourrod botwoon 800 F. and 900 Fe

2. Theoretiol Considoratious

14. Reoordint and evaluation of dAtao. Almot bery axa studiyIng the
effects of vesionts ean bmn volunteers ealoys a difforent system of
nomnolaturo, rooording, &id oevluation uf data* While a more miform
3wthod would be desirable, It is'also evident that particular problema
Involve difforont eoanidarations, oeg. studios an unprotodtd am as
ompared uith those In vhioh proective clothing is worn and Mstues on
all skin aream as oas red with those in hioh total ma exposure Is
suplO)1do

15 This problom has boon ocgently disoussed 4 the Phfelolo deotion oa
A1Poee uWndr Lt. Cole F. Oorri-.l in Phys/C/6, an intorin disoussion on
Reporting Results of 3mP Z•omaro to Vemicab Vapor% dabed 25 Jam'r
1M45. In this discusson. it Is roomeondod t•at the body surface be
dili4od Into a givez mber of oanatonial rogims and sooring be douo *an
the baus of v lesion sustained by tho vAbjeot In ew given area,
Irrespective of the tna at which it oocurs .

16. In Me. Australia 65, by Lte .incloir dated IS Ooeobor It"4, tho
Tofots under tr-opiel oondttions of I vaT r from CT5 )to 768 on 98 na

tider varjIng conditions of oxpomuro timos toqeratwo' end IM hav boon
.oanaidorod, ULsimos for each area have beon evaluated by & ooefftolent
Wph oablas Inoidoewo and soverity (==ber • to=a affected la that
region z the ==ma core par lesion). 2hMs atho =as use" for a gives
region, but uwas not used to assess the total severity of reaction of a
powl of a= Mmis specific conditions Iof tosporatue enW Igo

eL
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17. A sim-lar syeten has been I& use at NRL ihioh oombines Lncidence and
everity for , region. The average ra of this product for all the
reGione roproseats the total da.a(o index for a j.ven set of oonditions.
Recently it hka been fou•d desirable to increase the nmber of body rab-
divisions described In taking readings althogh those may be oordeuied
later to facilitate oonparimn with older data.

18. The index for a givns region sheuld probably take the follwting
factors into aocounts

(1) Intensity of reaction
In'I Area ft skin represented by a region

3 Casualty otff.t

4Regional awsoptibility
5 Individual variation,

I9. Iotensity of reaction. The scale of readings used at this Laboratory
bag deovloped gmdvUally and while the terminology is semcwhat Olway& It
has been found matiatact6ry for subsequent translation into mwrical
valuse. 8ince most of the studies In this report Invol no damon pestur
tha a seven arydthm (exoept for the exillne and genitel regiou)it is
evidont that the desoription ot severity is quite different then for the
nero revero effoots obsorvod by the Australian roups It would be ideal
to Inoorporat6 the tim- to roach m•dunm 3overity and the bealing tim
Into an index. but the ounglexity introduced indicates It is better to
treat those factors desoriptivelyo

20 a. of skin rerosonted ab, r on. It iLs wall koin that the
totalkno "o-d1 yrea e orTat in th+3rol burns (and probably
for chemical bu1n) In d•oormining the dopes *f shook produoed*T 7,
strikin differences in a&o Involved In reacti•n to nuftrd vapor at
high d'low temporauures ndo It oeiden that It would be desirable, (for
qpcial studies) to Introduce a tftor wighting arze so that regimo of
totaWJ d4.+tfereua wesoa Ube the thigh and mxiii. would not be weighted
equ=11i iA the indez, The facer@s iicd in the present report ..re high
arbitrary but bave been helpful in oxpreering the area off ot, It In
felt that the siadan roading for mW eena Is adequate and that it would
be IapraceUa to attat to dollant the readings my fthor.

21C. Casualty ffeoot. would be i deslrablo and most
practical facitor i•n4b-e It has boon ilpigible, to ovaluate this in
the present work ezoop on a dwsrti. w basis Woset of the e"eriints
In this seriee did not result in truo ouaualtios; examet those *hiAh
oerseod losions of the axdlao and sorol="vhich will be discueod below*
Otstanding studies in the ev"uation of casualties with peat practical
IqwA4mse bave been earled out by the Aaantrailin groq.

22. s0-4 b, *"- i It would be Ideal 12 the thresehold O? rem
;uiet pro- and - 1siotion were aonceatoly mosm fer each
regis. eAor a given set of onitionso. It mould be of Interest to know
It the rMtdo of erythom lovol to vesleation level to .onstnt for differ-

* rOgions. Adoquato dda o not availablo to ascertain this.

4-~



360 APPENDIX D

23. In•ividiunl variation. A simle teat to predict how a given individual
will ru..ct to H vapor has not boon developed. The influenoe of this
variable ust still to ni 11mzed by using as =uny men %s possible in each
toat.

t. Previous Work D-te at this Laboratoi.

24. IRL Report No. P-2208 dated 22 December 1943 onutains a description ot
the decip and operation of a chamber for exposinL human subjects tv kown
concentrations of H vapor undor o6nbrollad oond~itics of temperaturo and
&nidityo M]Ut, letters to DiShips, C-977-2(459-3'C). C.459-604 dated 2C
0etobor 1q44 and C-S77-2(4b9-1!C/iTJ). C-459.119/46 dated 10 Mirch 1D45,
include a prolimnir-7 report on the effects of CT. tamperavuros and relative
hmidity an the roact~ons of rn'exposed. to 3 vapor when wear•n• ordinary
clothLn.' In the present report. al the basic toots with N vapor carried
out at this Laboratory to M•y 1945. we suma-ised.

WE~tDnTA PAB2

Part I - Procedure.

A. BDsio Teaba with H Vapor.

25. Basic tests, as defined ut this l•boratory, are tests with veseoont
"vpors oarriea out'on aon woAring ordinary olothin and nprotctod e*zoopt
for maks and, in saw osmese protoative ahorts.

(1) General Wgoodure for Baio To'•t.

26.0 T . ets. The man 6sed in Cheo tests were vowluxtor Naval per-
onnal frim US Bainbridge# Maryland; and were uraally soomn second

classo fron eightoon to twenty years of ago d had jut ompletod their
bootm training. Most of their hai•s 'wro in tho Atlantic Seaboard States,

both north ad south of Washington. D.o C. All m roeiv.d a -routine
physioal and Ulborator7 oeminatLo (blood and wtno) and way tios,
approved by A medical offtoer partioipated In the oqpoe•nnts 'At the end
of the' •etm; the man vvre granted speoial leave end aetry was Made In
thr sorvie reooords attosting their attondanoo at this activity. Recent-
1y. iwthorisation has boen t'ratod for the o oandgi officer to give c
mendatiwa to aepoially doserving individuals.

27t 011~ During chsaior expoawe. tho on wore stu~dad issue sakV+y
".irtsh %awN aook' shorts. watch caps. blue denim sairtso dumgwee pants,
sttandard as and shooes. shir oollac e were buftewd end shirt sleams
wor bb a td at tlo ice' mau wore ND Kbrk I=I or IV masks. In aos
of the toets; tho Nai ook shoats wore'roplooed by 00.8 IWregatod shorts.
Thoso latter weo of the rib-knit typoe, lrepatod by the aqueous prooess,
and contained about 0.5 mg. W/We.~ Inal tests since 1 January 1945, the
anm have worn ausponders made of carbon eoated cloth (Augus model). The .

Soteotian afforded br 'A*eo Aders owAues A sbjacet r of relative-
nsn l AMA which basts rl th thel erytmatoau areas and facilitates

eerwatios (Fite $85 1Plate 10) subjects &eased for a basic tort wre
il~aautrated In Fig. lo 72,%t. Xe

wee
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28. The chYb. _eor -h•mnber hIus boon describtd !z dotail in M.-L Report
130 1P.4.00 Briefij, It is 10 feet by 15 root by 1 rooft hi~h and h.%s aL
rolt. of 1800 fte e It in 6porated as a utatio obhw-or# zo air boing
r ased throuGh during a tost, but t1o air prosont is kop% in motion

vorco volocity a 2,0 mopoho) by suitablo fme.

29, Conoauzration or -ont. Velatllizod redirtillod thiodiglycol must•rdwas Introduced into' tho ch-her as n~eedd to eatobliah and mm-t~a tho do.

sirod ooncontration nn the basis of Northrop titr1mter analyses (bromne
method) which wore made every five minurtes• The average conceutrations of
I vapor in this sories of tests varied fram 1.67 to 11.7 nierorana H/litor.

30. Ti f ex oe All basie toe•ts were single exposre tests. in all
cases Mte MiWEiesos was 60 (- 2) minmtes exuept the two teats at CT
s0 sa whih the exposure time was thirty minutes.

31. CT. CT represents the product of the eonoentration of the agent and
the t•e of exposures and where the units ,ro not expressed, is iiderstood
to be in microgram minutes 'per litero. In this series of tests# the CT es-
ploe d was varied frma 0 to 7009 A oeo,)te. list of these CTs is present-
ed rn Table Zile

32. Temprature and retativ6 humidj+tY (RH). The chamber temperature was
elevated vy i electric hoIt'ori7id ni lowered by meoans of Ice. Simid.tice-
tion was accomplished by the Introduction of steaml dehumidification. by
the use of ice. 3oth temperature and hum~d1by were regVlated and recordod
by a two-point rreowa'roording oont.rollUg potentiamoter which operated
throgh wet and dry bulb thermocouples* All tezparatures given are dry
bulb tmperatures of the ambient air exprossed in degrees fhrenheitS
Moasura nets of radiant enorgy, sffots have not been made.

53. Activity In tho haor_. The wna stood at iase in the chamber, but
wore roq7dWvi to ehange pestIons about overy five minutes. So tests an
the efoects of emoroie daring chamber expo.iwe are Inluded.In this serieso

34o Aoot•ity before @Ad after chamber oexosuro. 'In gnorol, before and
aftor chamber c.."o . tho mno lod a relativoly sedontary existonoe with
occasi•nal mild, athletices, In noew of the toto in this series were tbe

am assigned to stzrmus work aftor chasber ozpormw,

58. Beeson Ad ne•ato. Tho majority of the tests wore performod. as
list6d InTaa b 111 T (Pago 15), whdft tbo weather was relatively cool. Tests
16 4, 8, 15 aM 18 wore carried cust umdr the hot rinir meather conditions
of Washington* Do 0. The 6hanbr eWposures wer usually performod betweon
the hours of 1000 West 1500, Ioe. during the warwr part of the days Whoa
tho woether was fair, tho men were allowed to be out of doori bi•foro and
after choambor tsteal wvh the wathor was sold or Salmont, tho am were
kept Sadoers at the conditions prevailing in the Laboratory,

Ho. 2ly gladince tLad ,b roeerdg 00 data, The sn were inspected daily
bV a iooU eotleor for four to bipt d" or longer after exposures To
ta•a•itato recording ad subseoquunt use of data# eubdivisions of tho body
Mufoeo were listed &a ordinates on paph pper (co.quartor Inch sTJAros)
and daily intensity readings for these areas were reoerded as abscissae. A
list of tho body regima Is given S4 TWOe (ais1)

-9.
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37. Pfhtojorroo. Kodachmno.s wore tAkoe of vay of the groups of Wn
u.od ir tho ktsio +asta. These wro ucually tolvn on tko fourth day after
mxporuro subhscq'ont pictures wore takon whon deoood nocoesdi'y. Moro
satinfa•otry pictures wore obtained of'or the skin had started to piGwnt
s-:ne mild dogroom of orythema did not show enough contrast on tho picturos,
It =.-t be oehasixed that kodachromas alone are not adoquoto rocor 'a aznd
that th-o daily roading.s aro a maro roliablo refuronoo for following tOe
intcasity of rooction. Indoquato illsraiation may lead to undor-exposuro
of coirtain akin oaroae with a rosultant appaxzoAt orythomA which is an art.-
fact. The prints vhich are included in the appondix wore, prepared by the
Anzao "Printon" pronesso Thi larger omas were prepared from 4 x 8 inch
transparenoiolj t'h scualler, froi 35 =a. tranaparoenios.

(2) Speoial SBaic Tests.

38. Ef•eoct of envirrnzental tebMerature lmaediately prior to chasber
oS DurS& the suimr, the non were neoessarily warm a&d often

mating at the tim of antry into the ohsmb~r, When the weather was
cool or cold, the mon wore uually indoors at a cbafortable" rom tmpera-
turo for one to two bwurs (or mre) prior to exposures Tests 24 and 25
(Table III) were oarrind out to' see i preoooling had any effect on the
reaotions tfro chamber eo...eruo Five mon wore exposed nA& to a tompor-
ature'of 550 to 606 Fr'. approiAjtoly 66% RR& fow over two hnar prior to
entering the ohahbor. Five othor mnn remained olothed and at a comfortable
room tempurature approximately 76? to end 50% RB, tor a m•ilaw period
before oxpaemwe 1 Both ;roups donned fresh clothing. including 004 iab.
propated shortes. ons;wro exposod In the Ohaznbr alsal•nously to H
vapor at CT 500o 90" l'ae 6% Bi3e

39o aio 9j' a.- rhide. To mappress azmils7 smating. in Test 28
(.tblo III)$ a 2* aquoous outo of almdon ohloride was epplLd with
a cotton pledget =e. daily to the loft axilla of eah amm In the group
for tbroo maoossave d before he interod the obhaber.

40o 'U of la_.i"es'oo NI' lipold soluble..it weit oast dored possible
*Jat t prese--• ce to s on the esurf&* oat the kd, nlM Sat loen the
suoeptibility of the Wda to K vapor* To slautdo sob1a,, lanollm (hydrated
approximatoly ) was usod. A thin film was applied shortly before entry
to tho oh bor wovr n, area of sbout thirty square oentiotors e'nth fore-
am posterior nbsk, and Wp•torior ahouldoT. of tho on in Tore 26s Awo ware
exposed.to C• 6S00. f0 F. 48 Ho' Zn a later toot (Tout 24) in which tho
non wer6 exy01od to or 300. *O .9 t. 65% 1 %lanolin was appliedto the
fororm.4 postorior shoulder, posterior nooks and loft azillna Xo men took
shoers for at loast four houres atter exposurea I tho tests in which lAn

41. Adtiio t of t #kin* On the bult@ of DreReonhawo'u a.
fomo report an t "goatesor R vpor on uinaated weto mating skin#
"t"o following expeoiuat was peoponood, standard ivvy shir•ae wee
treated with paraffin wax so that a waxod strip about two linhes wide en-
tended vartlaul] the eSOMt of the hirt In the snidlino front and r6ar
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Cn.e-h•lf of t~he shirt wss thormir.•y norened with Lti. icial, mwesat.
the oth•er hal wus left dr.y. Theoe :-kivria were than dwwod by six zw=
who :a* or doni shirt8•zs an the uru clothin for basic tests (•!=ud.
Lrug CC-2 imrepa~ted ashorts). The envl-onwntal temperature wze watio-
iectly low so tha~t the mua did not show generalized sewatirg prior to en-
tr into the efiber. Those non-rmating men were exposed to H vapor at
CT 300, 70" Pop 45% ]RH on 2 April 1945.

(3) Evaluation of Data.

42. Sieoo it is Iprictiaoa te present a detailed description of each
subjeot in every test, an attemt has been made to prosant the data quanti-
tativoly so that the results may be more rsoally v4.sualizad, Each deproo
of reaction w-s givon an arbitrary s•morical valuo as follows.

0 w no reaction
I a mild erythin
a moderato erytho
3 l itanso erykbam
4 - a. *Irythom with edem

be Maceration of azillay kidn
0. Dry scaling at scrotum

0 so. Vesiole
b. liarous pinpoint vesicles
as Crusting or ulceration of

sorotum or azilla.

43. lF€a thomb umamrioe valuas, tw-oo quantitative methods of treating
data wore dovisod which we oonsidorod in this roperts (1) Maxim
sovorityl (2) Total daimp indexs and (3) Porcontag'of oexposed aroa.
aff•ectod. Spcial oases, such as lesi•ns of the scrotu.m are disaoussod
separately.

0 0 ..

FOOTNOTE,

4 The •yntheati woat solution was prepared acoording to a -formula sup.
plied by Dr. Dana Burks and Is approxieat.ly fivo ti•es as comentratod u
that socrotod by the gland.,

Constituout Conoentration

Sodium chlorido 3965
Ammunia actato 0e3
Urea 0,47
Dotrose 0.0Co
Potassium chlorido 0.48
Magesi• m oblorlde 0.036
Potassium dI'dragoa phosphbato 0.048
0Oa *im carbomo 0n06e
Laotle sold (68%) 0.2.

opseh of formic said, aetio wlo•. butyrio said, prOpicano said.
I adtr WARLn

Ole
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44. Wx•z-r- so~vrity. This uothod hrs ben uood at th!,.s fctoratory %nd
bAs boon doscribod in previous loatr reports (NRL lottor C-S77-2(459-BVC)
C-459-604 datod 20 Octobor 1944)o Tho overrae -uln sovority rocorded
over a poriod of iovarol days oftor exposuroe ragardloes of tho region ot
tho body rAffootod, was tokon to bu]prosont tho oandoct other agcnt on tho
bodh waor i gtvon sot o e ondistionf. A sbtisfactory rheltionship betwoon
OT nod intoneati o, roacthon could be dolasstratd usi the snethod as
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APPEMIX 3
Calculation of the Total Damage Index.

The following is the method used iu calculating the total
damoe index, using Test No.9 as an examples

It will be seen from Table VUI (Test No. 9) that out of seven
(7) mnn, three (3) sustained a mild ,rythem of the nock (numerical
value 2.1), two (2) sustained a moderate erythum, (numerical value
2) and two (2) sustained no burn. On a numerical basis for the
group, therefore, the average Is 1.0 (31 X I 5+r2 1.0). On the
&xilla. one (1) had no burn (tO), four (o)[hed miild rythem,
(4n=l 41 and two (M had severe erythems, (2X3.- 6) giving an average
of 1.4 (6&4% lO 7; 1.4). The method is. continued until avoragec
for all areas involved are obtained.

The average intensities are then multiplied by the "area factors"
given in Table I. Thus, for the necks the intensity times the "area
factor" Is 1.0 1 2.4 . 2.4. for the ".llae. 1.4 Z 2.8 :3.9 *to.
These values (the demago indices for each areaý are listed in Table
VIII. The suna of the products, then, gives the total damage index
for any one teat.

APPDMIZ 0
Calculation of the Percentage of Ixpomed Area Atfoted

The following is the method used in calculating the percentage
of exposed area affected, using Test No. 9 " an examples

It will be seen from Table VII (Test lo. 9) thit only two (2)

out of cover (7) men sustained burns of the neok of moderate erythmne
or worse. The two (2) is multiplied by the *area faotor" given in
Table I to give a value of 4.8. Similarly for the axillae 2 X 2.8
5.6, for the shoulder X 5.9: .5.9. e*to. Those values are listed in
Table iX. The sa of these valuesa then, gives the total area
involved for the group, which, divided by the number of mnn in the
group gives the average peroentage of area involved per man.
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Interim Report and Addendum
Han K. Kang, Dr. P.H.*

Feasibility of Developing a Cohort of
Veterans Exposed to Mustard Gas During

WWII Testing Programs

I. Background
In January of 1992 Dr. Susan Mather, ACMD for Environmental

Medicine and Public Health, requested that my office investigate
whether or not a cohort of WWII veterans who had known exposure to
mustard gas could be identified (Attachment 1).

Mustard gas was not known to be used for warfare during WWII but
a significant number of US military volunteers were exposed to the
vesicant chemical during laboratory experiments on protective clothing,
ointments and equipment. Soldiers were also exposed to the chemical
during the course of field tests to determine the value of protective
clothing, masks and ointments while traversing tropical and sub-tropical
terrains contaminated with mustard gas. There is no central roster of
sailors and soldiers who volunteered for either the laboratory experi-
ments or the field tests. Therefore the actual number of veterans
exposed to the vesicant is unknown.

*Director, Environmental Epidemiology Service, Veterans Health Administration,

Department of Veterans Affairs, Interim report, June 1992, Addendum, August 1992.
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II. Naval Research Laboratory (NRL) Tests

A. NRL Lab Log

On February 10, 1992, Mr. Larry Stockmoe of my office and I visited
the NRL and met with Mr. Dean Bundy, Navy archivist, and Ms. Maria
Lloyd, to review and discuss the available records concerning the WWII
mustard gas experiments at the NRL. They made all relevant documents
including 10 volumes of laboratory notebooks available to us for our
examination. The laboratory notebooks contain meticulous records of
each experiment with each subject's name listed as a part of the record.
However, the volunteers were mainly identified by only their last names
and occasionally their initials (Attachment 2). I reviewed all 10 volumes
along with other documents and could not find any full names of
participants entered in the materials. The NRL staff has abstracted the
names for each experiment and also prepared a combined listing in
alphabetical order. These rosters were later given to us by the VA
Compensation and Pension Service.

B. Suitland Federal Records Center

During our discussions, Mr. Bundy mentioned that 18 boxes of
materials pertaining to the tests were also archived at the Suitland
Federal Records Center. He told us it would be highly unlikely that any
stored documents would contain personal identification. It was also said
that the documents still contain classified information and would
therefore be accessible only by individuals with security clearances. We
arranged for an inspection of the archived materials by the US Army and
Joint Services Environmental Support Group (Attachment 3). During the
months of March and April, 1992, Mr. Don Hakenson, Director, ESG,
and three members of his staff reviewed the documents and came to the
conclusion that none of the materials contain the names of test partici-
pants (Attachment 4).

C. National Personnel Record Center (NPRC), St. Louis, MO

One of the documents that I reviewed was a copy of memorandum
from Lt. Commander J.H. Heinen, Jr. (MC) USNR to the Chief of the
Bureau of Medicine and Surgery dated May 20, 1946. The memo stated
that the tests at the NRL for the study of vesicant gases with Navy
volunteers were approved by the Secretary of the Navy. Furthermore,
the memo went on to describe a file card index of all the men who
volunteered to participate in the tests. These men were sent to the NRL
from the U.S. Navy Training Center, Bainbridge, Maryland (Attachment
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5). I contacted Mr. Jan Herman, Naval historian at the Navy Bureau of
Medicine and Surgery and asked him the whereabouts of the 3" x 5" file
cards that were mentioned in the memo. He thought the cards were sent
to the NPRC in St. Louis and put into each individual's military
personnel record folder. Neither the Navy Bureau of Medicine and
Surgery nor the NPRC kept a master list of these volunteers before the
cards were sent to the NPRC or before the cards were inserted into the
individual personnel folders. This account was corroborated by Mr.
Bundy, the NRL archivist.

To test the existence of the 3" x 5" card in the personnel folder, we
searched the personnel folders of five veterans who contacted the NRL
and whose last names also appeared on the list of last names compiled
by the NRL. The personnel folders were located for all five veterans.
There were 3" x 5" cards or other supporting documents in the folders of
four of the five veterans (Attachment 6). It appears very likely that once
we identify putative participants from a military source, they can be
easily validated by the examination of their personnel records.

D. Bainbridge, MD, Navy Training Center

Because it is not feasible or practical to search personnel records
stored at the NPRC by last name only, we need to somehow narrow
down the potential search list. The Navy records indicate that all
volunteers for the NRL tests came from the Bainbridge Training Center.
Therefore, there is a fair chance that the records of the individuals who
were transferred to the NRL for temporary duty exist at the Bainbridge
Training Center. I contacted the Military Reference Branch of the
National Archives. Indeed, there are 29 rolls of microfilm which com-
prise the muster rolls of the Naval Training Center at Bainbridge from
January 1, 1943, to December 31, 1945. 1 made arrangements for
purchasing the muster rolls. I expect to receive the rolls by June 1992. If
there is an entry of temporary duty assignment to the NRL for each
volunteer in the muster rolls, the entire 29 rolls of microfilm can be
reviewed and their names and service numbers and other relevant
information can be abstracted. These individuals' personnel records can
then be searched at the NPRC for the 3" x 5" cards and any other
corroborating information.

If the muster rolls do not contain the records of temporary assign-
ments, we can still search the muster rolls for potential matches by the
last names listed in the NRL lab notebook and appropriate time periods.
For example, Walker listed in Book #4211, January 1, 1944, to April 29,
1944, full-body chamber tests will be searched among the Bainbridge
trainee muster rolls for the appropriate calendar period. There may be
only one trainee with the last name Walker or there may be 5, 10, 15 and
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etc. These individual's personnel records can be searched at the NPRC
for the 3" x 3" card and other supporting documents.

E. Conclusions

1. There is no central roster of the NRL test participants with their
full names and service numbers.

2. Personnel records archived at the NPRC in St. Louis will contain
supporting documents for those who participated in the NRL tests.

3. The muster rolls from the Bainbridge Naval Training Center
from January 1, 1943, to December 31, 1945, may contain names of those
volunteers or assist us in narrowing down the potential search list.

4. The muster rolls have been purchased and they will be re-
viewed shortly.

Ill. The U.S. Army Chemical Warfare Service Tests

A. Special Orders No. 152

The Army also conducted numerous tests of protective clothing,
equipment and ointments on volunteers in the laboratory and in the
field. The test sites included Edgewood Arsenal (MD), Camp Sibert
(AL), Bushnell (FL), Dugwood Proving Ground (UT), and San Jose
Island (Panama Canal Zone).

Volunteers were mainly from the CWS units, but some field tests
were carried out on infantry troops stationed at Camp Paraiso, Panama
Canal Zone, and a company of the 94th Medical Battalion at Bushnell,
Florida. During the review of the 18 boxes of documents stored at the
Suitland Federal Records Center, the ESG team found a document
which recorded that the 150th Infantry Regiment stationed in the
Panama Canal Zone participated in a field test. The troops entered a
contaminated jungle two hours after a test bombing of mustard gas.
They remained there for 24 hours. Now a declassified military docu-
ment, "Medical Research in Chemical Warfare" states that "between
September 1943 and February 1945, 1002 enlisted men and officers
voluntarily submitted to tests conducted by the Medical Division and
were commended by the Chief of the Chemical Warfare Service for
participating 'beyond the call of duty by subjecting themselves to pain,
discomfort, and possible permanent injury for the advancement of
research in protection of our armed forces.' " The actual number of
ground troops who participated in the field test is unknown.

In reviewing documents submitted to VA for compensation claims by
veterans, we came across a copy of Special Orders No. 152 issued on
June 25, 1944, by the office of the Chief, Chemical Warfare Service
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(Attachment 7). This must be the source document used for the above
quoted statement. The special order lists participants by rank, full name,
service number and date of participation.

We selected a sample of eleven veterans listed in the Special Order
and requested the NPRC's assistance in locating and reviewing their
military personnel records. The 1973 fire at the NPRC destroyed or
damaged the army records from this period and the NPRC could find
the personnel records for only four of the eleven veterans. For each of
the four veterans there were official documents attesting to their
participation in a chemical test (Attachment 8).

B. Conclusions

1. There is a roster of approximately 1,000 army volunteers who
participated in tests for mustard gas by the Army Chemical Warfare
Service during WWII.

2. For those who were listed in the roster, their personnel records
archived at the NPRC will contain corroborating documents if the
records were not destroyed by the fire.

3. The identity of ground troops who participated in various field
tests is unknown. It may require a substantial effort to trace their
military unit records and research them.

IV. Summary
1. Establishing a cohort of Navy volunteers who participated in

experiments at the Naval Research Lab during WWII is feasible but may
require substantial work.

2. A cohort of approximately 1,000 Army volunteers who partici-
pated in various tests for mustard gas during WWII has been identified
and the fact of their participation in the tests can be documented.

3. Some ground troop units are known to have participated in field
tests (e.g., 150th Infantry Regiment, 94th Medical Battalion), but it may
require a substantial effort to trace these unit records.

ADDENDUM
AUGUST 1992

I. Naval Research Laboratory (NRL) Test Participants

We have reviewed all 29 rolls of microfilm which comprise the muster
rolls of the trainees at the Bainbridge Navy Training Center, Maryland
from January 1, 1943, to December 31, 1945. I observed the folluvving:
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1. Approximately 30,000 sailors were present at the center on any
given time during this period.

2. The individuals who participated in the NRL experiments can
be found on the muster rolls with their full names and military service
numbers.

3. There is no record on the muster rolls of any of these NRL test
participants having transferred to the NRL for temporary duty. For
example, I found the following entries of activities from a particular
veteran's personnel records and the muster rolls.

Source Date Activities

Muster Roll 1-2245 Received by the Bainbridge
Training Center

Muster Roll 4-945 Change of rating from
Apprentice
Seaman to Seaman 2nd Class

3" x 5" Card 4-2845 to Temporary assignment to NRL
& Personnel 6-23-45
Records
3" x 5" Card 6-4-45 to Leave

6-11-45
3" x 5" Card 5-18-45 Participated in Experiment #107

at NRL
Muster Roll 6-30-45 Transferred to Navy Training

Station, Norfolk, VA

The muster rolls did not indicate that the veteran was transferred
to the NRL for the period from April 28 to June 23, 1945.

4. Consequently, for those veterans with common last names (e.g.
Adams, Jones, Smith, Williams), numerous personnel records have to
be reviewed at the National Personnel Records Center to identify the
individuals who actually participated in the experiment.

II. U.S. Army Chemical Warfare Service Test Participants
On July 20, 1992. Mr. Don Hackenson, Director, US Army and Joint

Services Environmental Support Group, Mr. Larry Stockmoe of my staff
and I visited the Edgewood Arsenal in Maryland. Three of us reviewed
volumes of documents, both classified and unclassified. Most of the
documents deal with technical aspects of mustard gas experiments, the
status of projects and progress reports of different projects. None of the
documents contained names of individuals who participated in the
tests. However, in reviewing the documents we came across some
names of military units which were subject to field tests. These unit
names and times of testing are as follow:
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Unit Period

2nd Platoon, Company E, 295th Infantry May 8, 1945-May 22, 1945
94th Medical Gas Treatment Battalion Jan-Feb 1944
71st Chemical Smoke Generator

Company July-October 1942
"(colored)"

67th Chemical Smoke Generator
Company 1944

68th Chemical Smoke Generator
Company 1944

27th Chemical Decontamination
Company 1944
(Puerto Rican)

95th Chemical Company 1944
135th Station Hospital (less nurses) 1944
Company H, 295th Infantry April 1945
Company L, 150th Infantry April 1945
Company C, 295th Infantry April 1945
2nd Battalion, 12th Infantry October 11, 1945

I do not know whether the above list includes all of the units which
participated in the field tests or to what extent this list is complete. In the
meantime, I obtained three additional documents which list names and
service numbers of test participants:

1) Special Order No. 61 issued on March 11, 1945, by the Chief of
the Chemical Warfare Service, 78 veterans listed.

2) Special Order No. 130 issued on May 27, 1945, by the Chief of
Chemical Warfare Service, 32 veterans listed.

3) A memo from Lt. Col. Thomas Thompson to Chief, Chemical
Warfare Service dated on May 23, 1945, 42 veterans listed.

The total number of Army veterans with full names and service
numbers that I have been able to identify to date is 617, which is still
short of the number "1002" stated in the historical military document
written by Raymond C. Cochrane. Further efforts are required to locate
the military records of the units listed above and research them for
identification of additional individuals who participated in the tests.

As suggested by Dr. Connie Pechura, NAS, I contacted Lt. Col.
Richard Parry at Folt Detrick. He did not have or know of any
documents that contain names of WWII test participants.

III. Conclusions

1. The muster rolls of the Bainbridge Navy Training Center will
help narrow down the number of personnel record reviews necessary to
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identify the sailors who participated in the NRL tests. However, it will
require substantial manual work.

2. If the total number of Army veterans who participated in the
test conducted by the Chemical Warfare Service is "1002" as stated in
the historical military documents, over half of them have been identified
with their full names and service numbers.

3. Further efforts are needed to locate the military records of the
Army units that participated in the tests and to identify individuals who
actually volunteered for the tests.

4. At least 12 Army units have been identified as having been
involved with the tests.
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Summary of the Department of the
Army Report

by James R. Taylor and William Johnson

USE OF VOLUNTEERS IN CHEMICAL AGENT RESEARCH
(1975)

This report was the result of a request to the Inspector General and
Auditor General of the Department of the Army (DoA) by the Secretary
of the Army to research the use and treatment of human volunteers in
chemical agent research. The request was prompted by congressional
inquiries, during 1975 and 1976, by the Senate Select Committee on
Intelligence Activities and joint hearings by the Senate's Labor and
Public Welfare Committee and the Judiciary Committee, individual
Members of Congress, private citizens, and the press regarding the use
of human volunteers in testing of hallucinogenic substances in DoA
chemical warfare research. Although the report focused largely on
psychochemical testing programs and on testing programs from approx-
imately 1950 to 1975, it also related certain specific aspects of the history
of chemicai warfare research in regards to treatment of human volun-
teers and general attitudes toward and compliance with the Nuremberg
Codes of 1947. The major conclusion of these authors was that the
secrecy, applied to the projects, to the overall research program, and
even to the official guidelines governing use of human volunteers, left

Summarlzed from:r
Taylor JR, johnson WN. 1975. Research Report Concerning the Use of Volunteers in

Chemical Agent Research. DAIG-IN 21-75. Washington, DC: Department of the Army,
Office of the Inspector General and Auditor General.
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ample room for misinterpretation, lack of knowledge about, and out-
right disregard for established policies and guidelines.

The June 1942 request for human volunteers to the Secretary of War,
and its subsequent approval, gave authority to the War Department to
use human volunteers in the World War II sulfur mustard and Lewisite
testing programs. The approval of this request became the basis on
which such authority was retained by the Army and the Chemical
Warfare Service to use human volunteers in all other World War II and
later testing programs up to the mid 1950s. In July 1950, research was
placed under the control of the Army by the Organization of the Army
Act. Despite the establishment in 1947 of the Nuremberg Codes regard-
ing the appropriate use and treatment of human subjects in research,
Taylor and Johnson reported that no documentation could be found
about whether the Army was explicitly bound by the Codes. By 1952,
the Armed Forces Medical Policy Council filed a request to use human
subjects and suggested that the Nuremberg Codes be used as guide-
lines.

The possible guidelines were discussed at a meeting at Edgewood
Arsenal in March 1953. Recommendations were made at the conference
that distinctions be made between hazardous and nonhazardous test
situations so that nonhazardous procedures/tests would not require
approval of the human-use research protocols. The examples given for
nonhazardous situations were training exercises in which men,
equipped with gas masks, went through gas chambers filled with high
concentrations of sulfur mustard. A further proposal was that any
human-use codes based on the Nuremberg Codes should only apply to
biological warfare testing, not to chemical or radiological testing. This
proposal was rejected.

Formalized guidelines were finally issued in June 1953 in a Chief of
Staff Memo (MM 385). These guidelines represented an official adoption
of the Nuremberg Codes (although somewhat modified) and were
meanc to apply to all types of chemical, radiological, and biological
warfare testing. Further, they required all projects to be approve& by the
Secretary of the Army. However, no detailed descriptions of what types
of experiments required this approval were included, and the report
authors argue later that this was a "loophole" that permitted "selective
compliance" with the guidelines. For example, in August 1953 seven
research projects were sent for approval, one on vesicants and other
agents, one on phosgene, and five on nerve agents. Not sent for
approval was a research project labelled a "local field exercise" at Fort
McClellan, Alabama (Operation TOP HAT). This operation involved use I
of Chemical Corps personnel in tests of decontamination methods for
biological warfare agents, sulfur mustard, and nerve gases. These
personnel were not informed and were not volunteers. The justification
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for the lack of a request for approval was that the project fell under the
"line of duty" definition and was not subject to protocol approval.

Another example given by Taylor and Johnson pointed out that
protocols were often submitted to test a class of drugs, rather than a
specific drug at defined dosage levels. One project entitled, "Retention
of Nerve Gas in the Human Respiratory Tract" was given only a cursory
examination prior to approval, despite the fact that the specific nerve
agents to be used were not listed in the proposal. By 1955, when
research into psychochemicals began, approvals were stili being given
for general research types and not for specific protocols. In 1957, more
potent nerve agents were being tested, but the protocols for this
research were not sent for examination and approval on the justification
that they were simply extensions of projects already approved years
earlier. By 1959, Secretary of the Army Brucker gave blanket approval
for all projects utilizing "non-lethal incapacitating agents," and the
period between 1959 and 1975 was typified by great inconsistency in
policy and practices relating to research with human volunteers. The
situation became so bad, and the outcry from Congress, the press, and
the citizenry so intense, that all research with human volunteers was
suspended in 1975 by Acting Secretary of the Army Norman Augustine.

KEY ELEMENTS OF THE NUREMBERG CODE OF 1947

1. The voluntary consent of the human subject is absolutely essential. This
means that the person involved should have legal capacity to give
consent; should be so situated as to be able to exercise free power of
choice, without the intervention of any element of force, fraud, deceit,
duress, overreaching or other ulterior form of constraint or coercion; and
should have sufficient knowledge and comprehension of the elements of
the subject matter involved so as to enable him to make an understand-
ing and enlightened decision. This latter element requires that before
the acceptance of an affirmative decision by the subject there should be
made known to him the means by which it is to be conducted; all
inconveniences and hazards reasonably to be expected; and the effects
upon his health or person which may possibly come from his participa-
tion in the experiment. The duty and responsibility for ascertaining the
quality of the consent rests with each individual who initiates, directs or
engages in the experiment. It is a personal duty ,.Ad responsibility which
may not be delegated to another with impunity.

2. The experiment should be such as to yield fruitful results for the good of
society, unprocurable by other methods or means of study, and not random and
unnecessary in nature.

3. The experiment should be so designed and based on the results of animal
experimentation and a knowledge of the natural history of the disease or other
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problems under study that the anticipated results will justify the peformance of
the experiment.

4. The experiment should be so conducted as to avoid all unnecessary physical
and mental suffering and injury.

5. No experiment should be conducted where there is an a priori reason to
believe that death or disabling injury will occur; except, perhaps, in those
experiments where the experimental physicians will also serve as subjects.

6. The degree of risk to be taken should never exceed that determined by the
humanitarian importance of the problem to be solved by the experiment.

7. Proper preparations should be made and adequate facilities provided to
protect the experimental subject against even the remote possibilities of injury,
disability or death.

8. The experiment should be conducted only by scientifically qualified
persons. The highest degree of skill and care should be required through
all stages of the experiment of those who conduct or engage in the
experiment.

9. During the course of the experiment the human subject should be at liberty
to bring the experiment to an end if he has reached the physical or mental state
where continuation of the experiment seems to him to be impossible.

10. During the course of the experiment the scientist in charge must be
prepared to terminate the experiment at any stage, if he has probable cause to
believe, in the exercise of the good faith, superior skill, and careful judgement
required of him that a continuation of the experiment is likely to result in injury,
disability, or death to the subject.
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Public Hearing Announcement

PUBLIC HEARING ANNOUNCEMENT

COMMITTEE TO SURVEY THE HEALTH EFFECTS OF
MUSTARD GAS AND LEWISITE

Wednesday, April 15, 1992
1:00 PM until 4:00 PM

NATIONAL ACADEMY OF SCIENCES LECTURE ROOM
2101 Constitution Avenue, N.W.

Washington, D.C.

This committee will be holding a public hearing to encourage veterans
who participated as subjects in mustard gas and Lewisite tests during
their military service, or their families or representatives, to tell the
committee their experiences in these tests and subsequent health
problems. All information given to the committee will be considered, in
addition to the published scientific literature, as part of the committee's
overall task to:

I. Review the published literature on the long-term health effects
of mustard gas and Lewisite

II. Summarize the strength of association between exposure to
these chemicals and specific diseases

III. Identify gaps in the knowledge regarding the long-term health
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effects associated with these chemicals
IV. Recommend ways to decrease the gaps in knowledge that may

be found.

Those interested in giving a brief oral presentation to the committee
must respond, giving their name, address, and telephone number, by
Monday, March 16th to:

Constance M. Pechura, Ph.D. (Staff Director)
Institute of Medicine

F03036
2101 Constitution Avenue, N.W.

Washington, DC 20418
TEL: 202/334-3387
FAX: 202/334-2939

The committee also encourages submission of information in written
form to the above address; telephone calls will also be accepted.
Attendance at the public hearing is not required for consideration of
your experiences by the committee. Please contact the staff director for
additional information.

VETERANS WHO APPEARED AT THE PUBLIC HEARING

Glenn Jenkins, Nokomis, Florida
Johnnie H. Ross, Robersonville, North Carolina
Richard Snow, West Sunbury, Pennsylvania
Nathan J. Schnurman, Charles City, Virginia
Richard W. Rawls, Stone Mountain, Georgia
Dan Gentile, Scottsdale, Arizona
George Avery, Salem, Oregon
David D. Fallin, San Antonio, Texas
Charles Cavell, Midlothian, Virginia
Stanley Weintraub, Washington, D.C.
Bernard Klonowski, Arlington, Virginia
Frank Kozdras, Port Charlotte, Florida
Millard Scudder, Dillsboro, Indiana
Russell H. O'Berry, Richmond, Virginia
Joseph L. Butash, Scranton, Pennsylvania
R. B. Moore, Mechanicsville, Virginia
Victor R. Barnhardt, Concord, North Carolina
Victor LaBate, Jarrettsville, Maryland
Elmer L. Hood, Monroe, North Carolina
Walter Langston, Rectortown, Virginia
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SUMMARY OF HEALTH PROBLEMS
REPORTED BY VETERANS

The following information is included to inform readers of the general
types of health problems that were reported to the committee by the
veterans. It is important to note, however, that this information was not
collected in the rigorous manner required for quantitative analysis.
Thus, no conclusions were drawn from the distribution or frequencies of
specific diseases listed here by the committee and, likewise, such
conclusions should not be drawn by the readers.

The total number of respondents represents each individual who
contacted the committee through letters, phone calls, or appearances at
the public hearing. The numbers indicated with serious injuries repre-
sent those veterans who were hospitalized within days following their
exposure, whether or not this exposure was due to accidental explo-
sions, normal testing conditions, or, in a very few cases, combat
injuries. Some of the veterans also participated in other types of tests.
Most often the additional tests were patch or drop tests of liquid
mustard gas, but some others included atomic bomb tests and drug
tests. Finally, the number with scars still present and the number of
veterans who reported no health problems that they attribute to their
exposure are also listed.

Finally, it should be noted that the disease and health problem
categories are arbitrary and in some cases a number of different specific
diseases are grouped into one category. For example, heart attacks,
congestive heart problems, and angina are all listed under heart prob-
lems. Respiratory problems encompass difficulty in breathing, chronic
colds and infections, lung collapses, and chronic cough. Esophageal
stricture includes complaints of difficulty in swallowing.

Total Responses (as of June 29, 1992)

Total number of respondents 257
Number with serious injury 53
Number with scars 28
Number in other tests 21
Number reporting no health effects 12

Asthma 45
Chronic bronchitis 63
Laryngitis 25
Emphysema/lung disease 75
Conjunctivitis/opacities/keratitis 10
Skin rashes/blisters 55
Pneumonia (repeated) 16
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Sinus problems 16
Other respiratory problems 42
Cancers

Lung/laryngeal 6
Oral/nasal 1
Skin 20
Bladder 6
Prostate 6
Intestinal 1
Thyroid 1
Pancreas 1
Kidney 1
Leukemia/lymphoma 1
Unspecified 1

Tumors/polyps
Laryngeal 5
Intestinal 3
Brain 1

Heart problems 63
Vascular disease/stroke 15
Blood pressure problems 18
Chest pain 2
Diabetes 11
Cataracts/eye problems 50
Hearing problem 14
Nausea/stomach ulcers 22
Esophageal stricture 11
Hiatal hernia 6
Headaches 19
Arthritis/bone disease 40
Neurological problems 32
Depression/ainxiety/post-traumatic stress disorder 52
Chronic pain 3
Alcoholism 3
Allergies 8
Blood/lymphatic disorders 6
Prostate disease 10
Kidney disease 10
Tuberculosis 4
Hepatitis B 1
Liver disease 4
Muscle spasms 2
Hair/tooth loss 4
Impotence/sterility/sexual problems 7
Genital bums and scars 7
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June 16, 1992

Dr. David Rall, Director
National institute of

Environmental Health Sciences
5302 Reno Road, N.W.
Washington, D.C. 20015

Dear David:

On my flight back to New Haven, I reviewed the remarks I had
delivered to your Committee. They had been composed before
benefitting from the opportunity to talk with some of you Thursday
evening and listen to your reactions to Mr. Sandman's presentation.
In light of what I had learned, I deviated somewhat from what I had
intended to present to you but, in retrospect, not sufficiently so.
Thus, this letter which I hope you will share with the members of
the Committee. I shall not repeat what I said in my presentation
which essentially reviewed the history of the regulation of human
experimentation from its beginnings through the 1950's. Therefore,
this letter may require amplification. If so, feel free to ask for
it.

Let me begin by acknowledging that I had not read carefully
the "Statement of Task" which IOM had prepared for you. I had
glanced at it and it seemed so limited in scope that I assumed your
Committee had been provided with more extensive instructions which
had riot been made available tu me. I now have carefully reviewed
this document and find it both too limited and somewhat confusing.

Apparently your primary assignment iu to conduct a scientific
review of the "long-term health effects of mustard gas" and
identify "gaps of knowledge," etc. One omission already strikes
me: You were not charged with making recommendations, on the basis
of your study, on who is deserving of compensation for the ill-
effects (physical and psychological) from participation in these
experiments. You were also asked to hold a public hearing so that
you could inform yourselves about "[the veterans'] experiences and
concerns about exposure to mustard gas and lewisite." At the same
time you were not instructed whether, and how, these "experiences
and concerns" should be reflected in your report. Moreover, you
were not charged with making a judgment about the ways in which
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Dr. David Rail, Director
June 16, 1992
Page 2

these experiments were conducted and their impact on how these
veterans now feel about having been manipulated, exploited and
deceived. The psychological damage inflicted upon them could be
considerable. Finally, you were not asked to make a judgment about
the ethics of conducting such experiments in light of the opinion
of the Nuremberg Tribunal which, as I tried to convey to you, also
constituted a retrospective judgment about conduct by Nazi
physician-scientists during the days of the second World War.

With all the restrictions imposed on you, I believe that your
task is an unenviable one. Against the background of an
unethically conducted series of experiments, you are charged to
contemplate, on the basis of cold scientific knowledge, the
relationship between exposure to mustard gas and subsequent
physical illness. Should you do more? This to me is a crucial
question. If you attend only to this limited scientific task, you
may be abdicating your responsibility to condemn such studies for
1992 and beyond, even if you wish to excuse them for 1943-45 when
supposedly our ethical sensitivities were less developed. Whatever
your answer to my question, should you at least note in your final
report that, since your assigned task was restricted, you do not
wish to comment on these burning issues? Perhaps you may only wish
to recommend that another IOM Committee consider these issues
forthwith.

If you decide to do more, you of course could leave it by
noting that in 1943-45 no policies had been promulgated for the
conduct of research, either by the medical profession or by the
State. You could also point to the fact that Federal courts,
including the U.S. Supreme Court, when confronted with allegations
about wrongful conduct by members of the Armed Forces, CIA, PHS,
etc. in the pursuit of scientific knowledge, by-and-large concluded
that "sovereign immunity" and the exigencies of wartime conditions
required that no liability be imposed. (As you know, I argued that
the dissenting opinions of Justices Blackmun and O'Connor in
Stanley should have prevailed.) Therefore, you could conclude that
in 1943-45 these experiments, though perhaps unfortunate, were
legally licit.

You also have the choice to go beyond your charge. I shall
briefly review some of the issues you could then raise, though not
those that I already brought to your attention Friday morning. (If
you intend to so proceed, I shall be glad to elaborate on them in
a subsequent letter):

(1) The excuse that "military discipline" (which underlies
the "sovereign immunity" doctrine) and wartime necessity may
require such deceptive experimental studies is all too lightly
made. To be sure, as someone mentioned at the meeting, the harm
inflicted by these experiments pales in comparison with the death
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and injury our soldiers, sailors and marines suffered at Anzio or
Iwo Jima. However, our fighting men knew what their fate might be.
With regard to the mustard gas and lewisite experiments, the
soldiers did all too often not know what they were volunteering
for. No attempt was made to learn whether a sufficient number of
volunteers could be obtained after full disclosure of what they
were asked to do. As I argued before your Committee, I believe
that volunteers would have come forward; I may be wrong, but at
least the attempt should have been made. That the subjects of
research were not carefully monitored after the war was over is of
course also egregious, but it is a separate issue; for the
experiments themselves were conducted in the spirit of cheap
availability of human beings for these purposes, and with utter
disregard to alternative ways of proceeding (not to speak of giving
consideration to the minimu number of human subjects required for
the conduct of such scientific studies, etc.) or without regard to
the future welfare of the participants. The lack of any assigned
continuing accountability, once the physician-investigators who
designed and conducted the experiments had returned to civilian
life, is most disturbing.

(2) The soldiers who "volunteered" for these experiments had
every expectation that they would be treated fairly by their
officers and surely by the physicians who superintended the
experiments. As doctors we ask our patients to trust us and this
trust was manipulated, exploited and betrayed. To be sure, no
authoritative policies then existed for the conduct of research,
and this was one of the defenses introduced by the Nazi physicians
at the Nuremberg Trial. The Tribunal made short shrift of this
defense: "Certain basic principles must be observed (in the conduct
of research] to satisfy moral, ethical and legal concepts [and one
of them is that]the voluntary consent of the human subject is
absolutely essential." Andrew Ivy and Leo Alexander, on behalf of
the prosecution, averred that obtaining consent is the customary
practice in American research. Regulation or no regulation, our
soldiers expected better of doctors, but instead they were treated
as guinea pigs. That fact, "good" excuses notwithstanding, must
remain deeply etched in your minds as you proceed with your
deliberations.

(3) The question was raised during our discussion whether all
subjects who participated in these experiments need be identified
and examined. If you conclude that some of them may have been
physically or psychologically damaged as the result of
participation, then clearly you have no choice but to recommend
that they be apprised of what had been done to them. Doing
otherwise is an abdication of medical responsibility. If others
who have suffered no ill effects will now become outraged and
perhaps unduly concerned, this must be faced and handled in
appropriate ways.
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(4) I said earlier that yours is an unenviable task if you
stay within your mandate to evaluate only cold scientific facts; if
you decide to evaluate only data and not the misuse of human
beings. When I served on the DHEW Panel that investigated the
Tuskegee Syphilis Study (1932-1972) we faced the same dilemma, and
we failed to rise to the occasion by not refusing to restrict our
Final Report to the evaluation of the data and not of the persons
who conducted the Study and the USPHS officials who reviewed it
during the forty years of its existence. In retrospect, this was
a grievous error. I urge you to do better for many reasons:

(a) It is all too often asserted that much has changed since
1943, 1972 or even later. This assertion is only partially true.
We still have not learned how to safeguard the dignitary interests
(consent, self-determination) of subjects of research when these
interests conflict with the interests of science (acquisition of
knowledge) and society (wartime emergencies).

(b) We are reluctant to pass judgment on past transgressions
because at least preconsciously we know that they are still with us
in today's world. Santayana once said that "those who do not know
the past are condemned to repeat it." Let me elaborate on his
wisdom by reminding you that those who do not squarely face up to
past transgressions contribute to their perpetuation in the
present. At least I urge you to assert that what was done in 1943
was unconscionable and, if it still is being done today, that it
must be judged henceforth unconscionable and subjected to
sanctions.

If I can be of further assistance to your Committee, please be
in touch. I would appreciate your circulating this letter to the
members of your Committee because I do not believe that I had done
justice to what I wanted to say when I appeared before them.

Cordially yours,

JK/j 
Jao z

cc: Dr. Constance Pechura

__ _ _ _ _ _ _ __
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Risk Assessment Considerations for
Sulfur Mustard

William Nicholson and Annetta Watson

It would have been ideal to have both exposure and epidemiological
data on the groups of individuals exposed to sulfur mustard, such as
those exposed during manufacturing. Such information could be used to
develop exposure-risk relationships and, if exposures were known, applied
to individuals who participated in World War II testing programs or who
were otherwise exposed. If epidemiologic studies of such exposed
individuals had been conducted, the results would provide risk infor-
mation of importance, even without knowledge of exposure. Absent
these ideal data, we are forced to make risk estimations using other
information.

Experimental animal data can be used to make estimates of carcino-
genic potency in humans by using cancer risk models and standard
interspecies extrapolation procedures. Unfortunately, quantitative hu-
man cancer risk estimates for sulfur mustard are impractical because the
experimental data from animal studies have three large uncertainties:

"* only a few experiments were conducted;
"* many were in a mouse strain that exhibited a high genetic

susceptibility to spontaneous pulmonary tumors;
0 routes of administration tested and duration of follow-up obser-

vations are not comparable to the human exposures of concern.

Nevertheless, approximate estimates can be made of the carcinogenic
potency of sulfur mustard relative to other carcinogenic agents for which
we have knowledge and concern. These estimates allow us to place
sulfur mustard on a scale of cancer potency that spans more than seven
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orders of magnitude between highly potent carcinogens, such as afla-
toxin B1, and carcinogens of very much lower potency, such as saccha-
rin.

SULFUR MUSTARD

Two sets of experiments provide information on the carcinogenicity
of sulfur mustard (see Chapter 6). One is the series of injection studies
of Heston and colleagues (1949, 1950, 1953a) using strains A and C3H
mice. These studies are difficult to interpret because of the extreme
sensitivity of strain A mice for development of pulmonary tumors and
the use of only subcutaneous injcctions in studies using the strain C3H
mice. The second experiments are the chamber exposure studies of
McNamara and colleagues (1975) in which Sprague-Dawley-Wistar rats
were exposed to air concentrations of 0.001 and 0.1 mg/m3 for various
periods of time up to 52 weeks. These latter experiments are more useful
because of the long durations of exposure and long subsequent fol-
low-up periods.

A comparison of the results of the intravenous injection studies of
Heston (1950) indicates that both sulfur mustard and nitrogen mustard
(HN2) readily produce pulmonary tumors in strain A mice. However,
because of the high genetic susceptibility for development of pulmonary
tumors in this strain of mice, it is inappropriate to make quantitative
estimates of risk from these data alone. Table 6-1 does indicate that
sulfur and nitrogen mustards have a similar potential to produce
pulmonary tumors in this strain. This conclusion follows from the
finding that the number of nodules produced from comparable injec-
tions of sulfur or nitrogen mustard is similar at 16 weeks of follow-up.
This similarity and the similarity of DNA alkylation action make HN2
data relevant to evaluating the carcinogenic potency of sulfur mustard.
However, caution must be exercised, because the pharmacokinetics of
the two compounds differ. Sulfur mustard is more rapidly metabolized
and may not act at distant sites as readily as HN2. This is seen in the
strain C3H and C3Hf subcutaneous injection studies of Heston (1953a)
where injection site malignancies were simrilar for both sulfur mustard
and HN2, yet only HN2 produced an excess of pulmonary tumors (see
Table 6-3).

The single inhalation study by Heston (1953b) is also inappropriate to
use for estimating either animal or human cancer potency: first, because
strain A mice were used; and second, because of the extremely large
uncertainty of the exposure concentration tested. In this study, sulfur
mustard evaporated from a soaked filter paper and was distributed by a
fan through an 8-liter desiccator. The actual concentration of sulfur
mustard during a 15-minute inhalation exposure is unknown. The

I- ___
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importance of this experiment is not that of a potency estimate, but that
of clear evidence of lifetime risk of pulmonary tumors from a 15-minute
inhalation exposure.

The inhalation chamber exposures of McNamara and colleagues
(1975) present the best available experimental data on sulfur mustard
carcinogenicity (Tables 6-5 and 6-6). Of the rats exposed to 0.1 mg/m3

for 6.5 hours 5 days per week for 52 weeks, 10 of 23 developed
agent-related tumors in a "carcinogenicity study" and 9 of 39 in a
"toxicity study." Of the 19 tumors, 17 were either squamous cell or basal
cell carcinoma of the skin. No carcinomas were present in 52 control
mice observed for similar periods. In the atmospheric exposure experi-
ments of McNamara and colleagues, it should be noted that the only
excess malignancies in exposed groups were skin tumors. With the
exception of exposed strain A/J mice (which developed pulmonary
tumors, but not in excess), no pulmonary tumors in any exposed group

were reported in these inhalation experiments. Further, at similar
inhalation exposures, but inadequate follow-up time, McNamara and
colleagues observed no increase in agent-related skin or other malignan-
cies in experiments with dogs, guinea pigs, rabbits, and A/J mice. The
skin malignancies, however, are noteworthy. First, their cumulative
incidence in the high-exposure group approached 50 percent. Second,
the absencu of other tumors suggests that the skin malignancies were
the result of external, rather than systemic, exposure. This suggests that
similar or even lower cumulative air exposures may be of concern for
human skin carcinogenicity, particularly in combination with high
exposure to sunlight.

NITROGEN MUSTARD

Because of a similar structure and toxicity, malignancies caused by
nitrogen mustard (HN2) are also of interest. The intravenous and
subcutaneous experiments using HN2 by Heston (1950, 1953a) have
been mentioned above.

Another study by Shimkin and colleagues (1966) reviewed early
National Cancer Institute bioassay data for 29 alkylating chemicals
tested in strain A mice. Of the 29 compounds, the potency of HN2-HCl
in producing pulmonary nodules was exceeded only by uracil mustard.
The data for the five most potent compounds and that for chlorambucil
and cyclophosphamide are shown in Table I-1.

Gold and colleagues (1984) reported a TD5o for all malignancies of 22.8
j&g (0.0456 mg/kg) for HN2, based on laboratory rat data from Schmlhl
and Osswald (1970). TD.o is the cumulative exposure that is expected to
produce an excess cancer mortality of 50 percent in a two-year follow-
up; a low TD5 indicates a high potency. The TDs for HN2 translates
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TABLE I-1 Comparative Carcinogenicity of Selected Agents in Strain
A Mice

Response 
Relative

Compound Dose' Potencye

Uracil mustard 0.96 10,420
Nitrogen mustard 3.0 3,300
Melphalan 3.8 2,630
Aziridyl benzoquinone 12 830
Chloroquine mustard 18 560
Chlorambucil 60 170
Cyclophosphamide 360 28

'The total dose required to produce 1.0 tumor per mouse at 39 weeks.
b10 ,000 divided by the response dose.
SOURCE: Shimkin et al., 1966.

into a cancer potency that is only one-fifth that of aflatoxin B1 for liver
tumors (aflatoxin B1 TD50 = 4.19 pLg in male rats). Because that
experimental cancer potencies can differ by as much as 10 million-fold,
these data suggest similar potencies for HN2 and aflatoxin B1.

In a study comparing the effects of HN2 and other radiomimetic
chemicals with the effects of X-radiation, Conklin and colleagues (1965)
found the incidence of thymic lymphoma from four injections of 2.4
mg/kg each to be less than that of four doses of 300 rads each of X-rays
(21 percent lymphoma incidence for HN2, 33 percent for X-radiation, 10
percent for controls). Thus, the midlethal doses of HN2 were similar to
midlethal doses of X-radiation.

CANCER RISKS FROM SIMILAR COMPOUNDS

A variety of mustard compounds are used in chemotherapy or
treatment of other diseases. Many of these have also demonstrated a
potentiai to produce malignancy during or following treatment. Sulfur
mustard, HN2, and these other mustards are alkylating agents. It is
believed that they act by producing interstrand and intrastrand DNA-
DNA cross-links; this action may be related to carcinogenic effects
(Colvin and Chabner, 1990). While the pharmacokinetics of the alkyla-
tion process differs for the different chemicals, the similarity of ultimate
action suggests that data on the carcinogenic potential of these other
mustard compounds may be relevant to the risks of developing cancer
from exposure to sulfur mustard.

A malignancy commonly arising from treatment by alkylating agents
is acute nonlymphocytic leukemia (ANL). Of the various medicinal
mustard compounds, good data on human exposure-based risk of
developing ANL are available for chlorambucil, cyclophosphamide, and
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FIGURE 1-1 Relative carcinogenic potency of three nitrogen derivative antineoplastic
agents. SOURCE: Kaldor et al., 1988

melphalan. Kaldor and colleagues (1988) have calculated a leukemia
potency index (10-year incidence per gram total dose) for each of these
drugs aiad compared it with the corresponding rodent TD5o's. Figure I-1
is a graphic representation of data from Kaldor and colleagues (1988) of
the reciprocal of the TD1o's for various antineoplastic drugs plotted
against the relative human leukemogenic potency. No data exist that
would allow a direct estimate to be made of the human leukemia
potency index for HN2-HCI, but its TD5o in male rats (0.23 mg/kg per
day) would suggest that its relative leukemogenic potency would be
comparable to or exceed that of melphalan. This comparability is also
suggested by comparing the pulmonary tumorigenic potency of HN2
and the other compounds in the strain A mice bioassay data of Shizn-dn
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and colleagues (1966) mentioned above.
Because of the similarity of sulfur mustard and HN2 in producing

pulmonary tumors in strain A mice, we would expect sulfur mustard to
carry a potential ANL cancer risk. However, the magw.tude of the effect
may differ from HN2, because a different fraction of sulfur mustard
inhaled would be transported to the bone marrow.

Dedrick and Morrison (1992) have also compared the carcinogenic
potency of chiorambucil, cydophosphamide, and melphalan in humans
and rodents, but based on the integrated exposure of the ultimate
carcinogenic chemicals. This procedure changes the relative positions of
the chemicals, but not the correlation between human and rodent data.
Thus, comparisons between effects data derived from external exposure
are considered relevant, as pharmacokinetic effects of these compounds
appear to be similar in humans and rodents.

RAPID SCREENING OF HAZARD (RASH) APPROACH

Watson and colleagues (1989) have estimated the carcinogenic po-
tency of sulfur mustard by the "rapid screening of hazard" (RASH)
method. This approach compares exposures that produce documented
toxic effects from an agent of interest to exposures of a reference
chemical producing a similar effect (Jones et al., 1985, 1988). The results
of these relative potency analyses are usually similar to those of the
more traditional CAG (Carcinogen Assessment Group) and NTP (Na-
tional Toxicology Program) carcinogenicity assessments in establishing
exposure standards used by EPA, OSHA, and other regulatory agencies
(Glass et al., 1991; Jones and Easterly, 1991; Jones et al., 1988; Owen and
Jones, 1990). Watson and colleagues (1989) applied the RASH proce-
dures to Heston's intravenous injection studies (1950) and subcutaneous
injection experiments (1953a). Other available Heston data were not
incorporated into the analysis because of Heston's incomplete charac-
terization of exposure concentrations or high animal mortality induced
by the experimental protocol. The experiments of McNamara and
colleagues (1975) would have been desirable to use, but comparison
exposures for primary or secondary standards were not available.

By considering all possible combinations of experiments and several
reference compounds, sulfur mustard tumorigenicity was determined to
be comparable with nitrogen mustard (HN2 and HN2-I-'CI) tumorige-
nicity in laboratory rodents. In the analysis of nitrogen mustard, data
from the studies of Abell and colleagues (1965), Boyland and Horning
(1949), Conklin and colleagues (1965), Heston (1949, 1950, 1953a),
Schmiihl and Osswald (1970), Shimkin and colleagues (1966), and I
Zackheim and Smuckler (1980) were used. Additional relative potency
comparisons were made for the therapeutic nitrogen mustards melpha-
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Ian and chlorambucil, and the alkylating carcinogenic compound, bis-
(chloromethyl) ether. Comparisons of laboratory rodent data indicated
that sulfur mustard and nitrogen mustard had tumorigenic potencies
comparable with melphalan and bis(chloromethyl) ether, the tumori-
genic potencies of sulfur and nitrogen mustard were possibly greater
than that of chlorambucil.

RELEVANCE OF EXPERIMENTAL RESULTS TO
HUMAN RISKS

The above observations and comparisons indicate that sulfur mustard
is an animal carcinogen and, to the extent that its action is similar to
HN2, a potent one. Both excess pulmonary tumors and skin malignan-
cies were demonstrated to occur from sulfur mustard exposure in
experimental studies. Such data are in agreement with

0 excess ling cancer observed in groups of individuals occupa-
tionally exposed during sulfur mustard production; and

0 skin cancer observed in patients undergoing topical treatment
with therapeutic concentrations of nitrogen mustard.

Data from studies of effects of exposure to therapeutic nitrogen
mustards are suggestive of risks of additional malignancies. Mustard
compounds used as chemotherapeutic agents have demonstrated a high
potential to generate acute nonlymphocytic leukemia. The similarity
between the alkylating action of these compounds and sulfur mustard
suggests that sulfur mustard exposure might also result in such malig-
nancies. This is also suggested by the finding of an increased incidence
of thymic lymphoma in female strain RF mice injected with HN2.

In summary, experimental studies establish that exposure to sulfur
mustard produces a substantial risk of lung tumors in laboratory animals
and also produces a risk of skin cancer from air exposure. For each
pathological site, the cancer potency of sulfur mustard is high. Experi-
mental data from exposures to HN2 suggest that sulfur mustard
exposure may lead to an increased risk of developing thymic lymphoma,
and perhaps acute nonlymphocytic leukemia, based on findings in
humans treated with therapeutic alkylating agents.

HUMAN EXPOSURES
Mustard agents weir positively associated with human respiratory

tract cancer incidence by the International Agency for Research on
Cancer (IARC) in 1975. By 1981, IARC had categorized 'mustard gas" as
a "Class 1" human carcinogen (Saracci, 1981). Exposure and dose-
response data are not available that would allow precise risk estimates to
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be made for the specific exposure circumstances of veterans exposed
during World War II or otherwise. Human epidemiological studies of
workers employed in the production of sulfur mustard demonstrate a
significant excess of cancers of the lung and larynx.

Lung cancer has been found to be doubled among British veterans
exposed to mustard agents (Case and Lea, 1955) and increased by up to
50 percent in United States veterans (Beebe, 1960). It is suggested in
Chapter 3 of this report that the cumulative exposures for some of the
subjects in the WWII testing programs may have been similar to
battlefield exposures. To the extent that they were comparable, a similar
increased risk of lung cancer would be expected. It is not known how
many individuals this finding describes.
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J
Examination of the Effects of Certain
Acute Environmental Exposures on

Future Respiratory Health Consequences
David H. Wegman, M.D., M.S.*

I have been asked to address two primary issues: Can human
exposures to nitrogen mustard gases over relatively brief intervals
eventually lead to chronic nonmalignant pulmonary effects? Can such
effects be of a degree sufficiently severe to disable them? In both clinical
and public health terms these issues can be restructured as follows: 1)
Does the occurrence of an acute pulmonary reaction identify an individ-
ual at risk for long-term respiratory sequelae? 2) If so, can the probability
or degree of damage be predicted from the magnitude of the acute
response? 3) What assurance is there that the absence of an acute
pulmonary reaction identifies individuals who will not develop long
term sequelae?

To begin, it is recognized that little structured study of the mustards
has occurred among human populations acutely overexposed. Without
attempting to estimate the relative importance of the different respira-
tory conditions or to estimate the dose levels necessary to cause each, a
variety of conditions have been noted. Low dose inhalation exposure of
mustard gas has been noted to result in chest tightness while higher
doses have resulted in sneezing, lacrimation, rhinorrhea, nasal bleed-
ing, sore throat, hoarseness and cough.' The WHO has reported the
pulmonary effects in Iranian patients exposed during the Iran-Iraq
war.2'3 Acute effects included: (2-4 hrs) chest tightness, sneezing, lacri-

*University of Massachusetts at Lowell. Prepared for the Institute of Medicine's
Committtee to Survey the Health Effects of Mustard Gas and Lewisite.
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mation, rhinorrhea, epistaxis, hacking cough; (4-16 hrs) sinus pain,
severe epistaxis; (16-24 hrs) severe cough; (24-48 hrs) severe dyspnea,
pulmonary edema; (48-72 hrs) bronchopneumonia. Delayed effects
measured after two years included: chronic bronchitis, asthma, rhi-
nopharyngitis, tracheobronchitis, laryngitis, recurrent pneumonia and
bronchiectasis. In summary, then, overexposure to nitrogen mustards
has caused both airway reactions and parenchyndal damage with in-
creased risk of pulmonary infection.

Since the respiratory conditions described in instances of severe
overexposure to nitrogen mustards have been both acute and chronic,
there is evidence that some level of exposure to these agents can cause
both severe acute and chronic respiratory disease.

However, there is little evidence available pn the effects of lower level
acute exposure and none apparently on brief exposures which are. not
too excessive. In the absence of follow-up studies that directly address
the question, much of the exploration must involve examining indirect
evidence from the study of compounds which might behave similarly.
In order to evaluate the respiratory health risk associated with repeated
brief overexposures at lower levels, review of indirect evidence will
focus on examining the link between acute and chronic respiratory
responses to such agents.

One central difficulty in examining this question is the absence of
knowledge about the early stages of environmentally related pulmonary
diseases coupled with almost no knowledge on the natural (longitudi-
nal) evolution of the clinical conditions. Thus there is little to guide us in
what is the appropriate disease model and what pattern(s) of exposure
are relevant to disease etiology.

REVIEW OF AGENTS CAUSING ACUTE AND CHRONIC
RESPIRATORY EFFECTS

The following agents have been selected to illustrate the range of
exposure-effect relationships that may be relevant to the effects of the
mustards. It will be noted that the agents selected have been shown to
result in (to cause) a mix of respiratory conditions: Exposures to irritant
gases (chlorine, S02, combustion products); exposures to materials of
plant origin (cotton); exposures to chemicals (isocyanates); and expo-
sures to inorganic dusts (silica, beryllium, asbestos).

Chlorine

Since chlorine gas is such an irritating substance, there are a number
of reports of overexposures with documented acute respiratory effects.



APPENDIX 1 401

These provide cle-ir evidence of severe acute respiratory damage with
intensity commensurate with the exposure level and duration.4'5

Several investigators have attempted to follow subjects who have
experienced acute symptomatic effects to determine whether these
either persist or progress. To date, most of the reports of accidental
overexposures suggest that individuals return to normal.6' 7 A few
reports have documented persistent obstructive or restrictive effects in
follow-up of 1, 3 and 12 years.8,'9' 10 In one case report a previously
healthy individual suffered onset of irreversible and debilitating asthma
following a single overexposure."1 In all instances there has been an
absence of pre-accident health assessments so whatever residual effects
are present at from 6 months to 13 years later cannot be attributed to the
acute accidental exposure alone.

In contrast to these studies of single acute overexposure episodes,
there are two populations of workers occupationally exposed to chlorine
gas where the importance of accidental gassings has been evaluated. In
a cross-sectional study of chlorine gas plant workers, 55 of 139 were
reported to have experienced accidental overexposures against a back-
ground of less than 1 ppm.12 Of those overexposed, only three showed
significant impairment which might only represent statistical variability
in the population. Overall there was, however, evidence of persistent
minor airflow abnormalities.

In a more detailed study of pulpmill workers, evidence of an effect of
gassings was presented.' 3 Although several irritant gases were present
in the pulpmill, chlorine was the dominant irritant exposure. Overall the
pulpmill workers had more symptoms but no pulmonary function
differences compared to a control working population. However, those
with gassings had all the excess of symptoms and had more airflow
obstruction compared with the other pulpmill workers. Evidence of
healthy worker selection was also noted as likely to have decreased the
strength of the findings.

This population had been studied seven years previously by the same
investigators. Those workers who had experienced chlorine gassings
once or twice during the study interval were compared to the remain-
der.14 For those whose gassing resulted in their seeking first-aid
assistance at the time, there was evidence that respiratory symptoms
and airflow obstruction had progressed when 1988 measures were
compared to ones taken in 1981. These effects were present after
controlling for cigarette smoking.

In summary, there is clear evidence of acute respiratory effects from
chlorine exposures which include both acute bronchitis and airway
obstruction as well as inflammatory bronchoconstriction (RADS). There
is also evidence for a chronic effect from exposure to chlorine. The
relationship of acute respiratory effects to chronic ones is also present,
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although the evidence is less clear in the absence of continued very low
level exposure to chlorine gas independent of the overexposure. In at
least one case a single exposure in a previously asymptomatic individual
resulted in a debilitating chronic condition. There are no studies that
followed individuals acutely overexposed but not acutely symptomatic
to determine whether chronic effects were likely to develop.

Sulfur Dioxide

Sulfur dioxide is an agent with irritant potential equal to that of
chlorine. Both agents are moderately soluble in water, are likely to result
in inflammatory bronchoconstriction with the amount of upper respira-
tory tract irritation dependent on exposure level. Sulfur dioxide also
shows clear evidence of acute respiratory effects related to short expo-
sures. These include evidence of bronchial constriction and chest
tightness. 4

Studies of chronic respiratory effects associated with sulfur dioxide
exposures have yielded mixed results. However, those which included
individual assessment or assignment of S0 2 exposure have demon-
strated accelerated loss of pulmonary function overall as well as among
those with poorer baseline function.15'16

There are, however, some important differences between the two
irritants when considering the impact of acute overexposures. As with
chlorine, the primary respiratory response seen as a result of accidental
overexposure is obstructive and includes both pulmonary function and
symptoms of productive cough, wheeze and chest tightness. However,
whereas those who experience single accidental exposures to chlorine
generally recover most of their pulmonary function losses, those simi-
larly overexposed to sulfur dioxide almost always do not. In three
studies where acute overexposed subjects were followed for 4 months to
4 years all but one showed evidence of functional abnormality (predom-
inantly obstructive in nature).17' 18' 19

In summary then, there is clear evidence that sulfur dioxide can cause
acute respiratory effects and it is likely that lower level exposures over
time result in chronic obstructive abnormalities. qingle overexposure
episodes which produce acute respiratory symptoms appear to cause
irreversible damage. No follow-up studies of those acutely overexposed
but not symptomatic have been reported.

Miscellaneous Irritants

A variety of reports have been published where single accidents or
episodes have resulted in overexposure to many different irritant
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agents. In several of these there has been an attempt to follow up those
who were adversely affected in order to determine the persistence of any
immediate abnormalities.

Prominent among these has been the examination of firefighters who
have been acutely exposed to a variety of combustion products. 20 As
might be expected, in a number of the reports only transient pulmonary
function changes have occurred. 21° In cases where fires involved
polyvinyl chloride,23 isocyanates 24 or "plastics" 25 there was evidence of
persistent effects ranging from increased symptoms to progressive fatal
asthma. A follow-up of survivors of a subway fire suggested persistence
of small airway damage and respiratory symptoms at six months and
two years.26

In 1985 Brooks, et al., described the clinical condition of reactive
airways dysfunction syndrome (RADS)Y.2 The condition is asthma-like
but differs from occupational asthma because of an absence of a
preceding period for sensitization to occur and the onset of illness after
a single overexposure. A single exposure to a glacial acetic acid spill was
carefully studied and the relative odds of developing RADS was
estimated to be as large as 10 for the highest exposure group.' Although
no general estimate is available of the probability that RADS will follow
from a single high irritant exposure, the number of agents which have
been reported is quite varied and includes uranium hexafluoride,
hydrazine, heated acids, perchlorethylene and toluene diisocy-
anate.27'29o'° The severe disability associated with some of these epi-
sodes is disturbing.

In summary, a number of specific agents as well as poorly described
irritant exposures have been shown to cause long-term disability and
even death after a single severe overexposure. The suggestion is that
any severe exposure to a wide variety of respiratory irritants has a
reasonable likelihood of producing serious long-term effects on the
respiratory system. The exposure circumstances described in this sec-
tion did not lead to evaluation of asymptomatic exposed individuals.
Therefore, the effects of exposures high enough to cause disability in
those who were symptomatic do not directly address the question of
chronic effects in the absence of acute illness.

Cotton Dust

In 1956, Schilling published a summary of descriptive studies which
elegantly characterized the persisting risk of disease among cotton
textile workers."1 It was Schilling who also was responsible for the
development of the symptom score which still best describes the acute
symptom complex-ranging from occasional Monday morning chest
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tightness to chest tightness persisting throughout the workweek but
remitting over a weekend.

Ample evidence exists to show the relationship of acute chest
tightness, cough and dyspnea related to cotton dust exposure.32,3334

The classic Monday morning chest tightness has been shown to be dose
related- and to increase with increasing duration of employment.3

Reports of prevalence of the syndrome have varied to levels as high as
50 percent.3 7 The relationship of these striking acute symptoms to
pulmonary function changes has not been well established. Cotton
textile workers do show dust-related cross-shift loss in pulmonary
function but the relationship of this change to byssinosis has been
variable.3' 39'40 As suggested in a recent report on the effects of expo-
sures to endotoxin in cotton dust among human volunteers, this
problem may be resolved as better characterization of the actual agent
evolves. 4'

In the few efforts to examine the persistence of the acute symptoms in
affected workers, studies have shown remission in some of those still
exposed42"43 and persistence among those who have been removed from
exposure."

To date there remains no consensus for the mechanism of the acute
symptoms related to cotton dust exposures. Although the symptoms are
similar to asthma for many of those affected, the dose-response relation-
ship and the absence of clear evidence of immunogenesis have led this
acute condition to be classified as a pharmacologic bronchoconstric-
tion.45

The presence of a chronic effect of cotton dust on respiratory health
has been debated for a number of years. There is, however, mounting
evidence that such effects do occur. Early mortality studies"1 which
indicated excess respiratory deaths have not always been confirmed.!6"47

However, the earlier studies were among more highly exposed workers
and mortality analysis is generally a very imprecise measure of chronic
respiratory disease.

A number of studies, both cross-sectional and longitudinal, have
examined the effect of cotton textile employment on pulmonary func-
tion. Many of the cross-sectional studies have shown lower function in
cotton workers,3 3 '3 9 "48 ,49'-" but inconsistent findings have been reported
for the relationship of the lower function to duration of ermployment3s'a3
and current dust exposures.33,4s One study did show a relationship to a
dust index.3

2

The longitudinal studies have consistently shown greater loss of
FEVy, among cotton textile workers.2'2,'36 '3 '41 In only one of those with
under three years follow-up was an association of function loss with
duration noted.' In the three with five or more years, despite method-
ologic flaws there was not only lower function in the cotton workers but
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lower function in those who reported byssinosis. 16,49 In the most recent
one a relationship to job category and dose was described.51

Although there remains controversy over the presence of a chronic
respiratory effect from cotton dust exposures, the mounting evidence
appears to lead to the acceptance of such an effect. If the evidence
reviewed is accepted then there is substantial support for a relationship
of the acute respiratory syndrome to the various chronic effects. These
include the accelerated loss of function among byssinotics, 49 the in-
creased prevalence of chronic bronchitis among byssinotics, 6 ' 39',' 52 and
the recent identification of a relationship between cross-shift and five
year change in FEV1 in Chinese cotton textile workers.5

In summary, exposure to cotton dust or components of the dust has
been noted to cause 1) acute effects represented by both a disabling
acute respiratory syndrome (byssinosis) and a cross-shift decrement in
FEV1 , and 2) chronic effects represented by both accelerated annual
decrements in FEV1 and chronic bronchitis. The acute syndrome does
not necessarily remit on removal from exposure and there is a growing
body of evidence to suggest a relationship between the acute effects and
chronic airflow limitation. There is evidence that short term exposures
result in acute effects4 '5 but none for whether such exposures, with or
without an acute response, ultimately lead to chronic effects.

Isocyanates

These reactive chemical agents have been reported to cause a wide
range of nonmalignant respiratory health effects although there are
substantial differences in the proportion of the population at risk for
each.55

In 1951, case reports of isocyanate-related pulmonary effects called
attention to a new occupational asthma.6 Sensitization was reported to
occur as early as after only one high exposure,5 7 but onset could also be
delayed for a number of years after first exposure.,"r Unlike with high
molecular weight agents which cause occupational asthma, however,
further study of isocyanate asthma cases showed that measurable IgE
and airway hyperreactivity was not invariably an essential feature.",' 6,'I
The course of isocyanate asthma includes the fact that as many as half of
seriously affected workers who leave work do not recover.62 ,63,64

Although it was not initially expected, continued investigation of the
effects of work exposure to isocyanates revealed evidence of a number of
respiratory effects other than asthma which were important and a series
of epidemiologic studies ensued. There is good evidence that high levels
of exposure are associated with chemical bronchitis and, recently, with
reactive airway dysfunction syndrome.66

Independent of asthma or acute response to serious overexposures,
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there are well-documented acute and chronic non-specific airway effects
from isocyanate exposures. Peters' studied workers exposed to very low
levels of TDI. His work demonstrated sibnificant change in FEV1 over
the workshift.6 ' A three year prospective study of these same workers
demonstrated the losses were not just acute; exposed workers experi-
enced accelerated losseE over three years and there appeared to be a
correlation between the magnitude of cross.-workshift change and the
accelerated functional loss.68' My own work provided preliminary
information on the relationship of acute and chronic losses to exposure
level and that the effects persisted after controlling for cigarette smok-
ing. 7071 Epidemiolop. studies have also provided a preliminary estimate
of a no-effect level.

Work by Weill and his colleagues, in a prospective study of a new
plant confirmed the broad population dose-related effects of chronic TDI
exposure while directly accounting for heaithy worker selection.73,74

Their work raised the possibility that peak exposures might be ilrpor-
tant not only for asthma74 but for the non-asthma related chronic losses
as well. These epidemiologic studies provided sufficient evidence that
TDI was not a problem for only a small population of sensitized
workers, but that the agent was a risk for all TDI workers.

Finally no epidemiologic studies have yet examined the importance of
the case reports of hypersensitivity pneumonitis as an exposure conse-
quence. 55 As these are being reported with increasing frequency their
relative importance as a risk from this chemical exposure is an important
priority to determine.

In summary, isocyanates (a series of small molecular weight chemical
compounds) have been noted to cause 1) several acute conditions:
chemical bronchitis, allergic bronchoconstriction (after short-term high
exposures as well as following longer-term lower exposures), and to
cause large dose-related cross-shift loss in FEV1 ; and 2) chronic respira-
tory effects including accelerated loss in pulmonary function over
several years (suggesting the development of chronic airway limitation)
and irreversible asthma. There is also evidence that the acute effects are
related to the chronic effects both as asthma that does not remit and as
cross-shift less which is related to the rate of subsequent annual loss.
Finally, there is evidence that short-term exposures can cause acute
responses that are irreversible and progressive, but there is no evidence,
either way, as to whether short-term exposures without ;-cute response
result in irreversible respiratory effects.

Notes on Selected Inorganic Agents

Beryllium exposures have been associated with both acute and
chronic pulmonary disease.7' Both acute and chronic conditions have

I



APPENDIX 1 407

been shown to be disabling. Relevant to the questions being considered
here is that exposures in one instance as brief as one week and in several
instances occurring for less than 10 weeks have resulted in disease
certified for inclusion in the Beryllium Registry established at the
Massachusetts General Hospital.7 6

Silica exposures are generally considered important only for chronic
disease. There is, however, the condition of acute silicosis caused by
relatively short-term high intensity exposures to very fine silica partic-
ulate. Exposures as brief as six months have been associated with acute
silicosis. But even in the absence of such severe overexposures and acute
clinical disease, there is evidence that even low level exposures not

associated with clinical symptoms or chest X-ray abnormality can result
in irreversible pathology."'

Asbestos exposures similarly are noted for causing chronic respira-
tory illness as well as cancer. Brief high exposures are not recognized to
cause respiratory complaints. However, brief exposures (on average less
than four years) have been associated with increased respiratory symp-
toms and decreased vital capacity.79

THE FUNDAMENTAL QUESTION

Narrowly Structured
For an acute exposure (intense but over only a short interval) to have

a causal association with subsequent respiratory disease conditions,
must the exposure cause acute irreversible and progressive damage
evidence by acute clinical illness or, at minimum, objective changes in
lung parameters or severe subjective symptoms?

Alternative Broadly Structured

For an acute exposure (intense but over only a short interval) to have
a causal association with subsequent respiratory disease conditions,
either the exposure must cause acute irreversible (and possibly progres-
sive) damage with or without clinical evidence of the damage, or it must
result in or lead to an alteration in individual risk factors which changes
the impact of sub equent exposures (e.g., dust exposures, air pollution,
cigarette smoking, other environmental agents, respiratory infections).

THE RESPIRATORY END POINTS

This review of respiratory tract responses to a variety of different
types of environmental agents has shown that a range of respiratory
effects is possible in response to each of the different types of irritant
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exposures. With the exception of effects limited to upper airway irritation
(non-productive cough, hoarseness), most of these may be grouped
together as obstructive lung diseases, a term that includes several
different clinical syndromes: simple chronic bronchitis (mucus hypersecre-
tion); chronic obstructive bronchitis (characterized by mucus hypersecre-
tion and chronic airflow limitation, largely irreversible); emphysema
(defined in anat-ornical terms as an increase in the size of the distal
airspaces and destruction of their walls); and a variety of airway
reactivity conditions including allergic bronchoconstriction (acute recurrent
episodic reversible airflow limitation with specific airway hypersensitiv-
ity), inflammatory bronchoconstriction (acquired airway hyperresponsive-
ness from nonimmunogenic irritant exposures characterized by revers-
ible airflow obstruction and nonspecific airway hypersensitivity), and
pharmacologic bronchoconstriction (reversible airflow limitation without
evidence of a hypersensitive subgroup of the population of exposed). As
with any set of clinical syndromes, there is a degree of overlap, ar A.
classification changes as understanding the underlying mechanism
improves.

Simple Chronic Bronchitis
Basically there are no good population data on this condition as in

and of itself it is not considered to be a disabling (therefore relevant)
condition.

Chronic Obstructive Bronchitis and Emphysema
The British hypothesis suggests that chronic bronchitis and chronic

airflow limitation (by implication, emphysema) are separate parallel
disease processes affecting different parts of the respiratory tract. Both
were related at least to cigarette smoking and asthma was unrelated to
either. The Dutch hypothesis focuses on individual susceptibility, hy-
perreactive airways, as key in both conditions and independent of
cigarette smoking. Follow-up study suggests both are correct. Smokers
who develop chronic airflow limitation (a minority) have been shown to
have increased airway reactivity while both air pollutants and cigarettes
produced accelerated decline in pulmonary function independent of
airway reactivity.

Both chronic obstructive bronchitis and emphysema have been
shown to be related independently to the irritant effects of inhaled
airborne dust but not to each other. Similar results are seen in response
to chronic exposures to irritant gases or vapors. As in the case of
cigarettes, although dose-response relationships have generally been
demonstrated to both the level and the intensity of exposure, not all
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those exposed to what appear to be comparable levels are affected. This
points to a role of individual susceptibility. In turn, the key factor which
makes an individual susceptible may well be the capacity of his or her
airways to become reactive to inhaled materials.

Allergic Bronchoconstriction

Different patterns of asthmatic reactions have been noted in response
to high awd low molecular weight agents. The former (proteins, poly-
saccharides and peptides) produce specific IgE (sometimes IgG) anti-
bodies, generally have a positive immediate skin test to extracts, and
produce results in isolated immediate or biphasic (immediate and late)
reactions, but generally do not show isolated late reactions. These
appear not to differ in mechanism from asthma due to common
allergens such as house dust.

The latter, low molecular weight agents appear to be of two types.
Some (e.g., the anhydrides or platinum salts) act as haptens and show
asthma patterns similar to the high molecular weight agents. Others,
best exemplified by the isocyanates, do not produce IgE in most
responders. The asthma associated with isocyanates affects 5-10% of the
exposed, and is associated predominantly with a late phase (isolated or
part of a biphasic reaction) response to inhalation challenge studies. The
asthma persists after removal in many and appears to affect atopic and
non-atopic individuals equally.

Inflammatory Bronchoconstriction

Immunologically active substances can cause occupational asthma in
some exposed workers while exposure to nonimmunogenic substances
(i.e., irritants) may cause reactive airway dysfunction (RADS) or irritant-
induced occupational asthma in a wider population. Asthma and airway
hyperresponsiveness typically occur together although they are not
synonymous, so irritant induced asthma is not necessarily caused
through an acquired airway hyperreactivity mechanism. Documentation
of the mechanism, howewvr, would be strongly suggestive.

Hyperresponsiveness is an ampfification of the normal physiologic
response to irritant stimulation. It is a characteristic of asthma, but is not
always associated with overt asthma or with respiratory symptoms. It
can be an inherent characteristic of the person or an acquired one, and
it can be either temporary or permanent. Distribution of hyper-
responsiveness in population studies is skewed, possibly bimodal. It has
been hypothesized that it may lead to, or may be a predisposing factor
in, subsequent chronic obstructive lung disease. This is a candidate for

' - --
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a biologically plausible mechanism for an acute irritant exposure result-
ing in a postponed but long-term effect which is chronic in nature.

Pharmacologic Bronchoconstriction
Although not without controversy, this type of environmentally

induced asthma is similar to airway reactivity in response to pharmaco-
logic agonists. In this regard, there is a common dose-response relation-
ship with high enough exposures causing reactions in all exposed
subjects. Since these reactions are not associated with eosinophilia or
nonspecific bronchial hyperreactivity, some argue they should not be
considered asthma. Regardless, the causative agents are clearly associ-
ated with airway reactions such as those represented by byssinosis and
the related chronic effects of exposures to cotton dust (or endotoxin).

HOST FACTORS

In both the examination of chronic airflow limitation and the examina-
tion of allergic asthma, less effort has been spent on objective character-
ization of the environmental exposures and more on delineating host
factors such as the sensitization status of the individual. The preceding
review, however, suggests that many respiratory irritants and toxins affect
broad portions of the population. Host factors certainly interact with these
agents, but it should be recognized that the following commonly dis-
cussed individual risk factors or habits play a more variable role in the
non-malignant respiratory diseases than is often recognized.

There is little evidence to suggest that gender or race are important
risk factors in differentiating the types of respiratory tract responses to
the above agents. Age, similarly, is relatively unimportant except for
those of increasing age having increasing probability of experiencing a
wider variety of irritant exposure events.

Atopic status appears to be a risk factor for asthma due to some of the
high molecular weight agents but does not appear important for many
if not all of the low molecular weight agents. The other respiratory
conditions do not seem to be affected by atopic status.

Although nonspecific bronchial reactivity is often noted in the majority
of patients with occupational asthma, it is not known whether this is a
result of the exposure or a predisposing factor. Studies in red cedar asthma
suggest that the increased bronchial reactivity is reduced or returns to
normal after exposure ceases, suggesting that the reactivity change is a
result of the exposure.' Similar conclusions might be drawn from a recent
study comparing subjects responding to cotton dust (with both byssinotic
and non-byssinotic symptoms) and asymptomatic workers, which
showed nonspecific bronchial reactivity most prevalent among byssinotics
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and least prevalent in the asymptomatic subjects. However, when reac-
tivity was examined without respect to symptoms, cumulative cotton dust
level was a significant predictor of reactivity. 81 Kennedy recently ad-
dressed the question of whether nonspecific bronchial reactivity was an
acquired or inherent feature of respiratory reactions in persons exposed to
non-immunogenic irritant agents.' She reluctantly concluded that the
question remains unanswered, although there is growing evidence that
acquired increased bronchial reactivity is of likely importance.

Smoking (a personal habit rather than a host factor) is well described
as a risk factor for chronic obstructive bronchitis and chronic airflow
limitation (or emphysema). Agents that cause these conditions most
probably result in effects which are additive to those of cigarette
smoking.8 2 The fact that all smokers do not experience the same level of
risk suggests that smoking, itself, must be interacting with some other
host factor in regard to these respiratory outcomes. With respect to
asthma, the role of smoking is quite unclear. One hypothesis suggests
that increased membrane permeability of smokers allows greater pene-
tration of antigens. However, smoking has not been associated with
work-related symptoms amonf those exposed to such agents as deter-
gent enzymes&3 or colophony while it has been noted to be related in
studies of workers exposed to phthalic anhydride85 and of soy bean
workers." In contrast, in studies of those exposed to plicatic acid or to
isocyanates, asthma was mostly noted in non-smokers.87''

CONCLUSIONS

In this review a variety of materials toxic to the respiratory tract have
been examined. The review was not designed to be comprehensive, yet,
it was also not unduly selective. In making the selection, agents were
included which are commonly considered primarily as acute respiratory
irritants, thos2 known to induce extrinsic asthma, those which are
related to non-immunogenic bronchial hyperreactivity, those which are
most often responsible for slowly developing chronic fibrosis or granu-
lomatous disease, and one which is believed to cause pharmacologic
bronchoconstriction. The chronic respiratory effects associated with
each of the agents reviewed included several of the general types of
chronic respiratory response rather than being limited to only one type
of reaction. Now, as a final step in the evaluation of the agents
reviewed, an attempt should be made to answer the original three
general questions about pulmonary reactions.

The questions and suggested answers are:

1. Does the occurrence of an acute pulmonary reaction identify an
individual at risk for long-term respiratory sequelae? Ample evidence
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has been provided for all of the agents reviewed that a significant
portion of individuals who react acutely to short, high exposures (and
even some to short, relatively low exposures) go on to develop a variety
of long-term respiratory effects. The agents differ in the probability of
long-term adverse outcomes, but none appear to be free of this risk. The
literature reviewed does not allow identification of a minimum magni-
tude of acute response necessary in order for there to be long-term
sequelae.

2. If acute pulmonary reactions can identify individuals at risk
for long-term sequelae, can the probability or degree of damage be
predicted from the magnitude of the acute response? The second
question has generally not been studied. The fact that an association of
dose is found with the acute as well as the chronic responses, provides
support for the association, but not for a relationship between the
magnitude of the acute response and the magnituae of the chronic
response. Only in the case of the non-asthma-like isocyanate effects has
the question been directly addressed. Here the acute cross-shift change
in FEV1 has several times been significantly correlated with accelerated
decrement in function. This association, however, is not invariant since
the highly significant correlations were still under 0.5. Furthermore, the
acute symptomatic response has not been a reliable predictor of accel-
erated functional losses.

If the disease model invoked requires the acute exposure to cause
acute irreversible damage one might propose that it is likely the
magnitude of acute response would predict the magnitude of the
chronic. However, if the model invoked is that the acute exposure
resulted in or led to an alteration in individual risk factors, then it is
quite likely that the magnitude of the acute and chronic responses
would be unrelated.

3. What assurance is there that the absence of an acute pulmonary
reaction identifies individuals who will not develop long-term se-
quelae? This may be the most important question to ask and, unfortu-
nately, the one for which no direct evidence could be found. The
indirect evidence reported, however, would suggest that it would have
to be an unusual disease model which would need to be invoked that
could exclude the possible mechanism of change in individual risk
factors so that the absence of an acute reaction would eliminate the
possibility of a chronic effect related to the acute exposure.

LITERATURE CITED

1. Somnani SM, Babu SR. Toxicodynamnics of sulfur mustard. Int J Clin Pharm Therapy
Tox (1989) 27:419-435.

2. World Health Organization. 1984 report of the specialists appointed by the Secre-



APPENDIX 1 413

tary-General to investigate allegations by the Islamic Republic of Iran concerning the use
of chemical weapons. Report S/16433, United Nations, New York, March 26, 1986.

3. World Health Organization, 1986 report of the mission dispatched by the Secretary-
General to investigate allegations of the use of chemical weapons in the conflict between
the Islamic Republic of Iran and Iraq. Report S/17911, United Nations, New York, March
12, 1986.

4. Becklake MR, Bourbeau J, Menzies R, Ernst P. The relationship between acute and
chronic responses to occupational exposures. Curr Pulmonol (1988) 9:25-66.

5. Kennedy SM. Acquired airway hyperresponsiveness from nonimmunogenic irritant
exposure. Occup Med: State of Art Rev (1992) 7(2):287-300.

6. Weill H, George R, Schwarz M, Ziskind M. Late evaluation of pulmonary function
after acute exposure to chlorine gas. Am Rev Respir Dis (1969) 99:374-379.

7. Jones RN, Hughes JH, Glindmeyer H, Weill H. Lung function after acute chlorine
exposure. Am Rev Respir Dis (1986) 134:1190-1195.

8. Kowitz TA, Reba RC, Parker RT, Spicer WS. Effects of chlorine gas upon respiratory
function. Arch Environ Health (1967) 14:545-558.

9. Kaufraan J, Burkons D. Clinical, roentgenologic, and physiologic effects of acute
chlorine exposure. Arch Environ Health (1971) 23:29-34.

10. Schwartz DA, Smith DD, Lakshminarayan S. The pulmonary sequelae associated
with accidental inhalation of chlorine gas. Chest (1990) 97:820-825.

.11. Moore BB, Sherman M. Chronic reactive airway disease following acute chlorine
gas exposure in an asymptomatic atopic patient. Chest (1991) 100:855-856.

12. Chester EH, Gillespie DG, Krause FD. The prevalence of chronic obstructive
pulmonary disease in chlorine gas workers. Am Rev Respir Dis (1969) 99:365-373.

13. Kennedy SM, Enarson DA, Janssen RG, Chan-Yeung M. Lung health conse-
quences of reported accidental chlorine exposures among pulpmill workers. Am Rev
Respir Dis (1991) 143:74-79.

14. Salisbury DA, Enarson DA, Chan-Yeung M, Kennedy SM. First-aid reports of
acute chlorine gassing among pulpmill workers as predictors of lung health consequences.
Am J Indust Med (1991) 20:71-81.

15. Smith TJ, Peters JM, Reading JC, et al. Pulmonary impairment from chronic
exposure to sulfur dioxide in a smelter. Am Rev Respir Dis (1977) 116:31-39.

16. Peters JM, Smith TJ, Bernstein I, et al. Pulmonary effects of exposures in silicon
carbide manufacturing. Brit J Indust Med (1984) 41:109-115.

17. Charan NB, Myers CG, Lakshminarayan S, Spencer TM. Pulmonary injuries
associated with acute sulfur dioxide inhalation. Am Rev Respir Dis (1979) 119:555-560.

18. Harkonen H, Nordman H, Korhonen 0, Winblad I. Long-term effects of exposure
to sulfur dioxide. Am Rev Respir Dis (1983) 128:890-893.

19. Rabinovitch S, Greyson ND, Weiser W, Hoffstein V. Clinical and laboratory
features of acute sulfur dioxide inhalation poisoning: two-year follow-up. Am Rev Respir
Dis (1989) 139:556-558.

20. Guidotti TL, Clough VM. Health concerns of firefighting. Ann Rev Pubi Health
(1992) 13:151-171.

21. Musk AW, Smith TJ, Peters JM, McLaughlin E. Pulmonary function in firefighters:
acute changes in ventilatory capacity and their correlates. Brit J Indust Med (1979)
36:29-34.

22. Sheppard D, Distefano S, Morse L, Becker C. Acute effects of routine firefighting
on lung function. Am J Indust Med (1986) 9:333-340.

23. Markowitz JS. Self-reported short- and long-term respiratory effects among PVC
exposed firefighters. Arch Environ Health (1989) 44:30-32.

24. Axford AT, McKerrow CB, Jones AP, and LeQuesne PM. Accidental exposure to
isocyanate fumes in a group of firemen. Brit J Indust Med (1976) 33:65-71.



414 APPENDIX 1

25. Bergstrom, Tornling G, Unge G. Acquired progressive asthma in a fire-fighter. Eur
Respir J (1988) 1:469-470.

26. Fogarty PW, George PJM, Solomon M, Spiro SG, Armstrong RF. Long termi effects
of smoke inhalation in survivors of the King's Cross underground station fire. Thorax
(1991> 46:914-918.

27. Brooks SM, Weiss MA, Bernstein IL. Reactive airways dysfunction syndrome
(RADS): persistent asthma syndrome after high level irritant exposures. Chest (1985)
88:376-384.

28. Kern DG. Outbreak of the reactive airways dysfunction syndrome after a spill of
glacial acetic acid. Am Rev Respir Dis (1991) 144:1058-1064.

29. Boulet, L-B. Increases in airway responsiveness following acute exposure to
respiratory irritants: reactive airway dysfunction syndrome or occupational asthma? Chest
(1988) 94:476-481.

30. Promisloff RA, Lenchner GS, Cichelli AV. Reactive airway dysfunction syndrome
in three police officers following a roadside chemical spill. Chest (1990) 98:928-929.

31. Schilling RSF. Byssinosis in cotton and other textile workers. Lancet (1956)
2:261-265 (August 11).

32. Fox JJ, Tombleson JBL, Watt A, Wilkie AG. A survey of respiratory disease in
cotton operatives. Part II. Symptoms, dust estimation and the effect of smoking habit. Brit
J Indust Med (1973) 30:48-53.

33. Merchant JA, Kilburn KH, O'Fallon WM, et al. Byssinosis and chronic bronchitis
among cotton textile workers. Ann Intern Med (1972) 76:423-433.

34. Haglind P, Lundholm M, Rylander. Prevalence of byssinosis in Swedish cotton
mills. Brit J Indust Med (1981) 138-143.

35. Merchant JA, Lumsden JC, Kilburn KH, et al. Dose-response studies in cotton
textile workers. J Occup Med (1973) 15:222-230.

36. Fox JJ, Tombleson JBL, Watt A, Wilkie AG. A survey of respiratory disease in
cotton operatives. Part I, Symptoms and ventilation test results. Brit J Indust Med (1973)
30:42-48.

37. Schilling RSF. Worldwide problems of byssinosis. Chest (1981) 79(suppl 4):35-65.
38. Berry G, McKerrow CB, Molyneux MKB, et al. A study of the acute and chronic

changes in ventilatory capacity of workers in Lancashire cotton mills. Brit J Indust Med
(1973) 30:25-36.

39. Imbus HR, Suh MW. Byssinosis. A study of 10,133 textile workers. Arch Environ
Health (1973) 26:183-191.

40. Christiana DC, Eisen EA, Wegman DH, Ye IT, Gong ZC, Lu PL and Dai HL.
Respiratory disease in cotton textile workers in the People's Republic of China, II:
pulmonary function results. Scandinavian Journal of Work Environment Health (1986)
12:46-50.

41. Castellan RM, Olenchock SA, Kinsley KB, Hankinson JL. Inhaled endotoxin and
decreased spirometric values. New Eng J Med (1987) 317:605-610.

42. Molyneux MKB, Tombleson JBL. An epidemiological study of respiratory symp-
toms in Lancashire cotton mills. Brit J Indust Med (1970) 27:225-234.

43. Beck GJ, Schacter EN, Maunder LR, et al. A prospective study of chronic lung
disease in cotton textile workers. Am J Epid (1984) 119:33-43.

44. Elwood JH, Elwood PC, Campbell MJ, et al. Respiratory disability in ex-flax
workers. Brit J Indust Med (1986) 43:300-306.

45. Chan-Yeung M, Lam S. State of the art: occupational asthma. Am Rev Respir Dis
(1986) 133:686-703.

46. Berry G, Molyneux MKB. A mortality study of workers in the Lancashire cotton
mills. Chest (1981) 79(suppl 4):11S-15S.



APPENDIX 1 415

47. Merchant JA, Ortmeyer C. Mortality of employees of two cotton mills in North
Carolina. Chest (1981) 79(suppl 4):6S-IlS.

48. Jones RN, Diem JE, Glindmeyer H, et al. Mill effect and dose-response relation-
ships in byssinosis. Brit J Indust Med (1979) 36:305-313.

49. Kamat SR, Kamat GR, Salpeker It, etal. Distinguishing byssinosis from chronic
obstructive pulmonary disease. Am Rev Respir Dis (1981) 124:31-40.

50. Schacter EN, Maunder LR, Beck GJ. The pattern of lung function abnormalities in
cotton textile workers. Am Rev Respir Dis (1984) 129:523-527.

51. Glindmeyer HW, Lefante JJ, Jones RN, et al. Exposure-related declines in the lung
function of cotton textile workers: relationship to current workplace standards. Am Rev
Respir Dis (1991) 144:675-683.

52. Berry G, Molyneux MKB, Tombleson JBL. Relationships between dust levels and
byssinosis and bronchitis in Lancashire cotton mills. Brit J Indust Med (1974) 31:18-27.

53. Chrlstiani D. Unpublished data.
54. Martin CVF, H-liggins JE. Byssinosis and other respiratory ailments. (1976) J Occup

Med 16:455-462.
55. Musk AW, Peters JM, Wegman DH. Isocyanates and respiratory disease: current

status. Am J Indust Med (1988) 13:331-349.
56. Fuchs S, Valade P. Etudes cliniques et experimentales sur quelques cas d'intoxi-

cation par le desmodur T (diisocyanate de toluylene) 1-2-4 et 1-2-6. Arch Mal Prof (1951)
12:191-196.

57. Moller DR, McKay RT, Bernstein I1, Brooks SM. Persistent airways disease caused
by toluene diisocyanate. Am Rev Respir Dis (1986) 134:175-176.

58. Adams WGF. Lung function of men engaged on the manufacture of toluene
diisocyanate (TDI). Proc Roy Soc Med (1975) 63:378379.

59. Porter CV, Higgins RI, Scheel LD. A retrospective study of clinical, physiologic and
immunologic changes in workers exposed to toluene diisocyanate. Am Ind Hyg Assoc J
(1975) 36:159-168.

60. Smith AB, Brooks SM, Blanchard J, Bernstein IL, Gallagher J. Absence of airway
hyperreactivity to methacholine in a worker sensitized to toluene diisocyanate (TDI). J
Occup Med (1980) 22:327-331.

61. Mapp CE, Dal Vecchio L, Boschetto P, De Marzo N, Fabbri LM. Toluene
diisocyanate-induced asthma without airway hyperresponsiveness. Eur J Respir Dis (1986)
68:89-95.

62. Paggiaro PL, Baci E, Dente F, Talini D, Giutini C. Prognosis of occupational asthma
induced by isocyanates. Bull Eur Physlopathol Respir (1988) 23:565-569.

63. Lozewicz 5, Assoufi BK, Hawkins R, Newman-Taylor AJ. Outcome of asthma
induced by isocyanates. Brit J Dis Chest (1987) 81:14-22.

64. Mapp CE, Corona PC, DeMarzo N, Fabbri L. A follow-up study of subjects with
occupational asthma due to toluene dilsocyanate (TDI). Am Rev Respir Dis (1988)
137:1326-1329.

65. Axford AT, McKerrow CB, Jones AP, Le Quesne PM. Accidental exposure to
isocyanate fumes in a group of firemen. Brit J Indust Med (1976) 33:65-71.

66. Brooks SM, Weiss MA, Bernstein IL. Reactive airways dysfunction syndrome
(RADS). Chest (1985) 88:376-384.

67. Peters JM, Murphy RLH, Pagnotto LD, Van Ganse WF. Acute respiratory effects in
workers exposed to low levels of toluene diisocyanate (TDI). Arch Environ Health (1968)
16:642-647.

68. Peters JM. Cumulative pulmonary effects in workeis exposed to tolylene dilsocy-
anate. Proc Roy Soc Med (1970) 63:14-.17.

69. Peters JM, Wegman DH. Epidemiology of toluene diisocyanate (TDI) induced
respiratory disease. Environ Health Perspect (1975) 11:97-100.



416 APPENDIX 1

70. Wegmnan DH, Pagnotto LD, Fine LJ, Peters JM. A dose-response relationship in
TDI workers. I Occup Med (1974) 16:258-260.

71. Wegman DH, Musk AW, Main DM, Pagnotto LD. Accelerated loss of FEV-1 in
polyurethane production workers: a four-year prospective study. Am J Ind Med (1982)
3:209-215.

72. Musk AW, Peters JM, Bernstein L. Absence of respiratory effects in subjects
exposed to low concentrations of TDI and MDI: a reevaluation. J Occup Med (1985)
27:917-920.

73. Diem JE, Jones RN, Hendrick DJ, Glindmeyer HW, Dharmarajan V, Butcher B,
Salvaggio JE, Weill H. Five-year longitudinal study of workers employed in a new toluene
diisocyanate manufacturing plant. Am Rev Respir Dis (1982) 126:420-428.

74. Well H, Butcher B, Dharmarajan V, Glindmeyer H, Jones R, Carr J, O'Neill C,
Salvaggio ). Respiratory and immunologic evaluation of isocyanate exposure in a new
manufacturing plant. Cincinnati: U.S. Department of Health and Human Services (1981)
DHHS (NIOSH) Publication No. 81-125.

75. Beryllium disease and its control (Conference held at the Massachusetts Institute of
Technology, Sept 30-Oct 1, 1958). AMA Arch Indust Health (1959) Volume 19.

76. Hall TC, Wood CH, Stoeckle JD, Tepper LB. Case data from the beryllium registry.
AMA Arch Indust Health (1959) 19:100-103.

77. Jones RN, Weill H, Ziskind. Pulmonary function in sandblasters' silicosis. Bull
Physiopath Resp (1975) 11:589-595.

78. Craighead JE, Vallyathan NV. Cryptic pulmonary lesions in workers occupation-
ally exposed to dust containing silica. J Am Med Assn (1980) 244:1939-1941.

79. Rodriques-Roisin R, Picado C, Roca J, Arrigo S, Agusti-Vidal A. Early lung function
changes after short heavy exposure to chrysotile asbestos in non-smoking women. Bull
Eur Physiopathol Respir (1986) 22:225-229.

80. Lam S, Chan-Yeung M. Nonspecific bronchial reactivity in occupational asthma. J
Allergy Clin Immunol (1979) 63:28-34.

81. Fishwick D, Fletcher AM, Anthony C, Pickering C, Niven RM, Faragher EB. Lung
function, bronchial reactivity, atopic status, and dust exposure in Lancashire cotton mill
operatives. Am Rev Resp Dis (1992) 45:1103-1108.

82. Marine WM, Gurr D, Jacobsen M. Clinically important effects of dust exposure and
smoking in British coal miners. Am Rev Respir Dis (1988) 137:106-112.

83. Mitchell CA, Gandevia B. Respiratory symptoms and skin sensitivity in workers
exposed to proteolytic enzymes in detergent industry. Am Rev Respir Dis (1971) 104:1-12.

84. Burge PS, Perks WH, O'Brien IM, et al. Occupational asthma In an electronics
factory: a case control study to evaluate etiologic factors. Thorax (1979) 300-307.

85. Venables KM, Topping MD, Howe W, Luczynski CM, Hawkins R, Newman-
Taylor AJ. Interaction of smoking and atopy in producing specific IgE antibody against a
hapten protein conjugate. Brit Med J (1985) 290:201-204.

86. Sunyer J, Anto J, Sabria J, et al. Risk tactors of soybean epidemic asthma. Am Rev
Respir Dis (1992) 145:1098-1102.

87. Chan-Yeung M, Lam S, Koerner S. Clinical features and natural history of
occupational asthma due to western red cedar (Thuja plicata) Am Rev Resp Dis (1982)
72:411415.

88. Paggiaro PL, Loi AM, Rossi 0, Ferrante B, Pavdi F, Roselli MG. Follow up study
of patients with respiratory disease due to toluene diisocyanate (TDI). Allergy (1984)
14:463-469.



List of Acronyms and Abbreviations

ADP Adenine diphosphoribose
ANL Acute nonlymphocytic leukemia
APA American Psychiatric Association
ATP Adenosine triphosphate
BAL British Anti-Lewisite, an antidote for Lewisite
CAG Carcinogen Assessment Group of the Environmental

Protection Agency
CAS Chemical Abstracts Service
CBW Chemical and biological warfare
CDC Centers for Disease Control
CMR Committee on Medical Research
COPD Chronic obstructive pulmonary disease
Ct Concentration multiplied by time, used to determine

cumulative exposure
CTGC Committee on the Treatment of Gas Casualties
CWS Chemical Warfare Service
DAV Disabled American Veterans
DNA Deoxyribonucleic acid
DoA Department of the Army
DoD Department of Defense
EPA Environmental Protection Agency
FEV1 Forced expiratory volume in 1 second
FOIA Freedom of Information Act
FVC Forced vital capacity
HCN Hydrogen cyanide
HD Distilled sulfur mustard; bis(2-chloroethyl) sulfide
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HN2 Mechlorethamine, a nitrogen mustard
HN3 Tris(P-chloroethyl)methylamine, a nitrogen mustard
hprt Gene locus coding for hypoxanthine phosphoribosyl

transferase
HS Sulfur mustard (British acronym for agent HD); bis(2-

chloroethyl) sulfide
HT Impure mixture of distilled sulfur mustard, stabilizer com-

pound, and sulfur impurities
IARC International Agency for Research on Cancer
ICt50 Statistically estimated concentration over a period of time

that would cause incapacitation to 50 percent of ex-
posed test subjects

IOM Institute of Medicine
IP Intraperitoneal
IV Intravenous
LCt50 Statistically estimated concentration over a period of time

that would be lethal to 50 percent of test subjects;
median lethal count

LDo Dose level that would be lethal to 50 percent of test
subjects; median lethal dose

MEDLARS Medical Literature Analysis and Retrieval System
MeSH Medical Subject Headings
MSH Melanocyte-stimulating hormone
NAD Nicotinamide adenine dinucleotide
NAS National Academy of Sciences
NDRC National Defense Research Committee
NLM National Library of Medicine
NOEL No observed effect level
NRC National Research Council
NRL Naval Research Laboratory
NTIS National Technical Information Service
NTP National Toxicology Program
OSHA Occupational Safety and Health Administration
OSRD Office of Scientific Research and Development
PADPRP Poly-(adenosine diphosphateribose) polymerase
PBB Polybrominated biphenyl
PF Protection factor
PTSD Post-traumatic stress disorder
RADS Reactive airways disfunction syndrome
RASH Rapid screening of hazard
RNA Ribonucleic acid
SCE Sister chromatid exchange
SIPRI Stockholm International Peace Research Institute
SM Sulfur mustard
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SMR Standardized mortality ratio
TD5 Statistically estimated aose that would produce a toxic

effect in 50 percent of test subjects; median toxic dose
TDI Toluene diisocyanate
TMI Three Mile Island
USUHS Uniformed Services University of the Health Sciences
UV Ultraviolet light
UVP Region in the ultraviolet spectrum
VA Department of Veterans Affairs
WHO World Health Organization
WWI World War I
WWII World War II
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A reproductive toxicity, 189-190,
192-154

Accidental exposure, 42, 139-140 respiratory eftects, 117, 118
Acute effects, dermatological, Anxiety disorders, 200, 207, 211

157-167 Arm chamber tests, 40
genital injury, 39, 160, 175, 219, Arsenals, 3-4, 40-43, 55, 120,

221 see also Edgewood Arsenal;
of nitrogen mustard, 77-78 Occupational exposure
ocular, 133-139 Arsenic and arsenic compounds,
respiratory tract, 115-118, 86-87. 172-173, 192-193,

125-126, 127, 399-412 see also Lewisite
of sulfur mustard, 22, 25, 34, Asbestos, 126, 407

75-78, 82 Asthma, 119, 336, 409-410
Acute nonlymphocytic leukemia

(ANL), 102-103, 393-395
African Americans, 36, 41-42 B
Alexander, Stewart, 44
Animal studies, 222-224 Bainbridge, MD, Navy Training

blood disorders, 187-188 Center, 372-373
carcinogenicity, 88-97, Bari harbor, Italy, disaster, 4, 10,

171-172, 391-396 43-44, 184-185
dermatological effects, 162-164, Basic training, see Training

167, 171-172 exercises
gastrointestinal disorders, 187 Battlefield use, 9-10, 47-48, 142,
immunity disorders, 181-183 173
ocular effects, 139 exposure levels, 33
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VETERANS AT RISK

Iran-Iraq war casualties, 48, 82-85, 102, 104, 105, 168-170,
117, 122, 170, 185, 191 216, 390-392, 395-397

WWI casualties, 9, 47, 48, Cardiovascular diseases, 64
f01-102, 121-122, 135, 137, Causality, 4, 19
140-142, 183-184, 203, Centers for Disease Control
335-337 (CDC), recommended

Beryllium, 124-125, 406-407 exposure levels, 33
Birth defects, 189-195 Chamber tests, 3, 10, 31-33,
Blindness, 140-141 35-40, 52-55, 120-121, 379
Blisters, 151, 159, 167, 168 cancer risk, 105, 216Blood counts, 68, 183-185 psychological effects, 211, 221
Blood disorders, 187-188, 220, treatment of subjects, 65-69

see also Bone marrow injury; Chemical Stockpile Disposal
Leukemia Program, 49-50

Bone marrow injury, 77-78, Chemical Warfare Service
167-168, 183-186, 187, 220 (CWS), 3-4, 27-29, 31

Bowen's disease, 169, 171, arsenals, 3-4, 40-43, 55, 120
172-173 chamber tests, 39-40

British Anti-Lewisite (BAL), 79, field tests, 66, 373
85, 139 records, 7, 373-374, 375-377

Bronchitis, 119-120, 121-122, see also Edgewood Arsenal
124, 127, 408-409 Chemotherapy, mustard agents

Bronchopneumonia, 117, 184, use in, 44-45, 77, 102-103,
335 122

Bureau of Mines, 26 Chlorine gas, 124, 400-402
Civilian workers, 7, 42-43, 225

C Claims, see Disability claims
Claustrophobia, 206

Camp Sibert, Alabama, 67 Cleft lip and palate, 191
Cancer, 4-5, 64, 216-218 Clothing, see Protective clothing

respiratory tract, 216, 396-397 Coercion of test subjects, 65-66,
skin, i68, 169-170, 171-173, 67-68

175, 216-218, 219, 396 Combat fatigue, 203
see also Carcinogenicity; Committee on Medical Research
Chemotherapy; Leukemia (CMR), 17, 30, 339

Carcinogenicity. 81-82, 88-97, Committee on the Treatment of
171-172, 391-396 Gas Casualties (CrGC),

battlefield exposure, 101-102 NRC, 30-31, 42, 339
of Lewisite, 171-173, 174-175, Conjunctivitis, 144, 219, 336

216 Contact lenses, 144
occupational exposure, 97-101, Corneal damage, 133, 13.5-1.45

103-104, 105, 169-170, passim, 218-219
172-173, 397 Cotton dust, 124, 403-405,

of sulfu r mustard, 47, 78, 410-411
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CWS, see Chemical Warfare Erythema, 159
Service as chamber test end point, 36,

Cytotoxicity, of Lewisite, 86 39, 40
of sulfur mustard, 75-77, 85 Exposure levels, 3, 33, 34, 215

chamber tests, 39-40, 52-55
D patch tests, 35

Eye disease and injury, 4-5,
Department of Defense (DoD), 7, 131-132, 142-145, 218-219

225-226 acute effects, 133-139
Department of Veterans Affairs battlefield exposure, 135, 137,
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66 218-219
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83-84, 163-164, 216
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7-8, 51-52, 226
foreign sources, 18-19 Gas chamber tests, see Chamber
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214-215 Gas masks, 3, 36n, 43, 52-55, 215
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66-67, 225, 370-377 Gastrointestinal disorders, 64,
of tests, 17-18, 215, 371 187, 220
VA guidelines, 2, 11 Genetic damage, from Lewisite,

Drods, 35 86-87, 104, 192-195
Drop tests, see Patch tests from sulfur mustard, 46-47,

75-77, 83-85, 104, 189-192,

E 216
Genital injury, 39, 160, 175, 219,

Edgewood Arsenal, 28, 39-40, 721
42, 46, 140, 376--377 Germany, mustard gas use, 9-10

Emphysema, 119-120, 121, 127, weapons production workers,
336, 408-409 169
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174-175, 216
H chemistry and properties, 24,
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Heat stress, 205n cytotoxicity, 86
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Bone marrow injury 164-167, 171-175
Hodgkin's disease, 45 gastrointestinal effects, 187
Hypervigilance, 210 genetic damage, 86-87, 104,

192-195
neurological effects, 188
occupational exposure, 172-173

Immunity disorders, 179-186, ocular effects, 137, 138,
220 144-145, 219

battlefield exposure, 183-186 odor threshold, 53
from sulfur mustard, 181-186 production, 26, 41

Incineration of chemical reproductive toxicity, 192-195
stockpiles, 49-50 respiratory effects, 117-118

Iran-Iraq War, 48, 117, 122, 170, stockpiles, 48
185, 191 Limbal vascular damage, 142-143

Isocyanates, 124, 405 Lymphosarcoma, 45

M
Japan, weapons factory workers,

97-99, 119-120, 169-170, 172, Man-break tests, 36, 39, 65
190-191 Medical exposure. 122-123, 142,

Japanese Americans, 36 170-171, 173, 393-395

Johns Hopkins University chemotherapy, 77, 102-103,
Medical School, 42 122Military personnel, CWS units,
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392-393, 395-396 168, 169, 175
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S development, 22, 25
Scarring, 152, 160, 168, 219 genetic damage, 46-47, 75-77,
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225, 371-377 190-191
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Shell shock, 203 ocular effects, 133-144, 218-219
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Patch tests stress syndrome, 204, 207
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Training exercises, 31, 42
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211 Warfare Service (CWS)
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U Women's Army Auxiliary Corps,
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