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Preface

This update focuses on the relevant scientific studies published from October
1, 2010, through September 30, 2012, that is, after the literature considered in Up-
date 2010. To accomplish the review, the Institute of Medicine (IOM) established
a committee of 15 members representing a wide array of expertise to evaluate
the newest scientific evidence and to consider it in light of the studies reviewed
in Veterans and Agent Orange (VAO), Update 1996, Update 1998, Update 2000,
Update 2002, Update 2004, Update 2006, Update 2008, and Update 2010. A
link to the experience and expertise of previous committees was provided by
recruiting eight members from committees responsible for earlier updates. All
committee members were selected because they are experts in their fields, have
no conflicts of interest with regard to the matter under study, and have taken no
public positions concerning the potential health effects of herbicides in Vietnam
veterans or related aspects of herbicide or 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) exposure. Biographic sketches of committee members and staff appear
in Appendix D.

In this second decade of evaluation, the committee sought the most accurate
information and advice from the widest possible array of knowledgeable sources
for consideration. To be consistent with National Academies’ procedures, the
committee met in a series of closed sessions in which members could freely
examine, characterize, and weigh the strengths and limitations of the evidence.
The committee also convened five open meetings—in September, November, and
December 2012 and in January and March 2013—to provide an opportunity for
veterans and veterans service organizations, researchers, policy makers, and other
interested parties to present their concerns, review their research, and exchange
information directly with committee members. The oral presentations and written

ix
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X PREFACE

statements submitted to the committee are listed in Appendix A. The committee
thanks the persons who provided valuable insights into the health problems ex-
perienced by Vietnam veterans.

The committee is grateful to Mary Paxton, who skillfully served as study
director for this project. It also acknowledges the excellent work of IOM staff
members Jennifer Cohen, Tia Carter, and Frederick (Rick) Erdtmann. Thanks
are also extended to Andrea Cohen, who handled the finances for the project;
Norman Grossblatt, who provided editorial skills; and William McLeod and
Daniel Bearss, who conducted database searches.

The committee benefited from the assistance of several scientists and re-
searchers who generously lent their time and expertise to give committee mem-
bers insight into particular issues, provide copies of newly released research, or
answer queries about their work. Lisa Cassis, a professor and chair at the Uni-
versity of Kentucky, discussed her research on metabolic and vascular disease.
Han Kang, who recently retired as the principal investigator and director of the
Environmental Epidemiology Service at the US Department of Veterans Affairs
(VA), provided the committee with insight into VA’s research programs (past and
present), focusing on US Vietnam veterans. Dr. Kang was again helpful, as was
Brenda Eskenazi who is the chair of epidemiology at the University of California,
Berkeley, in responding to the committee’s requests for additional information
concerning birth weight in their published studies. Andy Olshan, the chair of epi-
demiology at the University of North Carolina, and Kim Boekelheide, a professor
of medical science at Brown University, joined the committee via conference call
to discuss issues related to paternally mediated effects.

Mary K. Walker, PhD, FAHA, Chair
Committee to Review the Health Effects
in Vietnam Veterans of Exposure to
Herbicides (Ninth Biennial Update)
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Summary

From 1962 to 1971, the US military sprayed herbicides over Vietnam to strip
the thick jungle canopy that could conceal opposition forces, to destroy crops
that those forces might depend on, and to clear tall grasses and bushes from the
perimeters of US base camps and outlying fire-support bases. Mixtures of 2,4-di-
chlorophenoxyacetic acid (2,4-D), 2.4,5-trichlorophenoxyacetic acid (2,4,5-T),
picloram, and cacodylic acid made up the bulk of the herbicides sprayed. The
herbicide mixtures used were named according to the colors of identification
bands painted on the storage drums; the main chemical mixture sprayed was
Agent Orange, a 50:50 mixture of 2,4-D and 2,4,5-T. At the time of the spraying,
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), the most toxic form of dioxin, was
an unintended contaminant generated during the production of 2,4,5-T and so
was present in Agent Orange and some other formulations sprayed in Vietnam.
It is important to remember that Agent Orange is not synonymous with TCDD
or dioxin.

Complaints from returning Vietnam veterans about their own health and that
of their children, combined with emerging toxicologic evidence of adverse effects
of phenoxy herbicides and TCDD from animal studies and some positive findings
from epidemiologic studies, resulted in sustained controversy. In 1991, because
of continuing uncertainty about long-term health effects of the sprayed herbicides
in Vietnam veterans, Congress passed Public Law (PL) 102-4, the Agent Orange
Act of 1991. That legislation directed the Secretary of Veterans Affairs to ask the
National Academy of Sciences (NAS) to perform a comprehensive evaluation
of scientific and medical information regarding the health effects of exposure to
Agent Orange, other herbicides used in Vietnam, and the various components of
those herbicides, including TCDD. The legislation also instructed the Secretary

1
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to ask NAS to conduct updates every 2 years for 10 years from the date of the
first report to review newly available literature and draw conclusions from the
overall evidence.

In response to the first request, the Institute of Medicine (IOM) convened
a committee, whose conclusions IOM published in 1994 in Veterans and Agent
Orange: Health Effects of Herbicides Used in Vietnam (VAO). The work of later
committees resulted in the publication of biennial updates (Update 1996, Update
1998, Update 2000, Update 2002, and Update 2004) and of focused reports on
the scientific evidence regarding type 2 diabetes, acute myeloid leukemia in
children, and the latent period for respiratory cancer.

Enacted in 2002, PL 107-103, the Veterans Education and Benefits Expan-
sion Act of 2001, mandated that the VAO biennial updates continue through
2014. Update 2006, Update 2008, and Update 2010 were published under that
legislation. The current update presents this committee’s review of peer-reviewed
scientific reports concerning associations between health outcomes and exposure
to TCDD and other chemicals in the herbicides used in Vietnam that were pub-
lished in October 2010-September 2012 and the committee’s integration of this
information with the previously established evidence database.

CHARGE TO THE COMMITTEE

In accordance with PL 102-4 and PL 107-103, the Committee to Review the
Health Effects in Vietnam Veterans of Exposure to Herbicides (Ninth Biennial
Update) was asked to “determine (to the extent that available scientific data per-
mit meaningful determinations)” the following regarding associations between
specific health outcomes and exposure to TCDD and other chemicals in herbi-
cides used by the military in Vietnam:

A) whether a statistical association with herbicide exposure exists, taking
into account the strength of the scientific evidence and the appropriate-
ness of the statistical and epidemiological methods used to detect the
association;

B) the increased risk of disease among those exposed to herbicides during
service in the Republic of Vietnam during the Vietnam era; and

C) whether there exists a plausible biological mechanism or other evidence
of a causal relationship between herbicide exposure and the disease. [PL
102-4, Section 3 (d)]

Judicial history and the congressional mandate, quoted above, dictated that
the committee’s statement of task is framed in terms of “association” between
exposure and health outcomes. This and all prior committees fully recognized
that an association does not establish a causal relationship and that the rigor of
the evidentiary database needed to support a finding of statistical association is
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weaker than that needed to establish causality. Nonetheless, any positive evidence
supporting a causal relationship would enhance the conviction that an observed
statistical association is reliable. Such scientific evidence, of course, would in-
clude any information assembled in relation to plausible biologic mechanisms as
directed in Article C. In accord with its charge, the committee examined outcome
measures commonly used to evaluate statistical associations while assessing the
adequacy of control for bias and confounding and the likelihood that an observed
association could be explained by chance. The committee also assessed evidence
of biologic plausibility derived from laboratory findings in cell culture or ani-
mal models. In particular, associations found to have multiple supportive lines
of evidence were interpreted as having stronger scientific support for reflecting
causal effects.

In conducting its study, the present committee operated independently of
the Department of Veterans Affairs (VA) and other government agencies. The
committee was not asked to make and did not make judgments regarding specific
cases in which individual Vietnam veterans have claimed injury from herbicide
exposure. This report provides scientific information for the Secretary of Veterans
Affairs to consider as VA exercises its responsibilities to Vietnam veterans. The
committee was not charged to focus on broader issues, such as the potential costs
of compensation for veterans or policies regarding such compensation.

COMMITTEE’S APPROACH TO ITS CHARGE

Following the pattern established by prior VAO committees, the present
committee concentrated its review on epidemiologic studies to fulfill its charge
of assessing whether specific human health effects are associated with exposure
to at least one of the herbicides sprayed in Vietnam or to TCDD. The committee
also considered controlled laboratory investigations that provided information on
whether scientifically relevant association between the chemicals of interest and
a given effect is biologically plausible.

The VAO committees began their evaluation presuming neither the pres-
ence nor the absence of association for any particular health outcome. Over
the sequence of reviews, evidence of various degrees of association, lack of
association, or persistent indeterminacy with respect to a wide array of disease
states has accrued. For many conditions, however, particularly ones that are
very uncommon, any association with the chemicals of interest has remained
unaddressed in the medical research literature; for these (unless the condition is
logically subsumed under a broader disease category that has been evaluated),
the committee remains neutral, abiding by the maxim that “absence of evidence
is not evidence of absence.”

In accord with Congress’s mandated presumption of herbicide exposure of
all Vietnam veterans, VAO committees have treated Vietnam-veteran status as a
proxy for some herbicide exposure when no more specific exposure information
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is available. To obtain information potentially relevant to the evaluation of health
effects related to herbicide exposure in addition to that available from studies of
Vietnam veterans, the committee reviewed studies of other groups potentially
exposed to the constituents of the herbicide mixtures used in Vietnam (2,4-D,
2,4,5-T, TCDD, cacodylic acid, and picloram). In addition to retrieving articles
identified on the basis of keywords specifying the chemicals and chemical classes
of interest, literature searches for the earliest reports in the VAO series had been
structured to retrieve all studies of several occupational groups, including chemi-
cal, agricultural, pulp and paper, sawmill, and forestry workers. To the extent that
studies of those workforces were recovered in new searches directed at particular
agents of exposure, they were incorporated into the database. Some occupational
and environmental cohorts that received exceptionally high exposures—such as
the International Agency for Research on Cancer (IARC) and Seveso cohorts
discussed in this report—are now well characterized and are producing a stream
of informative results. The Agricultural Health Study (AHS), a continuing pro-
spective cohort study of agricultural populations with specific information on the
chemicals of interest, is also steadily contributing new findings to the database.
The Vietnam veterans themselves are advancing in age and, when studied, are ca-
pable of providing substantial information on chronic health conditions directly;
however, the intensity of research on this target population has waned in recent
years. As the information in the database on populations that had established
exposures to the chemicals of interest has grown, the committee has come to
depend less on data from studies that yielded nonspecific exposure information
and has been able to focus more on findings of studies that had refined exposure
specificity.

As in Update 2010, the results tables in this report are grouped by study
population rather than by the update in which the studies were originally re-
viewed. That change was made to emphasize and clarify the relationship among
successive publications that have provided insight into the health responses of
particular exposed populations that have been studied for many years. Studies
of cohorts have been ordered in a given table to reflect the hierarchic nature of
many of the study populations—for example, workers in the Dow Chemical
Company plant in Midland, Michigan, are one of several cohorts composing the
National Institute for Occupational Safety and Health (NIOSH) cohort, which in
turn is one of the many international cohorts making up the IARC cohort—and
the citations indicating the source of particular results have been moved to the
last column of the table. To allow for the possibility that a case-control study may
investigate the relationship of a health outcome to both occupational and environ-
mental factors and in recognition of the difference between this protocol and that
of cohort and cross-sectional studies, case-control studies have been gathered into
a separate section in the results tables. Finally, the exposure of interest in each
study population has been explicitly noted in the tables to facilitate judgments
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about when consistency might be expected between populations that experience
the same exposure.

The original legislation, PL. 102-4, did not provide a list of specific diseases
and conditions suspected of being associated with herbicide exposure. Such a
list was developed on the basis of diseases and conditions that had been men-
tioned in the scientific literature or in other documents identified through the
original VAO’s extensive literature searches. The VAO list has been augmented
in response to developments in the literature, requests by VA, and concerns of
Vietnam veterans.

The information that the present committee reviewed was identified through
a comprehensive search of relevant databases, including databases covering epi-
demiologic, biologic, medical, toxicologic, chemical, historical, and regulatory
information. More than 6,800 potentially relevant citations were identified dur-
ing searches of literature published between the date of the literature cut-off for
Update 2010 and the current update deadline, September 30, 2010-September
30, 2012. After screening of the citation abstracts for relevance, about 1,100 were
retained for closer consideration. Ultimately, about 60 papers on epidemiologic
studies and several score of toxicologic studies and exposure evaluations ulti-
mately contributed new information to this review. Additional information came
from veterans and other interested people who testified at public hearings and
offered written submissions.

To determine whether there is a scientifically relevant association between
exposure and a health outcome, epidemiologists estimate the magnitude of an
appropriate measure (such as the relative risk or the odds ratio) that describes
the relationship between exposure and disease in a defined population or group.
In evaluating the strength of the evidence linking herbicide exposure with a par-
ticular outcome, the committee considered whether such estimates of risk might
not reflect a causal association (because of confounding, chance, or bias related
to errors in selection and measurement) or might accurately represent true as-
sociations; although they are not required, data supporting biologic plausibility
strengthen confidence that an association is not spurious. It has been the practice
of all VAO committees to evaluate all studies according to the same criteria and
then to weigh findings of similar strength and validity equivalently, whether or not
the study subjects are Vietnam veterans, when drawing conclusions. The commit-
tee recognizes that an absolute conclusion about the absence of association might
never be attained because, as is generally the case in science, studies of health
outcomes after herbicide exposure cannot demonstrate that a purported outcome
is impossible, only that it is statistically improbable.

EVIDENCE REVIEWED BY THE COMMITTEE

The sections below summarize new epidemiologic information evaluated
in this update and integrated with that previously assembled. The epidemiologic
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studies have been divided, both here and in the health-outcome chapters, into four
categories— Vietnam-veteran, occupational, environmental, and case-control—
depending on the population addressed and the study design.

Vietnam-Veterans Studies

Notably few studies concerning the health of Vietnam veterans were identi-
fied as having been published since the three evaluated in Update 2010, and
almost all addressed psychological endpoints, which are not within the scope of
this report. There were no new studies of Vietnam-veteran cohorts and only a
single, largely uninformative case-control study on Korean veterans with cardiac
disease, which assessed hypertension and hyperlipidemia in terms of whether or
not they had served in Vietnam.

Occupational Studies

The committee reviewed several occupational studies published since Up-
date 2010. Researchers reported on cancer mortality in pentachlorophenol (PCP)
workers who are part of the NIOSH cohort and cancer incidence in a NIOSH
subcohort of chemical workers in a Dow plant in Michigan. Plasma dioxin con-
centrations and cause-specific mortality were investigated in German production
workers in a plant included in the IARC cohort in Hamburg, Germany, and three
new studies of IARC subcohorts in the Netherlands reported on cancer mortality,
ischemic heart disease, humoral immunity, atopic disease, and immune suppres-
sion in herbicide workers. An examination of pesticide appliers and gliomas in
participants in the Upper Midwest Health Study was reviewed, and eight recent
reports from the AHS examined cancer incidence, body-mass index, amyotrophic
lateral sclerosis, and mortality in private pesticide applicators (farmers), their
spouses, and commercial pesticide applicators in Iowa and North Carolina.

Environmental Studies

Several new studies of the effects of environmental exposure to the chemi-
cals of interest have been published since Update 2010. Cancer incidence and
reproductive factors were investigated in people who lived near the site of the
industrial accident in Seveso, Italy. Five new studies published by the Prospective
Investigations of the Vasculature in Uppsala Seniors (PIVUS) group reported on
stroke, atherosclerosis, diabetes, and obesity. Several new studies from Taiwan
examined hypertension, cardiovascular disease, and insulin resistance in people
who lived in the vicinity of a closed PCP factory. Hypertension and bone min-
eral density and environmental exposures were investigated via the National
Health and Nutrition Examination Survey, and diabetes and hypertension were
examined in the Anniston (Alabama) Community Health Survey. Reproductive
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outcomes—including birth weight, onset of puberty, infant growth, immune func-
tion, leukemia, and congenital cryptorchidism—were studied in mother—infant
pairs exposed to TCDD and other chemicals that have dioxin-like biologic activ-
ity in Japan, Finland, the Netherlands, the United States, and Vietnam.

Case-Control Studies

New case-control studies examined the possible association of occupational
exposures with prostate cancer, lymphoid neoplasms, myelodysplastic syn-
dromes, and Parkinson disease. Additional new case-control studies examined
environmental exposures to the chemicals of interest and breast cancer, mela-
noma, non-Hodgkin lymphoma, endometriosis, menstrual cycles, and Parkinson
disease. And a large Canadian study published papers investigating both catego-
ries of exposure as related to several cancers.

THE COMMITTEE’S CONCLUSIONS

Health Outcomes

In Update 2012, the committee has elected to change the categorization of
one health outcome listed in Table S-1. The committee voted unanimously to
move stroke to the “limited and suggestive” category because of new evidence
showing a statistically significant association in the well-designed PIVUS study;
evidence of an overall increase in stroke and cerebrovascular disease associated
with exposure to the chemicals of interest in environmental, occupational, and
Vietnam-veteran populations in the most relevant of previously considered stud-
ies; demonstrated biological plausibility from human and animal studies; and
the strong connection between stroke and hypertension, cardiovascular disease,
and diabetes (three conditions already in the limited and suggestive category).
The published data did not permit the committee to distinguish hemorrhagic
from ischemic stroke, but given that only a small percentage of strokes are of the
hemorrhagic type in Western populations, this was not seen to be an impediment.
That single change in the classifications made in previous updates is in boldface
in Table S-1.

This conclusion and the decision not to modify any other findings from
earlier VAO committees were made after the present committee weighed the
strengths and limitations of the epidemiologic evidence reviewed in this report
and in previous VAO reports. Although the studies published since Update 2010
are the subject of detailed evaluation in this report, the committee drew its con-
clusions in the context of the entire body of literature. The contribution of recent
publications to the evidence database was substantial, but the committee did not
weigh them more heavily merely because they were new. Epidemiologic methods
and analytic capabilities have improved, but many of the recent studies were par-
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TABLE S-1 Summary of Ninth Biennial Update of Findings on Vietnam-
Veterans, Occupational, and Environmental Studies Regarding Scientifically
Relevant Associations® Between Exposure to Herbicides and Specific Health
Outcomes?

Sufficient Evidence of an Association
Epidemiologic evidence is sufficient to conclude that there is a positive association. That is, a
positive association has been observed between exposure to herbicides and the outcome in studies
in which chance, bias, and confounding could be ruled out with reasonable confidence. For
example, if several small studies that are free of bias and confounding show an association that is
consistent in magnitude and direction, there could be sufficient evidence of an association. There
is sufficient evidence of an association between exposure to the chemicals of interest and the
following health outcomes:
Soft-tissue sarcoma (including heart)
* Non-Hodgkin lymphoma
* Chronic lymphocytic leukemia (including hairy cell leukemia and other chronic B-cell
leukemias)
* Hodgkin lymphoma
Chloracne

Limited or Suggestive Evidence of an Association
Epidemiologic evidence suggests an association between exposure to herbicides and the outcome,
but a firm conclusion is limited because chance, bias, and confounding could not be ruled out
with confidence.” For example, a well-conducted study with strong findings in accord with less
compelling results from studies of populations with similar exposures could constitute such
evidence. There is limited or suggestive evidence of an association between exposure to the
chemicals of interest and the following health outcomes:

Laryngeal cancer

Cancer of the lung, bronchus, or trachea

Prostate cancer

* Multiple myeloma
* AL amyloidosis

Early-onset peripheral neuropathy

Parkinson disease

Porphyria cutanea tarda

Hypertension

Ischemic heart disease

Stroke (category change from Update 2010)

Type 2 diabetes (mellitus)

Spina bifida in offspring of exposed people

Inadequate or Insufficient Evidence to Determine an Association
The available epidemiologic studies are of insufficient quality, consistency, or statistical power to
permit a conclusion regarding the presence or absence of an association. For example, studies fail
to control for confounding, have inadequate exposure assessment, or fail to address latency. There
is inadequate or insufficient evidence to determine association between exposure to the chemicals
of interest and the following health outcomes that were explicitly reviewed:
Cancers of the oral cavity (including lips and tongue), pharynx (including tonsils), or
nasal cavity (including ears and sinuses)
Cancers of the pleura, mediastinum, and other unspecified sites in the respiratory system
and intrathoracic organs
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TABLE S-1 Continued

Esophageal cancer
Stomach cancer
Colorectal cancer (including small intestine and anus)
Hepatobiliary cancers (liver, gallbladder, and bile ducts)
Pancreatic cancer
Bone and joint cancer
Melanoma
Nonmelanoma skin cancer (basal-cell and squamous-cell)
Breast cancer
Cancers of reproductive organs (cervix, uterus, ovary, testes, and penis; excluding
prostate)
Urinary bladder cancer
Renal cancer (kidney and renal pelvis)
Cancers of brain and nervous system (including eye)
Endocrine cancers (thyroid, thymus, and other endocrine organs)
Leukemia (other than chronic B-cell leukemias, including chronic lymphocytic leukemia
and hairy cell leukemia)
Cancers at other and unspecified sites
Infertility
Spontaneous abortion (other than after paternal exposure to TCDD, which appears not
to be associated)
Neonatal or infant death and stillbirth in offspring of exposed people
Low birth weight in offspring of exposed people
Birth defects (other than spina bifida) in offspring of exposed people
Childhood cancer (including acute myeloid leukemia) in offspring of exposed people
Neurobehavioral disorders (cognitive and neuropsychiatric)
Neurodegenerative diseases, excluding Parkinson disease
Chronic peripheral nervous system disorders
Hearing loss
Respiratory disorders (wheeze or asthma, chronic obstructive pulmonary disease, and
farmer’s lung)
Gastrointestinal, metabolic, and digestive disorders (changes in hepatic enzymes, lipid
abnormalities, and ulcers)
Immune system disorders (immune suppression, allergy, and autoimmunity)
Circulatory disorders (other than hypertension, ischemic heart disease, and stroke)
Endometriosis
Disruption of thyroid homeostasis
Eye problems
Bone conditions
This committee used a classification that spans the full array of cancers. However, reviews for
nonmalignant conditions were conducted only if they were found to have been the subjects of
epidemiologic investigation or at the request of the Department of Veterans Affairs. By default, any
health outcome on which no epidemiologic information has been found falls into this category.

Limited or Suggestive Evidence of No Association
Several adequate studies, which cover the full range of human exposure, are consistent in not
showing a positive association between any magnitude of exposure to a component of the

continued
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TABLE S-1 Continued

herbicides of interest and the outcome. A conclusion of “no association” is inevitably limited to the
conditions, exposures, and length of observation covered by the available studies. In addition, the
possibility of a very small increase in risk at the exposure studied can never be excluded. There is
limited or suggestive evidence of no association between exposure to the herbicide component of
interest and the following health outcome:

Spontaneous abortion after paternal exposure to TCDD

“This change in wording was made to emphasize the scientific nature of the VAO task and proce-
dures and reflects no change in the present committee’s criteria from those used in previous updates.

PHerbicides indicates the following chemicals of interest: 2,4-dichlorophenoxyacetic acid (2,4-D),
2,4,5-trichlorophenoxyacetic acid (2,4,5-T) and its contaminant 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD or dioxin), cacodylic acid, and picloram. The evidence regarding association was drawn from
occupational, environmental, and veteran studies in which people were exposed to the herbicides used
in Vietnam, to their components, or to their contaminants.

“Evidence of an association is strengthened by experimental data supporting biologic plausibility,
but its absence would not detract from the epidemiologic evidence.

*The committee notes the consistency of these findings with the biologic understanding of the
clonal derivation of lymphohematopoietic cancers that is the basis of the World Health Organization
classification system.

ticularly useful for this committee’s purpose also because they produced results
in terms of serum TCDD concentrations or the amount of exposure to dioxin-like
chemicals. Of course, observations on the health of our population of primary
concern, Vietnam veterans, are increasingly informative as they age.

Table S-1 defines four categories of association and gives criteria for assign-
ing health outcomes to them. (Although the committee for this update did not
modify the criteria used by previous VAO committees for assigning categories of
association to health outcomes, it has inserted “scientifically relevant” before “as-
sociation” in the title of Table S-1 to clarify that the strength of evidence evalu-
ated, based on the quality of the scientific studies reviewed, was a fundamental
component of the committee’s deliberations to address the imprecisely defined
legislative target of “statistical association.”)

On the basis of its evaluation of case-control studies and studies of veteran,
occupational, and environmentally exposed populations, the committee allocated
particular health outcomes to categories of relative certainty of association with
exposure to the herbicides that were used in Vietnam or to any of their compo-
nents or contaminants (with no intention of specifying particular chemicals).
The committee notes that experimental data related to biologic plausibility of
conditions statistically associated with exposure to Agent Orange have gradually
emerged since the beginning of this series of VAO reports and that these find-
ings can inform decisions about how to categorize the degree of association of
individual conditions; Table S-1 includes a footnote to this effect.
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As mandated by PL 102-4, the distinctions among categories are based on
statistical association, not on strict causality. The committee was directed to
review the scientific data, not to recommend VA policy; therefore, conclusions
reported in Table S-1 are not intended to imply or suggest policy decisions. The
conclusions are related to associations between exposure and outcomes in human
populations, not to the likelihood that any individual’s health problem is associ-
ated with or caused by the herbicides in question.

Risk in Vietnam Veterans

There have been numerous health studies of Vietnam veterans, but most have
been hampered by relatively poor measures of exposure to herbicides or TCDD
and by other methodologic problems. In light of those problems, many conclu-
sions regarding associations between exposure to the chemicals of interest and
disease have been based on studies of people exposed in various occupational
and environmental settings rather than on studies of Vietnam veterans, although
more recent studies of health consequences in the maturing veterans themselves
have generated more informative findings than originally available to VAO com-
mittees. The committee believes that there is sufficient evidence to reach general
or qualitative conclusions about associations between herbicide exposure and
health outcomes, but the lack of adequate exposure data on Vietnam veterans
themselves makes it difficult to estimate the degree of increased risk of disease
in Vietnam veterans as a group or individually. Without information on the extent
of herbicide exposure of Vietnam veterans and quantitative information about the
dose—time—response relationship for each health outcome in humans, estimation
of the risks experienced by veterans exposed to the chemicals of interest during
the Vietnam War is not possible.

Because of those limitations, only general assertions can be made about risks
to Vietnam veterans, depending on the category of association into which a given
health outcome has been placed. If there were “limited or suggestive evidence of
no association” between herbicide exposure and a health outcome, the evidence
would suggest that no increased risk of the outcome in Vietnam veterans was at-
tributable to exposure to the chemicals of interest (at least given the conditions,
exposures, and lengths of observation covered by the studies reviewed). Even
qualitative estimates are not possible when there is “inadequate or insufficient”
evidence of an association. For outcomes categorized as having “sufficient” or
“limited or suggestive” evidence of an association with herbicide exposure, the
lack of exposure information on Vietnam veterans prevents calculation of precise
risk estimates.

The information needed for assigning risk estimates continues to be absent
despite concerted efforts to model the exposure of the troops in Vietnam, to
measure serum TCDD concentrations of individual veterans, and to model the
dynamics of retention and clearance of TCDD in the human body. Accordingly,
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several successive VAO committees have stated as a general conclusion that, at
least for the present, it was not possible to derive quantitative estimates of any
increased risks of various adverse health effects that Vietnam veterans may have
experienced in association with exposure to the herbicides sprayed in Vietnam.
Given the amount of time that has passed since the Vietnam era, the present
committee agreed with the assessment of previous committees that the neces-
sary information to perform such estimation for Vietnam veterans is extremely
unlikely ever to become available.

COMMITTEE RECOMMENDATIONS

IOM has been asked to make recommendations concerning the need, if any,
for additional scientific studies to resolve continuing scientific uncertainties about
the health effects of the herbicides used in Vietnam and their contaminants. Al-
though advances have been made over the last several years in understanding the
health effects of exposure to the herbicides used in Vietnam and to TCDD and
in elucidating the mechanisms that underlie the effects, there are still subjects on
which increased knowledge could be very useful.

This committee recommends that VA query its own medical databases more
actively to identify potential associations between Vietnam service and specific
health outcomes, particularly outcomes that are so common or so specific that
they are infrequently addressed in epidemiology studies. Moreover, if a perceived
conflict of interest exists in surveying its own databases, it is recommended that
an external advisory group be formed to determine the best mechanism for min-
ing the information so that these medical databases can be available for external
study.

The committee for Update 2008 concluded that it was possible that epigen-
etic changes arising from exposure to the herbicides sprayed in Vietnam might
cause paternally mediated effects in offspring, and such potential would most
likely be attributable to the TCDD contaminant in Agent Orange. There is a
growing body of evidence that TCDD—and arsenicals—can induce epigenetic
changes in animal models, but there remain extremely limited data on the risk
that paternal exposure to xenobiotics in general, and the VAO chemicals of inter-
est in particular, will result in adverse effects on their offspring. Consequently,
this committee continues to recommend that laboratory research be conducted to
characterize TCDD’s potential for inducing epigenetic modifications.

The committee also recommends development of epidemiologic protocols to
address the logistical challenge of determining whether adverse effects are being
manifested in the adult children and grandchildren of Vietnam veterans as a result
of male veterans’ exposure. The best cohorts for revealing potential associations
would be those on which there is well-characterized exposure information. An-
other alternative would be to adopt a case-control approach and explore whether
information about Vietnam exposure or specific herbicide exposure could be
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ascertained in any of the many birth cohorts that have been established in the last
several decades. To home in on a paternal effect, however, it will be necessary
to establish that the mothers did not have the opportunity for exposure to the
chemicals of interest above background levels.

As in previous years, this committee recommends the pursuit of additional
research in toxicology. The development of animal models of neurologic out-
comes and of various chronic health conditions and their progression would be
useful for understanding the possible contributions of the chemicals of interest
to compromising the health of aging Vietnam veterans. Specifically, determining
the mechanism by which dioxin-like chemicals induce B-cell cancers and how
such exposure alters the susceptibility to obesity and components of metabolic
syndrome would fill important knowledge gaps. Health problems such as meta-
bolic syndrome, chronic obstructive pulmonary disease (COPD), and measure-
ment of biomarkers of immune or inflammatory disease merit study in human
populations.

The committee notes that the earlier investment in studying several exposed
populations has produced useful findings; the NIOSH, Seveso, Air Force Health
Study (AFHS), and Army Chemical Corps (ACC) cohorts all merit continu-
ing followup or more comprehensive analysis. Longitudinal analyses of cancer,
cardiovascular, and reproductive outcomes represented in the complete database
assembled in the course of the AFHS are especially important. The committee is
encouraged that VA has reinitiated the National Vietnam Veterans Longitudinal
Study and has launched the Army Chemical Corps Vietnam-Era Veterans Health
study to investigate the relationship of herbicide exposure during the Vietnam
War with hypertension and COPD in ACC veterans.

Several of the committee’s recommendations are similar to those offered in
previous updates because little activity has been seen in several critical topics.
Proposals for studies that would use data and biologic samples from the AFHS
have only recently been approved, and published results from these investiga-
tions are still several years off. Meanwhile, critical integrative analyses, such as
longitudinal evaluation of the cancer data, have not yet been made public, and the
unique potential of this resource has languished. It is the committee’s conviction
that work needs to be undertaken promptly to resolve questions regarding sev-
eral health outcomes, among them COPD, tonsil cancer, melanoma, Alzheimer
disease, and paternally transmitted effects in offspring. Creative analysis of VA’s
own data resources and further work on cohorts that have already been estab-
lished may well be the most effective way to address those outcomes and to gain
a better understanding of the role of herbicide exposure in development of stroke,
prostate cancer, and Parkinson disease in Vietnam veterans.
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The Agent Orange Act of 1991—Public Law (PL) 102-4, enacted February
6, 1991, and codified as Section 1116 of Title 38 of the United States Code—
directed the Secretary of Veterans Affairs to ask the National Academy of Sci-
ences (NAS) to conduct an independent comprehensive review and evaluation
of scientific and medical information regarding the health effects of exposure to
herbicides used during military operations in Vietnam. The herbicides picloram
and cacodylic acid were to be addressed, as were chemicals in various formula-
tions that contain the herbicides 2,4-dichlorophenoxyacetic acid (2,4-D) and
2,4,5-trichlorophenoxyacetic acid (2,4,5-T). 2,4,5-T contained the contaminant
2,3,7,8-tetrachlorodibenzo-p-dioxin, referred to in this report as TCDD to repre-
sent a single—and the most toxic—congener of the tetrachlorodibenzo-p-dioxins
(tetraCDDs), also commonly referred to as dioxin. It should be noted that TCDD
and Agent Orange are not the same. NAS also was asked to recommend, as ap-
propriate, additional studies to resolve continuing scientific uncertainties and to
comment on particular programs mandated in the law. The legislation called for
biennial reviews of newly available information for a period of 10 years; the
period was extended to 2014 by the Veterans Education and Benefits Expansion
Act of 2001 (PL 107-103).

In response to the request from the Department of Veterans Affairs (VA), the
Institute of Medicine (IOM) of the National Academies convened the Committee
to Review the Health Effects in Vietnam Veterans of Exposure to Herbicides. The
results of the original committee’s work were published in 1994 as Veterans and
Agent Orange: Health Effects of Herbicides Used in Vietnam, hereafter referred
to as VAO (IOM, 1994). Successor committees formed to fulfill the requirement
for updated reviews produced Veterans and Agent Orange: Update 1996 (I0M,
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1996), Update 1998 (I0M, 1999), Update 2000 (I0OM, 2001), Update 2002
(I0M, 2003a), Update 2004 (1I0M, 2005a), Update 2006 (1I0M, 2007), Update
2008 (I0M, 2009), and Update 2010 (I0OM, 2011).

In 1999, VA asked the IOM to convene a committee to conduct an interim
review of type 2 diabetes associated with exposure to any of the chemicals of
interest (COls); that effort resulted in the report Veterans and Agent Orange:
Herbicide/Dioxin Exposure and Type 2 Diabetes, hereafter referred to as Type 2
Diabetes (I0OM, 2000). In 2001, VA asked the IOM to convene a committee to
conduct an interim review of childhood acute myelogenous leukemia (AML, now
preferably referred to as acute myeloid leukemia) associated with parental expo-
sure to any of the COlIs; the committee’s review of the literature, including litera-
ture available since the review for Update 2000, was published as Veterans and
Agent Orange: Herbicide/Dioxin Exposure and Acute Myelogenous Leukemia
in the Children of Vietnam Veterans, hereafter referred to as Acute Myelogenous
Leukemia (I0M, 2002). In PL 107-103, passed in 2001, Congress directed the
Secretary of Veterans Affairs to ask NAS to review “available scientific literature
on the effects of exposure to an herbicide agent containing dioxin on the devel-
opment of respiratory cancers in humans” and to address “whether it is possible
to identify a period of time after exposure to herbicides after which a presump-
tion of service-connection” of the disease would not be warranted; the result of
that effort was Veterans and Agent Orange: Length of Presumptive Period for
Association Between Exposure and Respiratory Cancer, hereafter referred to as
Respiratory Cancer (IOM, 2004).

In conducting their work, the committees responsible for those reports oper-
ated independently of VA and other government agencies. They were not asked to
and did not make judgments regarding specific cases in which individual Vietnam
veterans have claimed injury from herbicide exposure. The reports were intended
to provide scientific information for the Secretary of Veterans Affairs to consider
as VA exercises its responsibilities to Vietnam veterans. This VAO update and
all previous VAO reports are freely accessible online at the National Academies
Press’s website (http://www.nap.edu).

CHARGE TO THE COMMITTEE

In accordance with PL 102-4, the committee was asked to “determine (to
the extent that available scientific data permit meaningful determinations)” the
following regarding associations between specific health outcomes and exposure
to TCDD and other chemicals in the herbicides used by the military in Vietnam:

A) whether a statistical association with herbicide exposure exists, taking
into account the strength of the scientific evidence and the appropriate-
ness of the statistical and epidemiological methods used to detect the
association;

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/18395

Veterans and Agent Orange: Update 2012

16 VETERANS AND AGENT ORANGE: UPDATE 2012

B) the increased risk of the disease among those exposed to herbicides dur-
ing service in the Republic of Vietnam during the Vietnam era; and

C) whether there exists a plausible biological mechanism or other evidence
of a causal relationship between herbicide exposure and the disease. [PL
102-4, Section 3 (d)]

The committee notes that as a consequence of congressional and judicial his-
tory, both its congressional mandate and the statement of task are phrased with the
target of evaluation being “association” between exposure and health outcomes,
although biologic mechanism and causal relationship are also mentioned as part
of the evaluation in Article C. As used technically and as thoroughly addressed
in a report on decision making (IOM, 2008) and in the section “Evaluation of the
Evidence” in Chapter 2 of Update 2010 (I0M, 2011), the criteria for causation do
not themselves constitute a set checklist, but they are somewhat more stringent
than those for association. The unique mandate of VAO committees to evaluate
association rather than causation means that the approach delineated in the IOM
report on decision making (IOM, 2008) is not entirely applicable here. The rigor
of the evidentiary database needed to support a finding of statistical association
is weaker than that to support causality; however, positive findings on any of the
indicators for causality would strengthen a conviction that an observed statisti-
cal association was reliable. In accord with its charge, the committee examined
a variety of indicators appropriate for the task, including factors commonly
used to evaluate statistical associations—such as the adequacy of control for
bias and confounding and the likelihood that an observed association could be
explained by chance—and it assessed evidence concerning biologic plausibility
derived from laboratory findings in cell culture or animal models. The full array
of indicators examined was used to categorize the strength of the evidence. In
particular, associations that manifested multiple indicators were interpreted as
having stronger scientific support. Table 1-1 presents the starting point for this
committee’s deliberations, namely, the cumulative findings of VAO committees
through Update 2010 derived using this approach. (The current committee has
not modified the criteria used by previous VAO committees to assign categories
of association to particular health outcomes but will henceforth state the object
of its evaluation to be “scientifically relevant association” in order to clarify that
the strength of evidence evaluated, based on the quality of the scientific studies
reviewed, was a fundamental component of the committee’s deliberations to ad-
dress the imprecisely defined legislative target of “statistical association.”)

Following delivery of the committee’s charge by a VA representative at
the first meeting, the open session continued with brief presentations by other
members of the public. It has been the practice of VAO committees to conduct
open sessions, not only to gather additional information from people who have
particular expertise on points that arise during deliberations but also especially
to hear from individual Vietnam veterans and others concerned about aspects of
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TABLE 1-1 Summary from Update 2010 (Eighth Biennial Update) of
Findings of Veterans, Occupational, and Environmental Studies Regarding
Associations® Between Exposure to Herbicides and Specific Health Outcomes?

Sufficient Evidence of an Association
Epidemiologic evidence is sufficient to conclude that there is a positive association. That is, a
positive association has been observed between exposure to herbicides and the outcome in studies
in which chance, bias, and confounding could be ruled out with reasonable confidence. For
example, if several small studies that are free of bias and confounding show an association that is
consistent in magnitude and direction, there could be sufficient evidence of an association. There
is sufficient evidence of an association between exposure to the chemicals of interest and the
following health outcomes:
Soft-tissue sarcoma (including heart)
* Non-Hodgkin lymphoma
* Chronic lymphocytic leukemia (including hairy cell leukemia and other chronic B-cell
leukemias)
* Hodgkin lymphoma
Chloracne

Limited or Suggestive Evidence of an Association
Epidemiologic evidence suggests an association between exposure to herbicides and the outcome,
but a firm conclusion is limited because chance, bias, and confounding could not be ruled out
with confidence.” For example, a well-conducted study with strong findings in accord with less
compelling results from studies of populations with similar exposures could constitute such
evidence. There is limited or suggestive evidence of an association between exposure to the
chemicals of interest and the following health outcomes:
Laryngeal cancer
Cancer of the lung, bronchus, or trachea
Prostate cancer
* Multiple myeloma
* AL amyloidosis
Early-onset peripheral neuropathy (category clarification from Update 2008)
Parkinson disease
Porphyria cutanea tarda
Hypertension
Ischemic heart disease
Type 2 diabetes (mellitus)
Spina bifida in offspring of exposed people

Inadequate or Insufficient Evidence to Determine an Association
The available epidemiologic studies are of insufficient quality, consistency, or statistical power to
permit a conclusion regarding the presence or absence of an association. For example, studies fail
to control for confounding, have inadequate exposure assessment, or fail to address latency. There
is inadequate or insufficient evidence to determine association between exposure to the chemicals
of interest and the following health outcomes that were explicitly reviewed:
Cancers of the oral cavity (including lips and tongue), pharynx (including tonsils), or
nasal cavity (including ears and sinuses)
Cancers of the pleura, mediastinum, and other unspecified sites in the respiratory system
and intrathoracic organs

continued
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Esophageal cancer

Stomach cancer

Colorectal cancer (including small intestine and anus)

Hepatobiliary cancers (liver, gallbladder, and bile ducts)

Pancreatic cancer

Bone and joint cancer

Melanoma

Nonmelanoma skin cancer (basal cell and squamous cell)

Breast cancer

Cancers of reproductive organs (cervix, uterus, ovary, testes, and penis; excluding
prostate)

Urinary bladder cancer

Renal cancer (kidney and renal pelvis)

Cancers of brain and nervous system (including eye)

Endocrine cancers (thyroid, thymus, and other endocrine organs)

Leukemia (other than all chronic B-cell leukemias, including chronic lymphocytic
leukemia and hairy cell leukemia)

Cancers at other and unspecified sites

Infertility

Spontaneous abortion (other than after paternal exposure to TCDD, which appears not
to be associated)

Neonatal or infant death and stillbirth in offspring of exposed people

Low birth weight in offspring of exposed people

Birth defects (other than spina bifida) in offspring of exposed people

Childhood cancer (including acute myeloid leukemia) in offspring of exposed people

Neurobehavioral disorders (cognitive and neuropsychiatric)

Neurodegenerative diseases, excluding Parkinson disease

Chronic peripheral nervous system disorders

Hearing loss (newly addressed health outcome)

Respiratory disorders (wheeze or asthma, chronic obstructive pulmonary disease, and
farmer’s lung)

Gastrointestinal, metabolic, and digestive disorders (changes in hepatic enzymes, lipid
abnormalities, and ulcers)

Immune system disorders (immune suppression, allergy, and autoimmunity)

Circulatory disorders (other than hypertension and ischemic heart disease)

Endometriosis

Effects on thyroid homeostasis

Eye problems (newly addressed health outcome)

Bone conditions (newly addressed health outcome)

This committee used a classification that spans the full array of cancers. However, reviews for
nonmalignant conditions were conducted only if they were found to have been the subjects of
epidemiologic investigation or at the request of the Department of Veterans Affairs. By default, any
health outcome on which no epidemiologic information has been found falls into this category.

Limited or Suggestive Evidence of No Association

Several adequate studies, which cover the full range of human exposure, are consistent in not
showing a positive association between any magnitude of exposure to a component of the
herbicides of interest and the outcome. A conclusion of “no association” is inevitably limited to the
conditions, exposures, and length of observation covered by the available studies. In addition, the
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TABLE 1-1 Continued

possibility of a very small increase in risk at the exposure studied can never be excluded. There is
limited or suggestive evidence of no association between exposure to the herbicide component of
interest and the following health outcomes:

Spontaneous abortion after paternal exposure to TCDD

“This table is the product of the committee for Update 2010; the current committee has decided to
add “scientifically relevant” before “association” in its own work product to emphasize the scientific
nature of the VAO task and procedures without implying any change in the present committee’s
criteria from those used in previous updates.

PHerbicides indicates the following chemicals of interest: 2,4-dichlorophenoxyacetic acid (2,4-D),
2,4,5-trichlorophenoxyacetic acid (2,4,5-T) and its contaminant 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD or dioxin), cacodylic acid, and picloram. The evidence regarding association was drawn from
occupational, environmental, and veteran studies in which people were exposed to the herbicides used
in Vietnam, to their components, or to their contaminants.

“Evidence for an association is strengthened by experimental data supporting biologic plausibility,
but its absence would not detract from the epidemiologic evidence.

*The committee notes the consistency of these findings with the biologic understanding of the
clonal derivation of lymphohematopoietic cancers that is the basis of the World Health Organization
classification system.

their health experience that may be service-related. Open sessions were held dur-
ing the first four of the committee’s five meetings, and the agendas and the issues
raised are presented in Appendix A. The comments and information provided
by the public were used to identify information gaps in the literature regarding
specific health outcomes of concern to Vietnam veterans.

Chapter 2 provides details of the committee’s approach to its charge and the
methods that it used in reaching conclusions.

CONCLUSIONS OF PREVIOUS VETERANS
AND AGENT ORANGE REPORTS

Health Outcomes

VAO, Update 1996, Update 1998, Update 2000, Update 2002, Update 2004,
Type 2 Diabetes, Acute Myelogenous Leukemia, Respiratory Cancer, Update
20006, Update 2008, and Update 2010 contain detailed reviews of the scientific
studies evaluated by the committees and their implications for cancer, reproduc-
tive and developmental effects, neurologic disorders, and other health effects.

The original VAO committee addressed the statutory mandate to evaluate the
association between herbicide exposure and individual health conditions by as-
signing each of the health outcomes under study to one of four categories on the
basis of the epidemiologic evidence reviewed. The categories were adapted from
the ones used by the International Agency for Research on Cancer in evaluating
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evidence of the carcinogenicity of various substances (IARC, 1977). Successor
VAO committees adopted the same categories.

The question of whether the committee should be considering statistical as-
sociation rather than causality has been controversial. In legal proceedings that
predated passage of the legislation that mandated the VAO series of reviews,
Nehmer v United States Veterans Administration (712 F. Supp. 1404, 1989)
found that:

the legislative history, and prior VA and congressional practice, support our
finding that Congress intended that the Administrator predicate service con-
nection upon a finding of a significant statistical association between dioxin
exposure and various diseases. We hold that the VA erred by requiring proof of
a causal relationship.

The committee believes that the categorization of strength of evidence as
shown in Table 1-1 is consistent with that court ruling. In particular, the ruling
does not preclude the consideration of the factors usually assessed in determining
a causal relationship (Hill, 1965; IOM, 2008) as indicators of the strength of sci-
entific evidence of an association. In accord with the court ruling, the committee
was not seeking proof of a causal relationship, but any information that supports
a causal relationship, such as a plausible biologic mechanism as specified in Ar-
ticle C of the charge to the committee, would also lend credence to the reliability
of an observed association. Understanding of causal relationships is the ultimate
objective of science, whereas the committee’s goal of assessing statistical asso-
ciation is an intermediate (less well-defined) point along a continuum between
no association and causality.

The categories, the criteria for assigning a particular health outcome to a
category, and the health outcomes that have been assigned to the categories in
past updates are discussed below. Table 1-1 summarizes the conclusions of Up-
date 2010 regarding associations between health outcomes and exposure to the
herbicides used in Vietnam or to any of their components or contaminants. That
integration of the literature through September 2010 served as the starting point
for the current committee’s deliberations. It should be noted that the categories
of association concern the occurrence of health outcomes in human populations
in relation to chemical exposure; they do not address the likelihood that any indi-
vidual’s health problem is associated with or caused by the chemicals in question.

Health Outcomes with Sufficient Evidence of an Association

In this category, a positive association between herbicides and the outcome
must be observed in epidemiologic studies in which chance, bias, and confound-
ing can be ruled out with reasonable confidence. The committee regarded evi-
dence from several studies that satisfactorily addressed bias and confounding and
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that show an association that is consistent in magnitude and direction as sufficient
evidence of an association. Experimental data supporting biologic plausibility
strengthen evidence of an association but are not a prerequisite.

The original VAO committee found sufficient evidence of an association
between exposure to herbicides and three cancers—soft-tissue sarcoma, non-
Hodgkin lymphoma, and Hodgkin lymphoma—and two other health outcomes,
chloracne and porphyria cutanea tarda (PCT). After reviewing all the literature
available in 1995, the committee responsible for Update 1996 concluded that the
statistical evidence still supported that classification for the three cancers and
chloracne but that the evidence of an association with PCT warranted its being
placed in the category of limited or suggestive evidence of an association with ex-
posure. No changes were made in this category in Update 1998 or Update 2000.

As the committee responsible for Update 2002 began its work, VA requested
that it evaluate whether chronic lymphocytic leukemia (CLL) should be consid-
ered separately from other leukemias. That committee concluded that CLL could
be considered separately and, on the basis of the epidemiologic literature and
the etiology of the disease, placed CLL in the “sufficient” category. In response
to a request from VA, the committee for Update 2008 affirmed that hairy-cell
leukemia belonged in the category of sufficient evidence of an association with
the related conditions CLL and chronic B-cell lymphomas.

Health Outcomes with Limited or Suggestive Evidence of an Association

In this category, the evidence must suggest an association between exposure
to herbicides and the outcome considered, but the evidence can be limited by
the inability to rule out chance, bias, or confounding confidently. The coherence
of the full body of epidemiologic information, in light of biologic plausibility,
is considered when the committee reaches a judgment about association for a
given outcome. Because the VAO series has four herbicides and TCDD as agents
of concern whose profiles of toxicity are not expected to be uniform, apparent
inconsistencies can be expected among study populations that have experienced
different exposures. Even for a single exposure, a spectrum of results would be
expected, depending on the power of the studies and other design factors.

The committee responsible for VAO found limited or suggestive evidence
of an association between exposure to herbicides and three categories of cancer:
respiratory cancer (after individual evaluations of laryngeal cancer and of cancers
of the trachea, lung, or bronchus), prostate cancer, and multiple myeloma (MM).
The Update 1996 committee added three health outcomes to the list: PCT, acute
and subacute peripheral neuropathy (indicated as early-onset transient peripheral
neuropathy after Update 2004 and then respecified as simply early-onset periph-
eral neuropathy after Update 2010), and spina bifida in children of veterans. Tran-
sient peripheral neuropathies had not been addressed in VAO, because they are
not amenable to epidemiologic study. In response to a VA request, however, the

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/18395

Veterans and Agent Orange: Update 2012

22 VETERANS AND AGENT ORANGE: UPDATE 2012

Update 1996 committee reviewed those neuropathies and based its determination
on case histories. A combination of a 1995 analysis of birth defects among the
offspring of veterans who served in Operation Ranch Hand and results of earlier
studies of neural-tube defects in the children of Vietnam veterans (published by
the Centers for Disease Control and Prevention) led the Update 1996 commit-
tee to distinguish spina bifida from other reproductive outcomes and to place it
in the “limited or suggestive evidence” category. No changes were made in this
category in Update 1998.

After the publication of Update 1998, the committee responsible for Type 2
Diabetes, on the basis of its evaluation of newly available scientific evidence and
the cumulative findings of research reviewed in previous VAO reports, concluded
that there was limited or suggestive evidence of an association between exposure
to the herbicides used in Vietnam or the contaminant TCDD and type 2 diabetes
(mellitus). The evidence reviewed in Update 2000 supported that finding.

The committee responsible for Update 2000 reviewed the material in earlier
reports and the newly published literature and determined that there was limited
or suggestive evidence of an association between exposure to herbicides used in
Vietnam or the contaminant TCDD and AML in the children of Vietnam veterans.
After release of Update 2000, researchers in one of the studies that it reviewed
discovered an error in the published data. The committee for Update 2000 was
reconvened to re-evaluate the previously reviewed and new literature regarding
AML, and it produced Acute Myelogenous Leukemia, which reclassified AML in
children from “limited or suggestive evidence of an association” to “inadequate
or insufficient evidence to determine an association.”

After reviewing the data reviewed in previous VAO reports and recently pub-
lished scientific literature, the committee responsible for Update 2006 determined
that there was limited or suggestive evidence of an association between exposure
to the herbicides used in Vietnam or the contaminant TCDD and hypertension.
AL amyloidosis was also moved to the category of “limited or suggestive evi-
dence of an association” primarily on the basis of its close biologic relationship
with MM.

With a bit more consistent epidemiologic data augmented by increased un-
derstanding of mechanisms arising from new toxicologic research, the committee
for Update 2008 was able to resolve the Update 2006 committee’s lack of con-
sensus and moved ischemic heart disease into this category, joining hypertension,
another cardiovascular condition. New studies of Parkinson disease that yielded
findings of an association with the specific herbicides of interest were deemed to
move the evidence to the category of limited or suggestive.

Health Outcomes with Inadequate or Insufficient
Evidence to Determine an Association

By default, any health outcome is in this category before enough reliable
scientific data accumulate to promote it to the category of sufficient evidence or
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limited or suggestive evidence of an association or to move it to the category of
limited or suggestive evidence of no association. In this category, available stud-
ies may have inconsistent findings or be of insufficient quality or statistical power
to support a conclusion regarding the presence of an association. Such studies
might have failed to control for confounding or might have had inadequate as-
sessment of exposure.

The cancers and other health effects so categorized in Update 2010 are listed
in Table 1-1, but several health effects have been moved into or out of this cat-
egory since the original VAO committee reviewed the evidence then available.
Skin cancer was moved into this category in Update 1996 when inclusion of
new evidence no longer supported its classification as a condition with limited
or suggestive evidence of no association. Similarly, the Update 1998 committee
moved urinary bladder cancer from the category of limited or suggestive evidence
of no association to this category; although there was no evidence that exposure
to herbicides or TCDD is related to urinary bladder cancer, newly available evi-
dence weakened the evidence of no association. The committee for Update 2000
had partitioned AML in the offspring of Vietnam veterans from other childhood
cancers and put it into the category of suggestive evidence; but a separate review,
as reported in Acute Myelogenous Leukemia, found errors in the published infor-
mation and returned it to this category with other childhood cancers. In Update
2002, CLL was moved from this category to join Hodgkin and non-Hodgkin
lymphomas in the category of sufficient evidence of an association.

The committee responsible for Update 2006 removed several cancers (of
the brain, stomach, colon, rectum, and pancreas) from the category of limited or
suggestive evidence of no association into this category partly because of some
changes in evidence since they were originally placed in the “no association”
category but primarily because that committee had concerns about the lack of
information on all five COIs and each of these cancers.

Health Outcomes with Limited or Suggestive Evidence of No Association

The original VAO committee defined this category for health outcomes for
which several adequate studies covering the “full range of human exposure”
were consistent in showing no association with exposure to herbicides at any
concentration and had relatively narrow confidence intervals. A conclusion of “no
association” is inevitably limited to the conditions, exposures, and observation
periods covered by the available studies, and the possibility of a small increase
in risk related to the magnitude of exposure studied can never be excluded.
However, a change in classification from inadequate or insufficient evidence of
an association to limited or suggestive evidence of no association would require
new studies that correct for the methodologic problems of previous studies and
that have samples large enough to limit the possible study results attributable to
chance.

The original VAO committee found a sufficient number and variety of well-
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designed studies to conclude that there was limited or suggestive evidence of no
association between the exposures of interest and a small group of cancers: gas-
trointestinal tumors (colon, rectum, stomach, and pancreas), skin cancers, brain
tumors, and urinary bladder cancer. The Update 1996 committee removed skin
cancers and the Update 1998 committee removed urinary bladder cancer from
this category because the evidence no longer supported a conclusion of no asso-
ciation. The Update 2002 committee concluded that there was adequate evidence
to determine that spontaneous abortion is not associated with paternal exposure
specifically to TCDD; the evidence on this outcome was deemed inadequate for
drawing a conclusion about an association with maternal exposure to any of the
COIs or with paternal exposure to any of the COIs other than TCDD. No changes
in this category were made in Update 2000 or Update 2004. The Update 2006
committee removed brain cancer and several digestive cancers from this category
because of concern that the overall paucity of information on picloram and caco-
dylic acid made it inappropriate for those outcomes to remain in this category.
This left the finding of evidence of no association between paternal exposure to
TCDD and spontaneous abortion as the sole entry in this category.

Determining Increased Risk in Vietnam Veterans

The second part of the committee’s charge is to determine, to the extent
permitted by available scientific data, the increased risk of disease among people
exposed to herbicides or the contaminant TCDD during service in Vietnam.
Previous reports pointed out that most of the many health studies of Vietnam
veterans were hampered by relatively poor measures of exposure to herbicides
or TCDD and by other methodologic problems. Most of the evidence on which
the findings regarding associations are based, therefore, comes from studies of
people exposed to TCDD or herbicides in occupational and environmental set-
tings rather than from studies of Vietnam veterans. The committees that produced
VAO and the updates found that the body of evidence was sufficient for reaching
conclusions about statistical associations between herbicide exposures and health
outcomes but that the lack of adequate data on Vietnam veterans themselves
complicated consideration of the second part of the charge.

The evidence of herbicide exposure among various groups studied sug-
gests that although some had documented high exposures (such as participants
in Operation Ranch Hand and Army Chemical Corps personnel), most Vietnam
veterans had lower exposures to herbicides and TCDD than did the subjects of
many occupational and environmental studies (see Figure 1-1 from Pirkle et al.,
1995). Individual veterans who had very high exposures to herbicides, however,
could have risks approaching those described in the occupational and environ-
mental studies.

Estimating the magnitude of risk of each particular health outcome among
herbicide-exposed Vietnam veterans requires quantitative information about the
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FIGURE 1-1 Comparison of TCDD exposures in various populations.
SOURCE: Pirkle et al., 2005.

dose—time—response relationship for the health outcome in humans, information
on the extent of herbicide exposure among Vietnam veterans, and estimates of
individual exposure. Committees responsible for VAO and the updates have con-
cluded that in general it is impossible to quantify the risk to veterans posed by
their exposure to herbicides in Vietnam. Statements to that effect were made for
each health outcome in VAO (IOM, 1994) and in every update through Update
2004. The committee responsible for Update 2006 chose to eliminate the repeti-
tive restatements in favor of the following general conclusion: “At least for the
present, it is not possible to derive quantitative estimates of the increase in risk
of various adverse health effects that Vietnam veterans may have experienced in
association with exposure to the herbicides sprayed in Vietnam.” The committee
responsible for later updates and the current committee have opted to retain the
modification in the formatting of the health outcomes sections.

After decades of research, the challenge of estimating the magnitude of
potential risk posed by exposure to the COIs remains intractable. The requisite
information is still absent despite concerted efforts to reconstruct likely exposure
by modeling on the basis of records of troop movements and spraying missions
(Stellman and Stellman, 2003, 2004; Stellman et al., 2003a,b), to extrapolate from
agricultural models of drift associated with spraying (Ginevan et al., 2009a; Teske
et al., 2002), to measure serum TCDD in individual veterans (Kang et al., 2006;
Michalek et al., 1995), and to model the pharmacokinetics of TCDD clearance
(Aylward et al., 2005a,b; Cheng et al., 2006b; Emond et al., 2004, 2005, 2006).
There is still uncertainty about the specific agents that may be responsible for a
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particular health effect. Even if one accepts an individual veteran’s serum TCDD
concentration as the optimal surrogate for overall exposure to Agent Orange and
the other herbicide mixtures sprayed in Vietnam, not only is the measurement
nontrivial but the hurdle of accounting for biologic clearance and extrapolating
to the proper time frame remains. The committee therefore believes that it is very
unlikely that additional information or more sophisticated methods are going to
become available that would permit any sort of quantitative assessment of Viet-
nam veterans’ increased risks of particular adverse health outcomes attributable
to exposure to the chemicals associated with herbicide spraying in Vietnam.

Existence of a Plausible Biologic Mechanism or
Other Evidence of a Causal Relationship

Toxicologic data form the basis of the committee’s response to the third part
of its charge—to determine whether there is a plausible biologic mechanism or
other evidence of a causal relationship between herbicide exposure and a health
effect. A separate chapter summarizes toxicologic findings on the chemicals of
concern. In VAO and updates before Update 2008, a considerable amount of
detail had been provided about individual newly published toxicology studies;
the current committee concurs with the decision made by the previous two com-
mittees that it is more informative for the general reader to provide integrated
toxicologic profiles for the COIs by interpreting the underlying experimental find-
ings. When there are specific toxicologic findings pertinent to a particular health
outcome, they are discussed in the chapter reviewing the epidemiologic literature
on that condition. The current committee has continued the endeavor to refine
this approach to make the chapter on toxicologic information more accessible to
lay readers and more illuminating about its relevance to epidemiologic findings.

In VAO and updates before Update 2006, this topic has been discussed in the
conclusions section for each health outcome after a statement of the committee’s
judgment about the adequacy of the epidemiologic evidence of an association of
that outcome with exposure to the COIs. As Update 2006 noted, the degree of
biologic plausibility itself influences whether the committee perceives positive
findings to be indicative of a pattern or the product of statistical fluctuations. To
provide the reader with a more logical sequence, the committee responsible for
Update 2006 placed the biologic-plausibility sections between the presentation
of new epidemiologic evidence and the synthesis of all the evidence; this in turn
led to the ultimate statement of the committee’s conclusion. The later commit-
tees have supported that change and have continued to arrange the sections in
that fashion.

ORGANIZATION OF THIS REPORT

The remainder of this report is organized in 13 chapters. Chapter 2 briefly
describes the considerations that guided the committee’s review and evaluation of
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the scientific evidence. Chapter 3 addresses exposure-assessment issues. Chapter
4 summarizes the toxicology data on the effects of 2,4-D, 2,4,5-T and its contami-
nant TCDD, cacodylic acid, and picloram; the data contribute to the consideration
of the biologic plausibility of health effects in human populations. Chapter 5 of
Update 2010, which had two roles with respect to the epidemiologic information
that constitutes the core of the committee’s deliberations has been separated into
two chapters corresponding to those roles. First, the new Chapter 5 characterizes
the relevant new epidemiologic literature published in this update period, indi-
cating the study design, exposure measures, health outcomes reported on, and
population studied. A new feature in this update is the placement of a summary
of the finding of each health outcome chapter at its beginning. The second role
is now addressed in Chapter 6, which provides a cumulative overview of the
study populations that have generated findings (in some instances, in the form of
dozens of separate publications) reviewed in the VAO report series. In addition
to showing where the new literature fits into this compendium of publications on
Vietnam veterans, occupational cohorts, environmentally exposed groups, and
case-control study populations, it includes description and critical appraisal of
the design, exposure assessment, and analysis approaches used.

The committee’s evaluation of the epidemiologic literature and its conclu-
sions regarding associations between particular health outcomes that might be
manifested long after exposure to the COIs are presented in the several chapters
that follow. In Update 2010, three short-term responses presumptively associated
with herbicide exposure (early-onset peripheral neuropathy, chloracne, and PCT)
were moved from the body of the report to Appendix B because they develop
shortly after exposure but are unlikely to arise for the first time decades after
exposed people left Vietnam.

Chapter 7 addresses immunologic effects and discusses the reasons for what
might be perceived as a discrepancy between a clear demonstration of immuno-
toxicity in animal studies and a paucity of epidemiologic studies that had such
findings. Its placement reflects the committee’s belief that immunologic changes
may constitute an intermediary mechanism in the generation of more distinct
clinical conditions discussed in the following chapters. Chapter 8 discusses issues
related to the possible overall carcinogenic potential of the COlIs, particularly
TCDD, and then assesses the available epidemiologic evidence on specific types
of cancer, which are regarded as individual disease states that might be found to
be service-related.

In this update, what had been one chapter on reproductive and developmen-
tal effects has been partitioned into two chapters. The first, Chapter 9, addresses
reproductive problems that may have been manifested in the veterans them-
selves: reduced fertility, pregnancy loss, or gestational issues (low birth weight
or preterm delivery). The second, Chapter 10, focuses on problems that might
be manifested later in the lives of veterans’ children or even in later generations.

Chapter 11 addresses neurologic disorders. Chapter 12 deals with a set of
conditions related to cardiovascular and metabolic effects. Chapter 13 now con-
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tains the residual “other health outcomes”: respiratory disorders, gastrointestinal
problems, thyroid homeostasis and other endocrine disorders, eye problems, and
bone conditions.

A summary of the committee’s findings and its research recommendations
are presented in Chapter 14.
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Evaluating the Evidence

This chapter outlines the approach used by the Committee to Review the
Health Effects in Vietnam Veterans of Exposure to Herbicides (Ninth Biennial
Update) and its predecessors to evaluate the available scientific evidence. A more
complete description is found in Chapter 5 of Veterans and Agent Orange: Health
Effects of Herbicides Used in Vietnam, hereafter referred to as VAO (IOM, 1994).

CHOICE OF HEALTH OUTCOMES

As discussed in Chapter 1, the committee was charged with summarizing the
strength of the scientific evidence of associations between exposure to various
herbicides and contaminants during service in the Vietnam War and individual
diseases or other health outcomes. Public Law 102-4, which mandated the com-
mittee’s work, however, did not specify particular health outcomes suspected of
being associated with herbicide exposure. Such a list of outcomes was devel-
oped on the basis of diseases and conditions addressed in the scientific literature
identified through the original VAO committee’s extensive literature searches.
The list has been amended in the VAO updates in response to new publications,
to requests from the Department of Veterans Affairs (VA) and various veterans’
service organizations, and to concerns of Vietnam veterans and their families.
Comments received at public hearings and in written submissions from veterans
and other interested persons have been valuable in identifying issues to be pur-
sued in greater depth in the scientific literature.

The VAO committees began their evaluation by presuming neither the pres-
ence nor the absence of an association between exposure and any particular health
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outcome. Over the series of reviews, evidence of various degrees of association,
lack of association, or persistent indeterminacy with respect to a wide array of
disease states has accrued. For many conditions, however, particularly uncom-
mon ones, associations with the chemicals of interest (COIs) have remained
unaddressed in the medical research literature; for these, the committee remains
neutral on the basis of the understanding that “absence of evidence is not evi-
dence of absence.”

IDENTIFICATION OF RELEVANT LITERATURE

Study Populations Considered

Mixtures of 2,4-dichlorophenoxyacetic acid (2,4-D), 2,4,5-trichlorophen-
oxyacetic acid (2,4,5-T), picloram, and cacodylic acid made up the bulk of the
herbicides sprayed in Vietnam. At the time of the spraying, 2,3,7,8-tetrachloro-
dibenzo-p-dioxin (TCDD, a form of dioxin) was an unintended contaminant in
the production of 2,4,5-T and so was present in Agent Pink, Agent Green, Agent
Purple, Agent Orange, and Agent Orange II, which all contained 2,4,5-T. It is
important to note that TCDD and Agent Orange are not the same. Databases
have been searched for the names of those compounds, their synonyms and ab-
breviations, and their Chemical Abstracts Service (CAS) numbers. The evidence
indicates that a single protein, the aryl hydrocarbon receptor (AHR), mediates
essentially all the toxicity of TCDD, so aryl hydrocarbon receptor also was used
as a keyword.

One of the herbicides used in Vietnam was cacodylic acid, or dimethylar-
sinic acid of valence 5 (DMAY), an organic form of arsenic. In addition to being
synthesized as a herbicide, DMAY is a metabolite of inorganic arsenic exposure
in humans. DMAY was long thought to be a biologically inactive metabolite,
but evidence suggests that methylated forms, such as MMA™ (Aposhian et al.,
2000) and perhaps DMA™ and DMAY (Cohen et al., 2006), can be responsible
for some of the adverse effects of inorganic arsenic. VAO committees have care-
fully reconsidered that evidence repeatedly but have continued to conclude that
it does not support a conclusion that exposure to DMAY would be expected to
result in the same adverse health effects as would exposure to toxic concentra-
tions of inorganic arsenic. Therefore, as in prior VAO reports, the literature on
the health effects of inorganic arsenic was not considered here. Further details on
the effects of inorganic arsenic can be found in Arsenic in Drinking Water (NRC,
1999) and Arsenic in Drinking Water: 2001 Update (NRC, 2001). For cacodylic
acid and picloram, the search terms were the chemical names, synonyms, and
CAS numbers of the herbicides.

This report concentrates on the evidence published after the completion of
work on Veterans and Agent Orange: Update 2010 (I0OM, 2011). Relevant new
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contributions to the literature made during the period October 1, 2010-Sep-
tember 30, 2012, were sought. The information that the committee used was
compiled through a comprehensive electronic search of public and commercial
databases—biologic, medical, toxicologic, chemical, historical, and regulatory—
that provide citations of the scientific literature. In addition, the reference lists
of some review and research articles, books, and reports were examined for
potentially relevant articles. As noted above, the terms used in the search strat-
egy included the chemical names, synonyms, and CAS numbers of the specific
COIs—2,4-D, 2,4,5-T, TCDD, cacocylic acid, and picloram (see Figure 2-1 for
chemical structures and CAS numbers)—and the more generic terms involved
with this project: Vietnham veteran, Agent Orange, aryl hydrocarbon receptor,
dioxin, herbicide, and phenoxy. Results on other specific phenoxy herbicides are
also of interest: 2-methyl-4-chlorophenoxyacetic acid (MCPA) and 2-(2-methyl-
4-chlorophenoxy) propionic acid (MCPP or Mecoprop) are structurally similar to
2,4-D, while 2-(2,4,5-trichlorophenoxy) propionic acid (2,4,5-TP or Silvex) have
structures analogous to 2,4,5-T (see Figure 2-1); although the benzoate herbicide
dicamba (2-methoxy-3,6-dichlorobenzoic acid) is not always categorized with
the phenoxy herbicides, it has structural similarities with this class, and measures
of its association with various adverse health outcomes have been factored into
the evidence. Because some polychlorinated biphenyls (PCBs) and polychloro-
dibenzofurans (PCDFs) have dioxin-like biologic activity, studies of populations
exposed to PCBs or PCDFs were reviewed when results were presented in terms
of toxic equivalents (TEQs). Findings related only to exposure to the diverse
chemical families of pesticides were considered too nonspecific for inclusion in
the evidence database that was used to draw conclusions about associations. (An
ancillary analysis conducted during preparation of Update 2008 determined that
the term pesticide did not identify any relevant citations that were not picked up
by more specific terms, so it was eliminated from the searches conducted since
this reduced considerably the number of extraneous hits to be culled.)

(With the structural representation at hand in Figure 2-1, one can readily see
the basis of an assertion heard repeatedly from individual Vietnam veterans that
“benzene is contained in TCDD.” Indeed, the two rings at the ends of the three-
ring structure constituting the basic structure of dioxin compounds, to which
chlorine molecules or other chemical radicals can be attached, do have the mo-
lecular structure of a single benzene molecule, and “dibenzo-dioxin” in TCDD’s
chemical name does mean the molecule is a benzene-substituted dioxane. The
benzene ring structure is a basic building block of a vast number of organic
compounds, both industrial [such as polyaromatic hydrocarbons, the phenoxy
herbicides, picloram, and PCBs] and natural [such as estradiol, a hormone present
in both men and women]. However, the biologically active compound benzene
does not emerge from dioxin, whose three-ring structure is extremely stable and
resistant to metabolism.)
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Phenoxy Herbicides

2,4-D [94-75-7] 2,4,5-T [93-76-5]
Cl
Cl O (0]
\ < Cl O, O
Cl OH f
Cl OH
MCPA [94-74-6] Silvex [93-72-1]
Cl
Cl O (0]
\ < Cl O O
OH : f
Cl OH
MCPP [93-65-2] Dicamba [1918-00-9]
Cl Oo—
(0]
Cl O (0]
: f OH
OH Sl

2,3,7,8-TCDD [1746-01-6]

Cl o Cl
o o Cl
Picloram [1918-02-1] Cacodylic Acid [75-60-5]
Cl NH,
0
HO |
/N S -
I = |
OH
Cl

FIGURE 2-1 Chemical structures and CAS numbers for specific chemicals of interest.
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Study Populations Considered

Because they are the target population of the charge to the VAO committees,
studies of Vietnam veterans (serving in any of the armed forces, American or
otherwise) have always been accorded considerable weight in the committees’ de-
liberations, whether or not estimation of exposure to herbicide-related substances
has been attempted. Characterization of exposure in studies of the veterans was
extremely uncommon at the time of the original VAO report, and the Vietnam
veterans’ own ages were still below the ages at which many chronic illnesses
are manifested. Consequently, the original committee made extensive efforts to
consider several groups known or thought to have potentially higher and better-
characterized exposure to TCDD or phenoxy herbicides than Vietnam veterans
themselves—both occupational exposure (for example, chemical-production,
paper and pulp, sawmill, tannery, waste-incinerator, railroad, agricultural, and
forestry workers) and environmental exposure (for example, residents of Seveso,
Times Beach, Quail Run, and Vietnam).

Successive committees have been able to concentrate more on studies that
explicitly addressed the exposures specified by the charge. Some occupational
and environmental cohorts that received exceptionally high exposures (such as
the International Agency for Research on Cancer [TARC] and Seveso cohorts)
are now well characterized and producing a stream of informative results. The
Agricultural Health Study, a continuing prospective cohort study of agricultural
populations with specific information on the COls, is also now contributing a
steady stream of information to the database. Most important, the Vietnam vet-
erans themselves are advancing in age and when studied are capable of directly
providing substantial information on chronic health conditions and, in some study
populations, information related to serum TCDD concentrations. The commit-
tee for Update 2006 decided that exhaustive searches on job titles, occupations,
or industries to identify additional study populations that had possible, but not
specifically characterized, exposure to the COIs were no longer an efficient
means of augmenting the evidence database in that they are more likely to yield
citations with information about a health outcome at the expense of considerable
uncertainty about exposure.

The previous and current committees followed the Update 2006 committee’s
practice of more circumscribed searching. As the information in the database on
populations that had established exposure to the COIs has grown, VAO com-
mittees have become less dependent on data from studies that had nonspecific
exposure information and have been able to focus more on findings of studies
that had refined exposure specificity. In recognition of the more pivotal role that
findings drawn directly from Vietnam veterans were able to play in its decisions,
the committee for Update 2008 reordered its consideration of populations. For
each health outcome, studies of Vietnam veterans, the target population of the
VAQO series, are addressed first and then occupational and environmental studies.
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The committee’s exact criteria concerning exposure specificity are presented at
the end of Chapter 3.

It is well accepted that any TCDD or herbicide effect may be diluted some-
what in studies of Vietnam veterans because some of the veterans may not have
been exposed or may have been exposed only at low concentrations. The problem
is exacerbated in studies in which exposure is defined in terms of occupation
(even on the basis of a full job history). Exploratory studies based on linking to
a one-time statement of occupation (for example, on a death certificate or in a
census) are thought to be of little use even when a job—exposure matrix is used to
“convert” standardized job codes to specific exposures. Not only is there uncer-
tainty about whether all members of the sample have been exposed to one of the
COIs unless detailed personal monitoring and industrial-hygiene work have been
performed; for most occupational categories, there is also considerable certainty
that the workers were exposed to many other potentially toxic agents. Thus, such
studies may well minimize the effects of exposure to TCDD or the herbicides of
interest while yielding misleading indications of health problems resulting from
other exposures.

Processing of Identified Publications

The search strategy was devised to ensure that abstracts of all potentially
relevant articles were subjected to closer screening, but it also resulted in the
identification of a large number of nonrelevant studies. The searches produced
in excess of 6,900 “hits,” including some studies that were identified more than
once. It was evident from the abstracts of most of the cited articles that they did
not address health effects in association with exposure to the COIs; for example,
many of the cited studies investigated the efficacy of herbicides in killing weeds.
All studies that discussed health effects were considered if the search-related
information (title, abstract, and keywords) indicated that any of the herbicides
of interest (or any of their components) may have been investigated. For each of
the more than 700 potentially relevant citations ultimately identified, a copy of
the entire article was obtained online and reviewed more thoroughly by the com-
mittee for inclusion in its report. For the present update, very few documents of
interest had to be retrieved as hard copies from library sources.

In large part, included reports are peer-reviewed journal articles, but gener-
ally available and formally published government studies (particularly those
investigating health effects in Vietnam veterans) are also included under the
presumption that they have been carefully reviewed. In practice, the articles are
generally in English, but VAO committees have obtained translations for crucial
ones that were not in English, as in the case of reports of a study of Korean
veterans of the Vietnam War (Kim HA et al., 2003; Kim JS et al., 2003) when
Update 2004 was produced.
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TCDD, the 2,3,7,8-chlorinated congener of dioxin, is the most potent of
the polychlorinated dibenzo-p-dioxins (PCDDs), dibenzofurans, and biphenyls,
so it is presumed to be the most problematic of the dioxin-like chemicals con-
taminating the phenoxy herbicides used in Vietnam. However, our concern is not
limited to that congener. In nonlaboratory settings—for example, epidemiologic
studies—exposures occur not only to TCDD but also to mixtures of dioxins,
dibenzofurans, and PCBs, which vary in their degree of chlorination. The con-
cept of toxic equivalency has been developed primarily to permit overarching
estimation of oral exposure and risk from environmentally persistent chemicals
that have structural similarities to PCDDs and PCDFs that bind the AHR, induce
the same spectrum of effects, and bioaccumulate in the food chain (van den Berg
et al., 2006). A toxicity equivalency factor (TEF) is an estimate of the dioxin-
like potency of an individual congener relative to the toxicity of TCDD. TEQs
are often used to estimate the cumulative toxic potency of mixtures as the sum
of TEFs weighted by the concentrations of the corresponding congeners in the
mixture; this total is denoted as the mixture’s TEQ in terms of dioxin-like activity.
That approach is often taken in epidemiologic studies that focus on PCBs. Many
epidemiologic studies of PCBs have been recovered in VAO literature searches
although they were not specifically sought. Because dioxin-like and non—dioxin-
like PCB congeners are found together in environmental mixtures and are known
to mediate toxicity by various mechanisms, the relative contribution of dioxin-
like PCBs to an individual health outcome can be difficult to determine. There-
fore, evidence from epidemiologic studies of PCB exposure has been retained
only for reported results on specific dioxin-like congeners or in terms of TEQs.
While all studies reporting TEQs based on PCBs were reviewed, those studies
that reported TEQs based only on mono-ortho PCBs (which are PCBs 105, 114,
118, 123, 156, 157, 167, and 189) were given very limited consideration since
mono-ortho PCBs typically contribute less than 10% to total TEQs, based on the
World Health Organization (WHO) revised TEFs of 2005 (La Rocca et al., 2008;
van den Berg et al., 2006).

The committee for Update 2008 investigated what pesticides are used in
greenhouses and determined that greenhouse workers are not likely to be exposed
to herbicides, particularly those of interest for VAO committee deliberations
(Czarnota, 2004; Neal, 2006; University of Connecticut, 2006). Results on such
populations (Abell et al., 2000, on fertility; Hansen et al., 1992, on cancer in
female workers) were retroactively excluded from the evidence database consid-
ered in Update 2008, and no new citations of studies of such workers have been
retained. Further consultation (e-mail in Public Access File, November 12, 2012)
with Helle Raun Andersen, an Associate Professor at the University of Southern
Denmark and a researcher on a series of epidemiologic studies of reproductive
effects among greenhouse workers, confirmed the lack of herbicide exposure
among such workers for the current committee.
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Integration of New Information

More than 60 articles on epidemiologic studies and several dozen toxicology
studies contributed new information to the present update. New evidence on each
health outcome was reviewed in detail. The committee’s conclusions, however,
are based on the accumulated evidence, not just on recently published studies.
In a considerable number of instances over the course of the VAO reports, single
study populations have generated multiple entries for a given health outcome.
Before Update 2010, the procedure had been to enter new results into the sum-
mary results tables in groups corresponding to successive updates, so it has been
difficult to recognize which findings are based on the experience of the same set
of people.

The current committee has continued the revisions begun by the committee
for Update 2010 in formatting the tables of cumulative results on health outcomes
in an effort to make the interrelationships more evident for its own deliberations
and for the reader. The goal of focusing on an integrated picture of how a health
outcome was manifested in a given study population has been enhanced by mov-
ing the citations to the far right of the findings to put less emphasis on individual
publications. The reported findings on a given condition from a particular study
population have been gathered and presented in reverse chronologic order so
that the most mature set of statistics appears first. In many instances, that will
represent the most informative set of data—the set that has the greatest power
to demonstrate an adverse effect in the population in question. For some health
problems, particularly those common in old age, the toxic effect associated with
an external factor may be to manifest a disease sooner. In such situations, the
evidence of an association with an exposure may consist of a wave of diagnoses
in younger people, and the prevalence will equalize with that in the control group
as the populations age. The committee therefore decided that it could not retain
only the most recent findings when considering the experience of a given study
population.

The cohorts themselves have been ordered in the tables to reflect the over-
arching cohorts of which they are subgroups. The exposure of interest in each
cohort is explicitly noted in the tables to facilitate judgments about when consis-
tency might be expected among populations that experience the same exposure.
That should minimize misapprehensions that there are inconsistencies if two
excellent studies of groups exposed to different COIs have incongruent findings.

Primary findings are the components of the evidence that the committee
endeavors to integrate in drawing its conclusions. Reanalyses (without the incor-
poration of additional information), pooled analyses, reviews, and so on, may be
discussed in conjunction with primary results or in synthesis sections on a given
health outcome, but they themselves are not part of the evidence dataset.
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COMMITTEE’S APPROACH

The committee’s general approach to the evaluation of scientific evidence
corresponds closely to the approach developed by the original VAO committee
as delineated in detail in Chapter 5 of VAO. The committee had three specific
tasks: to determine whether there is a statistical association between exposure to
the herbicides used in Vietnam and health outcomes; to determine the increase
in risk of effects among Vietnam veterans; and to determine whether plausible
biologic mechanisms provide support for a causal relationship with a given health
outcome.

Statistical Association

The issues in determining whether a statistical association exists are detailed
in Chapter 5 of VAO. Since that first committee, the primary relevant evidence
for consideration has come from epidemiologic studies—investigations in which
large groups of people are studied to identify an association between exposure
to a chemical of interest and the occurrence of particular health outcomes. The
current committee has not modified the criteria used by previous VAO committees
to assign categories of association to particular health outcomes but will hence-
forth state the object of its evaluation to be “scientifically relevant association”
in order to clarify that the strength of evidence evaluated, based on the quality of
the scientific studies reviewed, was a fundamental component of the committee’s
deliberations to address the imprecisely defined legislative target of “statistical
association.”

Epidemiologists estimate associations between exposure and outcome in a
specific population or group in terms of relative risk by using such measures as
standardized mortality ratio, odds ratio, rate ratio, or hazard ratio. Those mea-
sures indicate the magnitude of a difference in the rate of an outcome between
two populations. For example, if the rate in an exposed population is twice the
rate in a nonexposed population, the relative risk is 2. Similarly, if the odds of
a health outcome are 1:20 in an exposed population but 1:100 in a nonexposed
population, the odds ratio is 5. In this report, both relative risk (also called risk
ratio) and odds ratio are used to represent the association between exposure and
adverse outcome. Both measures are often reported in prospective cohort studies.
Case-control studies usually report odds ratios, and they cannot report relative
risk because the base rate in the control group is usually not available in these
studies. However, it is possible for case-control studies to provide estimates of
relative risk if ancillary information on the base rate is available (Hsieh et al.,
1985; Langholz, 2010). For rare diseases with low rates in both the exposed group
and the control group, odds are approximately identical with risk, so an odds ratio
is approximately identical with a relative risk. That is,
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odds = risk/(1 — risk),

so that when risk is close to zero, (1 — risk) is close to 1; therefore, odds will be
close to risk. An estimated relative risk or odds ratio greater than 1 indicates a
positive association; it is more likely that the outcome will be seen in exposed
people than in nonexposed people. A relative risk or odds ratio between zero
and 1 indicates a negative or inverse association; the outcome is less likely in
exposed people. A relative risk or odds ratio of 1 suggests the absence of associa-
tion, which is usually the null hypothesis to be tested. A statistically significant
association is one that would be unlikely to occur by chance—that is, if the
null hypothesis is true. (Chapters 7—13 contain tables of results abstracted from
the studies that provide evidence on individual health outcomes. Because the
distinction between risk and odds is of little consequence in the deliberations of
VAO committees, the column labeled “Estimated Risk” presents findings without
specifying the precise nature of the reported statistic.)

Determining whether an estimated association between an exposure and an
outcome represents a real relationship requires careful scrutiny because there can
be more than one explanation for an estimate. Bias is a distortion of the measure
of association that results from flawed selection in the assembly of the study
population or from error in measurement of studied characteristics. Confounding
is a distortion of the measure of association that results from failure to recognize
or account for some factor related both to exposure and to outcome. Chance is
the degree to which an estimated association might vary randomly among differ-
ent samples of the population studied. The width of a confidence interval is used
to quantify the likely statistical variability of an exposure—disease association,
but it does not incorporate quantification of distortions that may arise from the
systematic problems mentioned above. Even when a relative risk or standardized
mortality ratio substantially exceeds 1, a conclusion regarding increased risk
must be qualified when the confidence interval is wide. In drawing conclusions,
the committee examined the most thoroughly adjusted quantitative estimates of
association, judged whether adjustment for any crucial confounders was lack-
ing, and evaluated the potential influences of bias and chance. In integrating the
findings of various studies, the committee considered the degree of statistical
significance associated with every estimated risk (a reflection of the magnitude of
the observed effect and the power of the study designs) and took note of whether
dose-response relationships were evident with increasing exposure rather than
simply tallying the “significant” and “nonsignificant” outcomes as dichotomous
items of evidence. The committee also considered whether controlled laboratory
investigations provide information consistent with the COlIs being associated with
a given effect and perhaps causally linked to it.

In pursuing the question of statistical association, the committee recognized
that an absolute conclusion about the absence of association is unattainable. As
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in science generally, studies of health effects associated with herbicide exposure
cannot demonstrate that a purported effect is impossible or could never occur but
only that it is statistically improbable. Any instrument of observation, even an
excellent epidemiologic study, is limited in its resolving power. In a strict tech-
nical sense, therefore, the absence of an association between even one chemical
and a health outcome cannot be proved. Convincingly demonstrating the lack
of a particular effect of all five of the COIs simultaneously would be a daunting
effort, especially in light of the paucity of information concerning picloram and
cacodylic acid. The present committee therefore endorses the decision by the
committee for Update 2006 to reclassify several types of cancer that had been
classified since VAO (1994) as having “suggestive evidence of no association”
with “exposure to herbicides.”

Interaction or synergism among the COIs or with other agents is another
theoretical concern. The committee was not charged with attributing effects to
specific COls, and joint effects among them should be adequately identified by
the committee’s approach. The combinations of the chemicals with other agents
that might be problematic are virtually infinite. Real-life experience, as investi-
gated with epidemiologic studies, effectively integrates any results of exposure
to a target substance with results of all other possibly detrimental or mitigating
exposures that a population might have. It may not be possible to partition contri-
butions of the COIs from those of all other factors quantitatively, but, to the extent
that the possibility of confounding influences can be appraised, the committee
will have achieved its objective.

Increased Risk in Vietnam Veterans

When all the available epidemiologic evidence has been evaluated, it is pre-
sumed that Vietnam veterans are at increased risk for a specific health outcome
if there is evidence of a positive association between one or more of the COIs
and the outcome. The best measure of potency for the quantification of risk to
veterans would be the rate of the outcome in exposed Vietnam veterans compared
with the rate in nonexposed veterans, adjusted for the degree to which any other
factors that differ between exposed and nonexposed veterans might influence
those rates. Conley and Heerwig (2012) have noted, however, that elements of
bias may have been involved in the selection of service members for deployment.
A dose-response relationship established in another human population suitably
adjusted for such factors would be similarly suitable.

It is difficult to quantify risk when exposures of a population have not been
measured accurately. Recent serum TCDD concentrations are available only for
subgroups enrolled in the Air Force Health Study (AFHS) (the Operation Ranch
Hand veterans and Southeast Asia comparison subjects) and from VA’s study of
deployed and nondeployed members of the Army Chemical Corps. Pharmacoki-
netic models, with their own set of assumptions, must be applied to extrapolate
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from contemporary readings to obtain presumably accurate estimates of original
exposure of Vietnam-era veterans. The absence of reliable measures of exposure
of Vietnam veterans to the COlIs limits the committee’s ability to quantify risks
of specific diseases in this population.

Although serum TCDD measurements in only a small portion of Vietnam-era
veterans are available, the observed distributions of these most reliable measures
of exposure make it clear that they cannot be used as a standard for partition-
ing veterans into discrete exposure groups, such as service on Vietnamese soil,
service in the Blue Water Navy, and service elsewhere in Southeast Asia. For
example, many TCDD values observed in the comparison group from the AFHS
exceeded US background concentrations and overlapped considerably with those
of the Operation Ranch Hand subjects.

As explained in Chapter 1, the committee for Update 2006 decided to make a
general statement about its continuing inability to address that aspect of its charge
quantitatively rather than to reiterate a disclaimer in the concluding section for
every health outcome, and the present committee has retained that approach.

Plausible Biologic Mechanisms

Chapter 4, “Information Related to Biologic Plausibility,” previously called
“Toxicology,” details the experimental basis of assessment of biologic plausibility
or the extent to which an observed statistical association in epidemiologic studies
is consistent with other biologic or medical knowledge. Does the observation of
a particular health effect make sense on the basis of what is known about how
the chemicals in question act at the tissue, cellular, or molecular level? The re-
lationship between a particular exposure and a specific human health outcome is
addressed in the context of research on the effects of the chemicals on biologic
systems and of evidence from animal studies.

Chapter 4 presents an integrated toxicity profile of each of the COIs with-
out providing detailed commentary on each possibly relevant toxicology article
published in the update period. Experimental information pertinent to a particular
health outcome is now presented immediately after the epidemiologic evidence
on that outcome in the “Biologic Plausibility” sections on individual health out-
comes (Chapters 7-13).

A positive statistical association between an exposure and an outcome does
not necessarily mean that the exposure is the cause of the outcome. Data from
toxicology studies may support or conflict with a hypothesis that a specific chemi-
cal can contribute to the occurrence of a particular disease. Many toxicology stud-
ies are conducted with laboratory animals so that variables, including the amount
and duration of exposure, can be controlled precisely. Studies that use isolated
cells in culture also can elucidate how a chemical alters cellular processes. The
objectives of those toxicology studies are to determine what toxic effects are
observed at different exposure levels and to identify the mechanisms by which
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the effects are produced. Ultimately, the results of the toxicology studies should
be consistent with what is known about the human disease process if they are to
support a conclusion that the development of the disease was influenced by an
exposure.

Animal studies and in vitro studies with human cells and cell lines do provide
links that are important for understanding underlying biochemical mechanisms
associated with toxicity induced by xenobiotics (exogenous chemicals). In some
cases, however, toxic effects that are not detected in humans are observed in ani-
mal studies. Many potential factors may contribute to differences between results
of controlled animal studies and effects observed in humans. The following are
among the most important:

» Physiologic differences. Laboratory animals are not miniature humans.
Depending on the biologic process under investigation, a particular test
species may match the human system more closely and so be a better
experimental model.

» Magnitude of exposure. Often the TCDD exposure used for animal stud-
ies has been many orders of magnitude higher than Vietnam veterans are
likely to have received during military service.

* Duration of exposure. Although TCDD is a persistent organic pollutant,
animal studies seldom examine chronic low-level exposure that occurs
over a period of years or even many months.

» Timing of exposure. It is well known that many organ systems are highly
susceptible to xenobiotic exposure during critical stages of development,
such as gestation; the response of some systems (such as the immune
system) may also depend on the timing of exposure to antigens relative
to the timing of exposure to xenobiotics such as TCDD.

» The route of exposure. Route of exposure by which an exogenous agent
enters an organism may influence the nature of any toxic response elic-
ited. The outcomes of animal studies may be perturbed by the delivery
of treatment doses by “unnatural” routes of exposure such as a bolus by
gavage or intraperitoneal injection, but route of exposure does not seem
to be a major reason why results of epidemiology studies may not agree
with the findings of controlled studies for the COIs considered in the VAO
series.

« Other genetic susceptibilities. The etiologies of most diseases in humans
and in animals are likely to be influenced by numerous genes and to in-
volve complex gene—environment interactions, and preliminary evidence
suggests that TCDD can induce epigenetic modifications of an organism’s
DNA that may alter future expression of the genome.

» Sex differences. There are well-known differences between male and
female animals in susceptibility to xenobiotic exposures, some of which
are modified by sex steroids.
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e Prior and recurring exposures to multiple sources. Humans are ex-
posed to xenobiotics from multiple sources throughout their lifetime.

« Complex mixtures. Most xenobiotic exposures occur in complex mix-
tures; the makeup of these mixtures can influence the ultimate toxic
effects heavily. In addition to dietary modulation of response to other ex-
posures of both humans and animals, human metabolism is perturbed by
dietary supplements, prescription and over-the-counter pharmaceuticals,
and other factors (such as cigarette-smoking and ambient pollution).

 Stress. Stress—of known or unknown origin—is a well-known modifier
of human disease responses (such as immune responses); stress is an ever-
present variable that is difficult to assess or control for in epidemiologic
studies because there is substantial individual variation in response to it
(Cohen et al., 2007).

The absence of evidence of biologic plausibility from toxicology studies, how-
ever, does not rule out the possibility of a biologic relationship. In fact, cases in
which the epidemiologic evidence is strong but toxicologic support is lacking
often drive new toxicology research.

As noted in VAO, not only is information on biologic plausibility one of
the primary elements in the oft-cited list of factors that have rather imprecisely
become known as the Bradford Hill (1965) “criteria” for causality (discussed
in more detail at the end of this chapter); insights about biologic processes also
inform whether an observed pattern of statistical association might be interpreted
as the product of more than error, bias, confounding, and chance. The committee
used toxicologic information in that fashion and placed the information before its
synthesis and conclusion to provide readers with a more coherent argument for
its ultimate conclusion about the adequacy of the available evidence to support
the existence of a particular association.

EVALUATION OF THE EVIDENCE

Scientifically relevant associations between exposures to the COIs and
specific health outcomes are determined through an analysis of available epide-
miologic studies that is informed by an understanding of the toxicology of the
chemicals and their exposure pathways. In reaching conclusions, VAO commit-
tees consider the nature of the exposures, the nature of the health outcomes, the
populations exposed, and the quality of the evidence examined. Some specific
issues that this and prior committees have considered are addressed below.

Human Studies

The committee reviewed studies of Vietnam veterans and of other popula-
tions that might have been exposed to the COIs. The other populations factored
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into the committee’s evaluation included cohorts of workers in chemical pro-
duction and agriculture and populations residing near sites of environmental
contamination. The committee believes that studies of such nonveteran subjects
can help in the assessment of whether the COIs are associated with particular
health outcomes. As noted above in describing the literature search, studies
of nonveteran subjects were identified because one of the COIs was specified
by the original researchers as presenting a possible toxic exposure rather than
on the basis of occupational definitions. Some of the studies provide stronger
evidence about health outcomes than do studies of veterans because exposures
were measured sooner after occurrence and were more thoroughly characterized
than has been the case in most studies of veterans. Furthermore, in the studies of
workers in chemical-production plants, the magnitude and duration of exposure
to the chemicals were generally greater, so the likelihood that any possible health
consequence would be manifested was greater. The studies were often large
enough to examine health risks among groups of people that had different levels
of exposure, so dose-response relationships could be investigated. The general
practice of VAO committees has been to evaluate all studies, whether or not their
subjects were Vietnam veterans, according to the same criteria in determining the
strength and validity of findings. Because studies of Vietnam veterans address the
very population of concern to the legislation that mandated the present review,
demonstrations of increased incidence of particular health outcomes among them
are of unquestionable pertinence in drawing conclusions.

The committee has concluded that it would be inappropriate to use quan-
titative techniques, such as meta-analysis, to combine individual study results
into a single summary measure of statistical association. The committee reached
that conclusion because of the many differences among studies in definitions of
exposure, health outcomes considered, criteria for defining study populations,
correction for confounding factors, and degree of detail in reporting results. The
appropriate use of meta-analysis requires more methodologic consistency among
studies, especially in the definition of exposure, than is present in the literature
that the committee reviewed (Egger et al., 2002; Petitti, 2000). A detailed dis-
cussion of the results of individual studies in appropriate categories (Vietnam-
veteran, occupational, or environmental exposure; and exposure to Agent Orange
or equivalent dioxin-contaminated phenoxy herbicides, to dioxin, to phenoxy
herbicides without dioxin contamination, to cacodylic acid, or to picloram) with a
thorough examination of each study’s strengths and weaknesses is fully informa-
tive without making unfounded assumptions of homogeneity.

In general, VAO committees have not considered case reports, case series, or
other published studies that lacked control or comparison groups. An exception
has been made, however, for early-onset peripheral neuropathy; individual case
reports were reviewed because the rapid appearance and frequently transient na-
ture of the condition impose methodologic constraints that might have precluded
the application of standard epidemiologic techniques.

Because any effect of Agent Orange in individuals or groups of veterans is
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evaluated in terms of disease or medical outcome, attention to disease classifica-
tion was important to the committee in assembling pertinent data from various
investigations related to a particular outcome before integrating the information.
The researchers who conducted the studies that the committee reviewed faced
the same challenge in interpreting the available documentation when assigning
diagnostic labels to given subjects and then grouping the labels for analysis.

Pathologists, clinicians, and epidemiologists use several classification sys-
tems, including the International Classification of Diseases (ICD): the Interna-
tional Classification of Diseases, Ninth Revision (ICD-9), Clinical Modification
(ICD-9-CM), and the International Classification of Diseases for Oncology, all
developed under the auspices of the WHO. The 10th revision of ICD (ICD-10) is
currently used to classify mortality information. Most of the subjects investigated
in the studies cited in the VAO updates were diagnosed under earlier systems,
and most of the articles report results in accordance with ICD-9 if they use ICD
codes at all, so VAO committees have retained the use of ICD-9. ICD codes are
a hierarchic system for indicating type of disease and site. For example, ICD-9
162 specifies cancers of the lung, trachea, or bronchus; 162.2, cancer of a main
bronchus; 162.3, cancer of an upper lobe; 162.4, cancer of a middle lobe; and
162.5, cancer of a lower lobe.

For a patient to receive a correct cancer diagnosis, careful staging of the
extent of disease is necessary, and a biopsy of the tissue must be analyzed with
microscopy, often with special immunohistochemical stains, to confirm a clini-
cal impression. Many of the epidemiologic studies reviewed by VAO commit-
tees have not used the ICD approach to classification of disease and have relied
instead on clinical impression alone. Death-certificate diagnoses are notoriously
inaccurate if the certificates are completed by medical officers who are not fa-
miliar with the decedents’ medical history (Smith Sehdev and Hutchins, 2001).
Self-reported diagnoses, which are obtained from survey questionnaires, often
are partially or completely inaccurate; for instance, a patient may report hav-
ing been treated for stomach cancer although the correct diagnosis was gastric
adenocarcinoma, gastric lymphoma, pancreatic cancer, large bowel cancer, or
peritoneal cancer.

Many epidemiologic studies report disease outcome by organ system. For
instance, the term digestive system may be used for conditions that are benign or
malignant and that affect the esophagus, stomach, liver, pancreas, small bowel,
large bowel, or rectum. Therefore, if a report indicated that a cohort has an in-
creased incidence of digestive system cancer, it would be unclear whether the
association was attributable to excess cases of esophageal, gastric, hepatic, pan-
creatic, or intestinal cancers or to some combination thereof. Such generalization
is complicated by the fact that the cause of cancer may differ between anatomic
sites. For instance, there are strong associations between Helicobacter pylori
infection and gastric cancer, between smoking and squamous cell carcinoma of
the esophagus, and between chronic hepatitis B infection and hepatic cancer. Fur-
thermore, a single site may experience a carcinogenic response to multiple agents.
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The committee recognizes that outcome misclassification is a possibility
when recording of a diagnosis with a specific ICD code is used as the means of
entering an observation into an analysis, but this system has been refined over
many decades and is virtually universally used and understood, in addition to
being exhaustive and explicit. Therefore, this and previous VAO committees
have opted to use the ICD system as an organizing tool. Although the groupings
of cancer sites for which conclusions about association have been presented
may correspond more closely with National Institute for Occupational Safety
and Health or National Cancer Institute Surveillance Epidemiology and End
Results categories (see Appendix C), the underlying ICD codes provide the most
exactitude. In this report, ICD codes appear almost exclusively in the introduc-
tory sections of health-outcome discussions (particularly for cancers) to specify
precisely what outcome the committee is addressing and, when possible, in the
results table to indicate exactly what the primary researchers believed that they
were investigating. (See Appendix C for cancer groupings with corresponding
ICD-9 and ICD-10 codes.)

Rare diseases, such as hairy-cell leukemia and tonsil cancer, are difficult to
study because it is hard to accumulate enough cases to permit analysis. Often,
the result is that observed cases are included in a broader, less specific category.
Thus, epidemiologic data may not be available for assessing whether a particu-
lar rare disease is associated with Agent Orange exposure. In some instances,
such as chronic lymphocytic leukemia and AL amyloidosis, VAO committees
have reached conclusions on the basis of the data available and the etiology of
the disease. Through systematic application of the hierarchic nature of the ICD
coding system, committees intend to draw, for every type of cancer, an explicit
conclusion about the adequacy of available evidence to support an association
between herbicide exposure and that type of cancer. For nonmalignant condi-
tions, however, the diversity of disease processes involved makes the use of
broad ICD ranges less useful, but, because VAO committees could not possibly
address every rare nonmalignant disease, they do not draw explicit conclusions
about diseases that are not discussed. Thus, the category of “inadequate or insuf-
ficient evidence to determine an association” is the default or starting point for
any health outcome; if a condition or outcome is not addressed specifically, it
will be in this category.

The committee is aware of the concerns of some veterans about the role
of herbicide exposure in the occurrence of multiple health outcomes, such as
multiple cancers, in a given person. Little research has been done to address
whether the rate of concurrence is greater than would be expected by chance. Si-
multaneous analysis of multiple health outcomes could potentially provide more
insight into whether the chemicals of interest cause multiple health effects, into
competing risks among various health outcomes, and into the interactive effects
of health outcomes; but addressing health conditions individually has remained
challenging.
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VAO committees wanted to be clear in indicating what evidence is factored
into their conclusions. The practice in the VAO reports has been to augment the
results table for a given health outcome with any additional publications consid-
ered in the current update in the categories of Vietnam-veteran, occupational, or
environmental studies. Inclusion of sequential sets of results from followups of
a study population has the potential to create the appearance of a greater weight
of evidence than is warranted, so Update 2006 and Update 2008 used italicized
citations in results tables to indicate that results had been superseded. The com-
mittee for Update 2010 did not want to convey the notion that earlier findings
were of no importance. In an effort to get a comprehensive and comprehensible
picture of the history of each study population, the committee for Update 2010
decided to abandon the sequential entries by update that had been used in the
results tables since Update 1996. The format adopted in the last update for the
results tables is a refinement of the cohort-based approach that was introduced
in Update 2006 for cardiovascular diseases. To facilitate the reader’s locating the
discussion of the characteristics of particular study populations and the attributes
of the publications based on them, the order of studies in the results tables cor-
responds to their presentation in Chapter 6. The main categorization of veteran,
occupational, and environmental cohort studies and case-control studies has been
retained in both instances. In an effort to provide a coherent picture of the oc-
currence over time of a specific health outcome in a given study population, the
current committee has shifted its emphasis away from individual publications by
moving the citation that was the source of a particular finding to the right-most
column in the results tables.

An issue related to evidence evaluation that was of concern for the Update
2006 committee was the evidence category of “no association.” That commit-
tee determined that a conclusion of no association would require substantive
evidence of such a lack of effect of each of the chemicals of interest. Given the
paucity of available information on cacodylic acid and picloram, that conclusion
would seem suspect even if substantial evidence uniformly supported a finding of
no association both with exposure to the phenoxy herbicides and with exposure
to TCDD. Later committees have concurred in that determination and adopted a
similar approach to the placement of health outcomes in this category.

Exposure Assessment

Much of the evidence that VAO committees have considered has been drawn
from studies of populations that were not in Vietnam during the period when
Agent Orange and other herbicides were used as defoliants. The most informative
of those studies were well-documented investigations of occupational exposures
to TCDD or specific herbicides, such as 2,4-D and 2,4,5-T. In many other stud-
ies, TCDD exposure was combined with exposures to an array of “dioxin-like”
compounds, and the herbicides were often analyzed as members of a functional
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class; this is less informative for the committee’s purpose than individual results
on a specific compound. In the real-world situations investigated in epidemio-
logic studies, exposure to multiple possibly toxic chemicals is the rule rather
than the exception; for example, farmers and other agricultural populations are
likely to be exposed to insecticides, fungicides, and herbicides. In such studies,
the committee looked for evidence of health effects that are associated with the
specific compounds in the defoliants used in Vietnam and sought consideration
of and adjustment for other possibly confounding exposures.

The quality of exposure information in the scientific literature reviewed by
this and previous VAO committees varies widely. Some studies relied on inter-
views or questionnaires to determine the extent and frequency of exposure. Such
self-reported information generally carries less weight than would more objec-
tive measures of exposure. The strength of questionnaire-based information as
evidence of exposure is enhanced to the extent that the information can be cor-
roborated or validated by other sources. Written records of chemical purchase or
production can provide one type of objective information. Even more useful are
scientific measurements of exposure. In some occupational studies, for example,
workers wear air-sampling instruments that measure the concentration of a con-
taminant in each worker’s breathing zone. Measurement of chemicals or their
products in such biologic specimens, as blood and urine can provide reliable
indications of exposure for specific periods. Studies that categorize exposure from
well-documented environmental sources of contaminants can be useful in the
identification of exposed populations, but their results may be inaccurate if people
with different magnitudes of exposure are assigned to the same general category
of exposure. Studies that explore environmental exposure and disease frequency
in regional populations (such as states and counties) are known as ecologic stud-
ies. Most ecologic studies are considered preliminary or “hypothesis-generating”
studies because they lack information on exposure and disease on an individual
basis and are unable to address potential confounding factors.

Chapter 3 of this update addresses issues of exposure estimation in more de-
tail. The agent of interest may be assessed with various degrees of specificity. For
instance, any of the four herbicides in question could be individually measured,
and phenoxy herbicides would be a useful broader category for 2,4,5-T and 2,4-
D; but a report of findings in terms simply of “herbicides” is only on the margin
of being informative, and results stated in terms of “pesticides” are too vague
to be useful. For a given chemical of interest, the measure of exposure may be
increasingly imprecise—for example, concentrations in target tissue, serum con-
centrations, cumulative exposure, possible exposure, and so on down to merely a
report of service in a job or industry category. Those approaches can address com-
plexities in specificity, duration, and intensity of exposure with various degrees
of success. All may provide some information about association with a chemical
of interest, but this committee has determined that investigation of associations
between an exposure of concern and most health outcomes has reached the stage
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where some characterizations of exposure are too nonspecific to promote insight.
For health outcomes with little evidence, a somewhat looser criterion would ap-
ply so that no possible signal of an association would be overlooked.

Animal and Mechanistic Studies

Animal models used as surrogates for the study of a human disease must
reproduce, with some degree of fidelity, the manifestations of the disease in
humans. However, a given effect of an exposure in an animal species does not
necessarily establish its occurrence in humans, nor does an apparent absence of
a particular effect in animals mean the effect could not occur in humans. In addi-
tion to possible species differences, many factors affect the ability to extrapolate
from results of animal studies to health effects in humans. Animals used in ex-
perimental studies are most often exposed to purified chemicals, not to mixtures.
Even if herbicide formulations or mixtures are used, the conditions of exposure
might not realistically reproduce human exposures that occur in the field. Further-
more, Vietnam veterans were exposed to other agents—such as tobacco smoke,
insecticides, therapeutics, drugs, diesel fumes, and alcohol—that may increase
or decrease the ability of chemicals in herbicides to produce a particular adverse
health outcome. Few, if any, studies either in humans or in experimental animals
have examined those interactions.

As discussed in Chapter 4, TCDD is thought to be responsible for many of
the toxic effects of the herbicides used in Vietnam. Attempts to establish cor-
relations in the effects of TCDD between experimental systems and humans are
particularly problematic because of known species-, sex-, and outcome-specific
differences in susceptibility to TCDD toxicity. Some data indicate that humans
might be more resistant than are other species to TCDD’s toxic effects (Ema et
al., 1994; Moriguchi et al., 2003); other data suggest that, for some outcomes,
human sensitivity could be the same as or greater than that of some experimental
animals (DeVito et al., 1995). Differences in vulnerability may also be affected
by variations in the rate at which TCDD is eliminated from the body (see Chapter
4 for details on the toxicokinetics of TCDD). Although degree of susceptibility is
generally thought to be an inherent biological response, it can be influenced by
life stage, past history, co-exposures, etc.

It is important to account for TCDD’s mode of action in considering spe-
cies and strain differences. There is a consensus that most of the toxic effects of
TCDD involve interaction with the AHR, a protein that binds TCDD and some
other aromatic hydrocarbons with high affinity, although it is now recognized that
the AHR performs actions other than just that of a transcriptional enhancer, such
as having a role in rapid signal transduction. Formation of an active complex that
involves the intracellular receptor, the ligand (the TCDD molecule), and other
proteins is followed by interaction of the activated complex with specific sites on
DNA. That interaction can alter the expression of genes involved in the regulation
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of cellular processes. The development of mice that lack the AHR has helped to
establish a definitive association between the AHR and TCDD-mediated toxicity.
The affinity of TCDD for the AHR is species- and strain-specific, and responses
to binding of the receptor vary among cell types and developmental stages. In
addition, genetic differences in the properties of the AHR are known in human
populations, as they are in laboratory animals, so some people would be at in-
trinsically greater or less risk for the toxic effects of TCDD.

Although studying AHR biology in transformed human cell lines minimizes
the inherent error associated with species extrapolations, caution must be exer-
cised because it is still not clear to what extent toxicity is affected by the trans-
formation itself or by the conditions under which cell lines are cultured in vitro.
Furthermore, humans have AHR with differing affinities for dioxin, so a single
transformed human cell line will not accurately reflect the responses observed in
the entire human population.

Publication Bias

Some studies are more likely to be published than others. That is the concept
of publication bias, which has been documented in biomedical research (Song
et al., 2000; Stern and Simes, 1997). Most commonly, bias can be introduced
when studies whose hypotheses are supported by statistically significant results
or that are otherwise deemed favorable by their authors are selectively submitted
for publication. In addition, papers with “interesting findings” may be of more
interest to journal editors and reviewers and thus be more likely to be accepted for
publication after submission. Conversely, “negative” studies, in which the hypoth-
eses being tested are not supported by the study findings, often go unpublished.
Investigators employed by industry may be inhibited from submitting findings
that have potential legal or economic ramifications.

Thus, conclusions about associations between exposure and outcome that
are based solely on published results could be subject to bias. Despite that, the
committee does not believe that its conclusions have been unduly affected by
publication bias, for two reasons: the extensive publicity surrounding the pos-
sibility of health effects associated with the herbicides used in Vietnam has cre-
ated considerable pressure to publish all findings on the subject, and the many
published studies assembled and reviewed contain among their results the full
range of possible statistical associations, from convincingly negative through
indeterminate to strongly positive.

Role of Judgment

This committee’s process of reaching conclusions about statistical associa-
tions involved more than a formulaic application of quantitative procedures to the
assembled evidence. First, the committee had to assess the relevance and validity
of individual reports. Then, it had to evaluate the possible influences of mea-
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surement error, selection bias, confounding, and chance on the reported results.
Next, the committee integrated all the evidence within and among diverse fields
of research. Finally, the conclusions drawn were based on consensus within the
committee. Those aspects of the committee’s review required thoughtful consid-
eration of alternative approaches at several points and could not be accomplished
by adherence to a narrowly prescribed formula.

The realized approach, as described here, has been determined to a large
extent by the nature of the exposures, of the health outcomes, and of the resulting
evidence available for examination; therefore, it has evolved in the course of the
work of this and previous VAO committees. The quantitative and qualitative pro-
cedures underlying the present review have been made as explicit as possible, but
ultimately the conclusions about association expressed in this report are based on
the committee’s collective judgment. The committee has endeavored to express
its judgments as clearly and precisely as the data allowed.

In delivering the charge to the committee for Update 2010, VA’s representa-
tive requested that the committee delineate, for health outcomes found to have
some evidence supporting statistical association, how well each of the factors that
make up the so-called Bradford Hill criteria for causality (Hill, 1965) has been
satisfied. It was thought that having a scientific perspective on the extent to which
those factors, in addition to biologic plausibility, were met would facilitate the
Secretary of Veterans Affairs in making a policy decision concerning a presump-
tive relationship of any new health outcome to exposure to the herbicides used
by the military in Vietnam.

The committee for Update 2010 was uniformly and strongly of the opinion
that execution of a checklist of the Hill criteria would not be an appropriate ap-
proach for fulfilling its charge, and the current committee is in complete agree-
ment with the decision of the previous committee. The list of issues that Hill
discussed are not a definitive set of factors to be addressed in evaluating whether
a collection of evidence supports causality. The nine aspects of a statistical as-
sociation noted by Hill (1965)—strength, consistency, specificity, temporality,
biologic gradient, plausibility, coherence, experiment, and analogy—to contribute
to a finding of causality vary in the importance that might be assigned to them,
but none is sufficient, and only temporality (that the cause precedes the effect)
is necessary. Philosophers of science have established that a set of sufficient cri-
teria for causality does not exist (Rothman and Greenland, 1998). Citing Weed
and Gorelick (1996) and Holman et al. (2001), Rothman et al. (2008) noted that
“epidemiologists have not agreed on a set of causal criteria or on how to apply
them [emphasis in orginal]. . . . The typical use of causal criteria is to make a
case for a position for or against causality that has been arrived at by other, un-
stated means.” The establishment of causality is not an absolute or discrete (or
necessarily permanent) state. The Hill criteria have often been used as a point of
reference in addressing the subject of causation in evaluating possible environ-
mental harms, but even in theoretical and optimal circumstances scientists have
not derived a definitive algorithm for establishing causality. The extent to which a
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relationship is judged to be causal entails many subjective elements involving the
universe of information considered and the weight accorded to each evidentiary
component considered. Furthermore, with regard to chronic diseases, causality
is rarely limited to a single factor.

For those reasons, the committee for Update 2010 did not adopt the sugges-
tion to perform what would be in effect a checklist approach to distilling evidence
concerning underlying causality for any observed statistical association between
a human health effect and exposure to the components of the herbicides sprayed
in Vietnam. The current committee also interprets its charge to be to summarize
the scientific evidence for consideration by the Secretary, whose role is to make
the policy decision of whether a contribution of herbicide exposure to the oc-
currence of an adverse health effect is likely enough to merit recognition as a
presumptive condition.
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Exposure to the Herbicides Used in Vietnam

Assessment of human exposure continues to be a key element in addressing
two of the charges that guide the work of this committee. This chapter first pres-
ents background information on the military use of herbicides in Vietnam from
1961 to 1971 with a review of our knowledge of exposures of those who served
in Vietnam and of the Vietnamese population to the herbicides and to the con-
taminant 2,3,7,8-tetrachlorodibenzo-p-dioxin, which is referred to in this report
as TCDD (and commonly referred to as dioxin) and is the most toxic congener
of the tetrachlorodibenzo-p-dioxins. It then reviews several key methodologic
issues in human population studies: disease latency, possible misclassification
based on exposure, and exposure specificity required for scientific evaluation
of study results. Further discussion is presented to underscore the difficulties of
assessing exposure in the complex environment that characterized Vietnam dur-
ing the period of interest and to describe two modeling approaches that address
exposure of ground troops to Agent Orange and that lead to different conclusions.

Exposure of human populations can be assessed in a number of ways, includ-
ing use of historical information, questionnaires and interviews, measurements
in environmental media, and measurements in biologic specimens. Researchers
often rely on a mixture of qualitative and quantitative information to derive such
estimates (Armstrong et al., 1994; Checkoway et al., 2004). The most basic ap-
proach compares members of a presumably exposed group with the general popu-
lation or with a nonexposed group; this method of classification offers simplicity
and ease of interpretation. A more refined method assigns each study subject to
an exposure category—such as high, medium, or low exposure—and calculates
disease risk for each group separately and compares it with the risk for a refer-
ence or nonexposed group; this method can identify the presence or absence of
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an exposure—response trend. In some cases, more detailed information is avail-
able for quantitative exposure estimates that can be used to construct what are
sometimes called exposure metrics. The metrics integrate quantitative estimates
of exposure intensity (such as chemical concentration in air or extent of skin
contact) with exposure duration to produce an estimate of cumulative exposure.
Exposure also can be assessed by measuring chemicals and their metabolites in
human tissues. Such biologic markers of exposure integrate absorption from all
exposure routes, but their interpretation requires knowledge of pharmacokinetic
processes. All those exposure-assessment approaches have been used in studies
of Vietnam veterans.

MILITARY USE OF HERBICIDES IN VIETNAM

Military use of herbicides in Vietnam took place from 1962 through 1971.
Tests conducted in the United States and elsewhere designed to evaluate defo-
liation efficacy were used to select specific herbicides (IOM, 1994; Young and
Newton, 2004). Four compounds were used in the herbicide formulations in Viet-
nam: 2,4-dichlorophenoxyacetic acid (2,4-D), 2,4,5-trichlorophenoxyacetic acid
(2,4,5-T), 4-amino-3,5,6-trichloropicolinic acid (picloram), and dimethylarsinic
acid (cacodylic acid). The chemical structures of those compounds are presented
in Chapter 2 (see Figure 2-1). The herbicides were used to defoliate inland
hardwood forests, coastal mangrove forests, cultivated lands, and zones around
military bases. In 1974, a National Resource Council committee estimated the
amount of herbicides sprayed from helicopters and other aircraft by using records
gathered from August 1965 through February 1971 (NRC, 1974). That commit-
tee calculated that about 18 million gallons (about 69 million liters) of herbicide
was sprayed over about 3.6 million acres (about 1.5 million hectares) in Vietnam
in that period. The amount of herbicides sprayed on the ground to defoliate the
perimeters of base camps and fire bases and the amount sprayed by Navy boats
along riverbanks were not estimated.

A revised analysis of spray activities and exposure potential of troops
emerged from a study overseen by a committee of the Institute of Medicine
(IOM, 1997, 2003a,b). That work yielded new estimates of the amounts of mili-
tary herbicides used in Vietnam from 1961 through 1971 (Stellman et al., 2003a).
The investigators reanalyzed the original data sources that were used to develop
herbicide-use estimates in the 1970s and identified errors that inappropriately
removed spraying missions from the dataset. They also added new data on spray-
ing missions that took place before 1965. Finally, a comparison of procurement
records with spraying records found errors that suggested that additional spraying
had taken place but gone unrecorded at the time. The new analyses led to revision
of estimates of the amounts of the agents applied, as indicated in Table 3-1. The
new research effort estimated that about 77 million liters were applied, about 9
million liters more than the previous estimate.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/18395

Veterans and Agent Orange: Update 2012

56

VETERANS AND AGENT ORANGE: UPDATE 2012

TABLE 3-1 Military Use of Herbicides in Vietnam (1961-1971)

Amount Sprayed

Concentration
of Active Years VAO Revised
Code Name  Chemical Constituents® Ingredient” Used® Estimate” Estimate®
Pink 60% n-butyl ester, 961-1,081 1961, 464,817L 50,312 L
40% isobutyl ester of g/L acid 1965 (122,792 sprayed;
2,4,5-T equivalent gal) 413,852 L
additional on
procurement
records
Green n-butyl ester of 2,4,5-T — 1961, 31,071 L 31,026 L on
1965 (8,208 gal) procurement
records
Purple 50% n-butyl ester of 2,4- 1,033 1962— 548,883 L 1,892,733 L
D, 30% n-butyl ester of g/L acid 1965 (145,000
2,4,5-T, 20% isobutyl ester  equivalent gal)
of 2,4,5-T
Orange 50% n-butyl ester of 2,4- 1,033 1965— 42,629,013 L 45,677,937
D, 50% n-butyl ester of g/L acid 1970 (11,261,429 L (could
2,4,5-T equivalent gal) include Agent
Orange II)
Orange II 50% n-butyl ester of 2,4- 910 g/L acid  After — Unknown;
D, 50% isooctyl ester of equivalent 1968 at least
24,5-T 3,591,000 L
shipped
White Acid weight basis: 21.2% By acid 1966— 19,860,108 L 20,556,525 L
triisopropanolamine salts weight, 240 1971 (5,246,502
of 2,4-D, 5.7% picloram g/L 2,4-D, 65 gal)
g/L picloram
Blue Cacodylic acid Acid, 65% 1962—- — 25,650 L
powder (dimethylarsinic acid) active 1964
sodium cacodylate ingredient;
salt, 70%
active
ingredient
Blue 21% sodium cacodylate Acid weight,  1964— 4,255952L 4,715,731 L
aqueous + cacodylic acid to yield 360 g/L 1971 (1,124,307
solution at least 26% total acid gal)
equivalent by weight
Total, all — — — 67,789,844 L 76,954,766
formulations (17,908,238 L (including
gal) procured)

Based on Stellman et al., 2003a.
"Based on data from MRI, 1967; NRC, 1974; Young and Reggiani, 1988.
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Herbicides were identified by the color of a band on 55-gallon shipping
containers and were called Agent Pink, Agent Green, Agent Purple, Agent Or-
ange, Agent White, and Agent Blue. Agent Green and Agent Pink were used
in 1961 and 1965, and Agent Purple in 1962—-1965. Agent Orange was used in
1965—-1970, and a slightly different formulation (Agent Orange II) probably was
used after 1968. Agent White was used in 1966—1971. Agent Blue was used in
powder form in 1962-1964 and as a liquid in 1964-1971. Agent Pink, Agent
Green, Agent Purple, Agent Orange, and Agent Orange II all contained 2,4,5-T
and were contaminated to some extent with TCDD. Agent White contained 2,4-D
and picloram. Agent Blue (powder and liquid) contained cacodylic acid. The
chlorinated phenoxy acids 2,4-D and 2,4,5-T persist in soil for only a few weeks;
picloram is much more stable, persisting in soil for years; and cacodylic acid is
nonvolatile and stable in sunlight (NRC, 1974). More details on the herbicides
used are presented in the initial IOM report, Veterans and Agent Orange: Health
Effects of Herbicides Used in Vietnam, referred to as VAO (I0OM, 1994).

TCDD IN HERBICIDES USED IN VIETNAM

TCDD is formed during the manufacture of 2,4,5-T in the following man-
ner: trichlorophenol (2,4,5-TCP), the precursor for its synthesis, is formed by the
reaction of tetrachlorobenzene and sodium hydroxide (see Figure 3-1a); 2,4,5-T
is formed when 2.,4,5-TCP reacts with chloroacetic acid (see Figure 3-1b); small
amounts of TCDD are formed as a byproduct of the intended main reaction (see
Figure 3-1b) when a molecule of 2,4,5-TCP reacts with the tetrachlorobenzene
stock (see Figure 3-1c) instead of with chloroacetic acid. In each step in the
reaction, a chlorine atom is replaced with an oxygen atom, and this leads to the
final TCDD molecule (NRC, 1974). In the class of compounds known as poly-
chlorinated dibenzo-p-dioxins (PCDDs), 75 congeners can occur, depending on
the number and placement of the chlorine atoms. Cochrane et al. (1982) noted
that TCDD had been found in pre-1970 samples of 2,4,5-TCP. Other PCDDs—
2,7-dichloro-dibenzo-p-dioxin and 1,3,6,8-tetrachloro-dibenzo-p-dioxin—were
measured in the same samples. The concentration of TCDD in any given lot of
2,4,5-T depended on the manufacturing process (FAO/UNEP, 2009; Young et
al., 1976).

The manufacture of 2,4-D is a different process: its synthesis is based on
dichlorophenol, a molecule formed from the reaction of phenol with chlorine
(NZIC, 2009). Neither tetrachlorobenzene nor trichlorophenol is formed during
this reaction, so TCDD is not normally a byproduct of the manufacturing process.
However, other, less toxic PCDDs have been detected in pre-1970 commercial-
grade 2,4-D (Cochrane et al., 1982; Rappe et al., 1978; Tosine, 1983). Cochrane
et al. (1982) found multiple PCDDs in isooctyl ester, mixed butyl ester, and
dimethylamine salt samples of 2,4-D. It has also been noted that cross-contam-
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a. Trichlorophenol, the precursor for the synthesis of 2,4,5-T, is formed by the reaction of
tetrachlorobenzene and sodium hydroxide (NaOH).

Cl Cl

cl ONa* + CICH,CO;

cl OCH,CO3Na*

al Cl

b. The herbicide 2,4,5-T is formed when a reactive form of trichlorophenol (2,4,5-trichlo-
rophenoxide) reacts with chloroacetic acid.

cl oo« a cl o al
Cl Cl Ci Cl Cl Cl
' Cl Cl
NaOH
i O Cl Cl Cl
o Cl '
c¢. TCDD is formed when a molecule of trichlorophenol reacts with its own precursor,
tetrachlorobenzene. Two intermediate steps are shown in this diagram. At each step, an
oxygen—carbon bond forms as a chlorine atom is released. This reaction does not occur
in the synthesis of 2,4-D because precursors with adjacent chlorines are not used in its

production.

FIGURE 3-1 TCDD formation during 2,4,5-T production.
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ination of 2,4-D with 2,3,7,8-TCDD occurred in the operations of at least one
major manufacturer (Lilienfeld and Gallo, 1989).

TCDD concentrations in individual herbicide shipments were not recorded
but were known to vary from batch to batch and between manufacturers. TCDD
concentrations in stocks of Agent Orange remaining after the conflict, which ei-
ther had been returned from South Vietnam or had been procured but not shipped,
ranged from less than 0.05 ppm to almost 50 ppm and averaged 2—3 ppm in two
sets of samples (NRC, 1974; Young et al., 1978). Comparable manufacturing
standards for the domestic use of 2,4,5-T in 1974 required that TCDD not be
present at over 0.05 ppm (NRC, 1974).

Data from Young and Gough were originally used to estimate the amount of
TCDD in the various herbicide formulations (Gough, 1986; Young, 1992; Young
et al., 1978). Young et al. (1978) estimated that Agent Green, Agent Pink, and
Agent Purple—used early in the program (through 1965)—contained 16 times the
mean TCDD content of the formulations used in 1965-1970, and mean TCDD
concentrations in Agent Pink and Agent Green were estimated at 66 ppm. Gough
(1986) estimated that about 167 kg of TCDD was sprayed in Vietnam over a
6-year period.

Later analysis by researchers at Columbia University benefited from access
to military spray records that had not been available earlier and has resulted in
substantial revisions of the estimates (Stellman et al., 2003a). The investigators
were able to incorporate newly found data on spraying in the early period of
the war (1961-1965) and to document that larger volumes of TCDD-containing
herbicides were used in Vietnam than had been estimated previously. They also
found the earlier estimates of TCDD contamination in the herbicide formulations
to be low, noting that the original estimates were based on samples at the lower
end of the distribution of concentration. They concluded that the mean TCDD
concentration in Agent Orange was closer to 13 ppm than to the earlier estimate
of 3 ppm. They therefore proposed 366 kg of TCDD as a plausible estimate of
the total amount of TCDD applied in Vietnam during 1961-1971.

EXPOSURE OF VIETNAM VETERANS

Determination of exposures of US military personnel who served in Vietnam
has been perhaps the greatest challenge in the study of health effects associated
with herbicides and TCDD. Some military personnel stationed in cities or on
large bases may have received little or no herbicide exposure, whereas troops
who moved through defoliated areas soon after treatment may have been exposed
through soil contact, drinking water, or bathing. Reliable estimates of the mag-
nitude and duration of such exposures are not possible in most cases, given the
lack of contemporaneous chemical measurements, the lack of a full understand-
ing of the movement and behavior of the defoliants in the environment, and the
lack of records of individual behaviors and locations. Consequently, most studies
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have focused on populations that had well-defined tasks that brought them into
contact with the agents. It is believed that the subjects of those studies, primar-
ily Air Force personnel involved in fixed-wing aircraft spraying activities (often
referred to as Operation Ranch Hand) and members of the US Army Chemical
Corps (ACC), may have had among the highest exposures. As described below,
exposures of ground troops are difficult to define, so this group has not been stud-
ied as intensively. In accord with Congress’s mandated presumption of herbicide
exposure of all Vietnam veterans, VAO committees have treated Vietnam-veteran
status as a proxy for some herbicide exposure when more specific exposure in-
formation is not available.

Exposure of Herbicide Handlers

Military personnel who came into direct contact with the herbicidal chemi-
cals through mixing, loading, spraying, and clean-up activities had relatively high
exposures to them. The US Environmental Protection Agency refers to such per-
sonnel as pesticide handlers and provides special guidance for preventing or mini-
mizing their exposure during those activities in its worker-protection standard
for pesticides (EPA, 1992). The number of US military personnel who handled
herbicides directly is not known precisely, but two groups have been identified as
high-risk subpopulations among veterans: Air Force personnel involved in Opera-
tion Ranch Hand and members of the ACC who used hand-operated equipment
and helicopters to conduct smaller-scale operations, including defoliation around
special-forces camps; clearing the perimeters of airfields, depots, and other bases;
and small-scale crop destruction (NRC, 1980; Thomas and Kang, 1990; Warren,
1968). Additional units and individuals handled or sprayed herbicides around
bases or lines of communication; for example, Navy river patrols were reported to
have used herbicides to clear inland waterways, and engineering personnel used
herbicides to remove underbrush and dense growth in constructing fire-support
bases. The latter groups have not been the subject of epidemiologic studies. The
herbicides used in Vietnam were not considered to present an important human
health hazard at the time, so few precautions were taken to prevent exposure of
personnel (GAO, 1978, 1979); that is, military personnel did not typically use
chemical-protective gloves, coveralls, or protective aprons, so substantial skin
exposure almost certainly occurred in these populations in addition to exposure
by inhalation and incidental ingestion (such as by hand-to-mouth contact).

The Air Force personnel who participated in Operation Ranch Hand were
the first Vietnam-veteran population to receive special attention with regard to
herbicide exposure. In the Air Force Health Study (AFHS), job and work history,
biomarkers, and health outcomes of members of this Operation Ranch Hand
cohort were contrasted with Air Force personnel who had served elsewhere in
Southeast Asia during the Vietnam era. The AFHS began in 1979 (IOM, 2006).
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The exposure index initially proposed relied on military spray records for the
TCDD-containing herbicides (Agent Orange, Agent Purple, Agent Pink, and
Agent Green); these records also helped to identify the members of the cohort.
The subjects were further characterized by military occupation, and exposure
in the cohort and the comparison group was evaluated through measurement of
TCDD in blood (serum) samples drawn in 1987 or later. A general increase in
serum TCDD was detected in people whose jobs involved more frequent handling
of herbicides, but there was no clear demarcation between the distributions of se-
rum TCDD concentrations in the Operation Ranch Hand subjects and those in the
comparison group (AFHS, 1991). Several methods for estimating herbicide expo-
sure of members of the cohort were developed on the basis of questionnaires and
focused on such factors as number of days of skin exposure, percentage of skin
area exposed, and the concentration of TCDD in the different herbicidal formula-
tions (Michalek et al., 1995). Most recent analyses of the AFHS data have relied
on serum TCDD concentration as the primary exposure metric for epidemiologic
classification (Kern et al., 2004; Michalek et al., 2001, 2003; Pavuk et al., 2003).
IOM has issued a comprehensive review of the AFHS with recommendations for
the use of the extensive data collected in the project (IOM, 2006).

Members of the ACC performed herbicide-spraying operations on the ground
and by helicopter and were thereby involved in the direct handling and distribu-
tion of Agent Orange and other herbicides in Vietnam. They were not identified
for detailed study of health effects related to herbicide exposure until the late
1980s (Thomas and Kang, 1990). An initial feasibility study recruited Vietnam
veterans and nondeployed Vietnam-era veterans from within the ACC (Kang et
al., 2001). Blood samples collected from 50 Vietnam veterans in 1996 showed
an association between reporting of spraying herbicides and higher serum TCDD
concentrations; this finding was confirmed in a followup study of a larger fraction
of the cohort (Kang et al., 2006).

Other veteran populations may also have been involved in handling Agent
Orange although probably to a small degree. As discussed in Young (2009), for
example, the Department of Defense (DOD) in 1971 initiated Operation PACER
IVY, which was responsible for removing stocks of Agent Orange from Vietnam
to Johnston Island in the central Pacific Ocean. Operation PACER IVY was the
responsibility of the 7th Air Force with assistance from Operation Ranch Hand
units and the ACC. PACER IVY procedures included identification of unused
herbicides, transport of the identified herbicides to a central location in Vietnam
for relabeling, and, for about half of the barrels, re-drumming before shipment.
Potential Agent Orange hot spots included central PACER IVY locations, such
as Du Nang, Bien Hoa, and to a small extent Phu Cat and Nha Trang airbases
(Young, 2006). Although this is not certain, exposures of Allied troops from
PACER IVY may have been low given that most of the relabeling, repackaging,
and handling of Agent Orange during PACER IVY was overseen and conducted
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by Chinese contractors, local Vietnamese, and the Vietnamese military. However,
spills of Agent Orange in the de-drumming and storage areas that contaminated
surrounding soils and asphalt were noted (Young, 2009), and suggested sources
of exposure. Other possible points of contamination for Vietnam-era veterans
include defoliation tests conducted in South Vietnam as part of Project AGILE;
ports in New Orleans, Louisiana; Baltimore, Maryland; Seattle, Washington;
Mobile, Alabama; and Gulfport, Michigan, which served as embarkation points
for shipping of Agent Orange to Vietnam; storage locations on Johnston Island,
where contamination could have occurred from re-drumming and maintenance of
drums that contained Agent Orange; and at-sea incineration of Agent Orange as
part of Operation PACER HO (Young, 2009). Because the Army of the Republic
of Vietnam (ARVN) was responsible for handling, transport, and storage of Agent
Orange from the time it was delivered to Vietnam until loading onto Operation
Ranch Hand aircraft, Agent Orange exposures of Allied troops during these pro-
cedures may have been negligible.

Exposure of Ground Troops

In light of the widespread use of herbicides in Vietnam for many years, it is
reasonable to assume that many military personnel were inadvertently exposed
to the chemicals of concern. In surveys of Vietnam veterans who were not part of
the Operation Ranch Hand or ACC groups, 25-55% believed that they had been
exposed to herbicides (CDC, 1989a). That view has been supported by govern-
ment reports (GAO, 1979) and reiterated by veterans and their representatives in
testimony to the VAO committees over the last several years.

In contrast with those reports and veteran testimony, Young and colleagues
provide evidence in a series of papers that is consistent with minimal exposures to
herbicides (Young et al., 2004a,b). They used data from unpublished military re-
cords and environmental-fate studies to argue that ground troops had little direct
contact with herbicide sprays and that TCDD residues in Vietnam had low bio-
availability, respectively. They also argued that direct exposures of ground troops
were relatively low because herbicide-spraying missions were carefully planned,
and spraying occurred only when friendly forces were not in the target area.

To resolve the issue, numerous attempts were made in the 1980s to character-
ize herbicide exposures of people who served as ground troops in Vietnam (CDC,
1988; Erickson et al., 1984; NRC, 1982; Stellman and Stellman, 1986; Stellman
et al., 1988). The efforts combined self-reports of contact with herbicides or
military service records with aerial-spray data to produce an “exposure oppor-
tunity index” (EOI). For example, Erickson et al. (1984) created five exposure
categories based on military records to examine the risks of birth defects among
the offspring of veterans. Those studies were conducted carefully and provided
reasonable estimates based on available data, but no means of testing the validity
of the estimates were available at the time.
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The search for a validation method led to the development of exposure bio-
markers in veterans. Initial studies measured concentrations of dioxin in adipose
tissue of veterans (Gross et al., 1984; Schecter et al., 1987). A study sponsored
by the New Jersey Agent Orange Commission was the first to link dioxin concen-
trations in adipose tissue to dioxin concentrations in blood (Kahn et al., 1988).
At the same time, the Centers for Disease Control (now the Centers for Disease
Control and Prevention) undertook what came to be called the Agent Orange Vali-
dation Study, measuring TCDD in the serum portion of blood from a relatively
large sample of Vietnam veterans and other Vietnam-era veterans (CDC, 1989b).
The study did not find a statistically significant difference in mean serum TCDD
concentrations between the groups: mean values in each group were about 4 parts
per trillion (ppt), and only two Vietnam veterans had concentrations greater than
20 ppt (CDC, 1988). A review of a preliminary report of the work by an advisory
panel established through the IOM concluded that the long lag between exposure
and the serum measurements (about 20 years) called into question the accuracy
of exposure classification based on serum concentrations. The panel concluded
that estimates based on troop locations and herbicide-spraying activities might
be more reliable indicators of exposure than serum measurements (IOM, 1987).

The report of the first VAO committee (IOM, 1994) proposed further work
on exposure reconstruction and development of a model that could be used to cat-
egorize exposures of ground troops. The committee cautioned that serum TCDD
measurements should not be regarded as a “gold standard” of exposure, that is,
as a fully accurate measure of herbicide exposure. Efforts to develop exposure-
reconstruction models for US Vietnam veterans are discussed later in this chapter.

One other effort to reconstruct exposure has been reported by researchers in
the Republic of Korea who developed an exposure index for Korean military per-
sonnel who served in Vietnam (Kim et al., 2001, 2003). The exposure index was
based on herbicide-spray patterns in military regions in which Korean personnel
served during 1964—-1973, time—location data on the military units stationed in
Vietnam, and an exposure score derived from self-reported activities during ser-
vice. The researchers were not successful in an attempt to validate their exposure
index with serum dioxin measurements.

Exposure of Personnel Who Had Offshore Vietnam Service

US Navy riverine units are known to have used herbicides while patrolling
inland waterways (IOM, 1994), and it is generally acknowledged that estuarine
waters became contaminated with herbicides and dioxin as a result of shoreline
spraying and runoff from spraying on land, particularly in heavily sprayed areas
that experienced frequent flooding. Thus, military personnel who did not serve on
land could have been among those exposed to the chemicals during the Vietnam
conflict. In recent years, there has been concern about dioxin exposure among
personnel who served offshore but within the territorial limits of the Republic of
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Vietnam. It has been hypothesized that in addition to possibly experiencing drift
from herbicide-spray missions, personnel on these ships that converted seawater
by distillation may have been exposed via drinking water. Those concerns were
heightened by findings from an Australian study (Muller et al., 2002) that showed
that TCDD could be enriched in a simulation of the potable-water distillation
process that was used on the US Navy and Royal Australian Navy ships during
the Vietnam War era. The National Academies convened the Blue Water Navy
Vietnam Veterans and Agent Orange Exposure Committee to address that specific
issue; its report (IOM, 2011) found that information to determine the extent of
exposure experienced by Blue Water Navy personnel was inadequate, but that
there were possible routes of exposure.

EXPOSURE OF THE VIETNAMESE POPULATION

As summarized by Constable and Hatch (1985), Vietnamese researchers
have made a number of attempts to characterize the herbicide exposure of resi-
dents of Vietnam in the process of trying to assess adverse reproductive out-
comes. Some compared residents of the South with residents of the unsprayed
North, and others endeavored to compare South Vietnamese people who lived in
sprayed and unsprayed villages as determined by observed defoliation. For evalu-
ating reproductive outcomes, pregnancy outcomes of North Vietnamese women
married to veterans who had served in South Vietnam were compared with those
of women whose husbands had not. In some cases, records of herbicide spraying
have been used to refine exposure measurements. In assessing infant mortality,
Dai et al. (1990) considered village residents to have been exposed if a herbicide
mission had passed within 10 km of the village center and classified exposure
further by length of residence in a sprayed area and the number of times that the
area reportedly had been sprayed.

A small number of studies have provided information on TCDD concentra-
tions in Vietnamese civilians who were exposed during the war (Schecter et al.,
1986, 2002, 2006). Dwernychuk et al. (2002) emphasized the need to evaluate
dioxin contamination around former air bases in Vietnam. They collected envi-
ronmental and food samples, human blood, and breast milk from residents of
the Aluoi Valley of central Vietnam. The investigators identified locations where
relatively high dioxin concentrations remained in soil or water systems. Soil
dioxin concentrations were particularly high around former airfields and military
bases where herbicides were handled. Fish harvested from ponds in those areas
were found to contain high dioxin concentrations. More recently, Dwernychuk
(2005) elaborated on the importance of “hot spots” as important locations for
future studies and argued that herbicide use at former US military installations
was the most likely cause of the hot spots. The Bien Hoa Air Base, considered a
hot spot because of the use of chemical defoliants around the base, was the focus
of a study that examined dioxin contamination in soils in Vietnam (Mai et al.,
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2007). The study found high soil concentrations but did not involve estimation
of the exposure of people who lived in the vicinity of the bases.

Several publications have reported environmental concentrations and body
burdens of dioxins in various areas throughout Vietnam (Brodsky et al., 2009;
Feshin et al., 2008; Hatfield Consultants, 2009a,b,c; Nhu et al., 2009; Saito et
al., 2010; Tai et al., 2011). Like previous publications, that by Tai et al. (2011)
reported that dioxin concentrations in breast milk were related to the residence
location of the mothers, with levels and total toxic equivalents (TEQs) highest in
areas where herbicides were stored and sprayed during the war. PCDD and PCDF
TEQ, for example, were about three times higher in the sprayed areas and four
times higher in the hot spots than in unsprayed areas. However, dioxin concen-
trations in breast milk, even in women who lived in sprayed areas or hot spots,
were lower than those documented in previous publications. The differences were
attributed to the fact that the study characterized dioxin in the general population
compared with the highly exposed populations of previous studies. Nevertheless,
the findings of Tai et al. (2011) were consistent with earlier findings that showed
pervasive exposure to dioxins more than a half-century after the Vietnam War.

Additional studies have addressed dioxin uptake in other contaminated en-
vironments. For example, Tohyama et al. (2011) assessed the exposure of 138
people, including 66 children 3—15 years old, who lived on dioxin-contaminated
soil (concentrations up to 6,800 ppt) in Tokyo, Japan, focusing on people who
were suspected of being exposed to the contaminated soil. For those at least 16
years old, the blood dioxin concentrations did not vary with the estimated level of
contamination and were higher (10 + 0.54 pg TEQ/g lipid) than those observed in
American Vietnam-era veterans, which averaged 4 ppt in both the deployed and
the nondeployed groups (CDC, 1988). For the children, however, the mean con-
centrations were 13 (£ 1.9) and 6.6 (£ 0.65) pg TEQ/g lipid (equivalent to ppt) for
the 3- to 6-year-olds and the 7- to 15-year-olds, respectively, and those who were
fed only breast milk had higher concentrations than did those fed a combination
of breast milk and formula or only formula. The range observed in the youngest
age group (0.94-46 pg TEQ/g lipid) bracketed the readings for all 138 subjects.

Demond et al. (2012) noted the results of the University of Michigan Dioxin
Exposure Study of 946 residents of the countries surrounding the Dow facilities
(Demond et al., 2008, Garabrant et al., 2009) and reviewed other studies that
measured concentrations in human serum arising from exposure to dioxin-con-
taminated soil. Their overall conclusion was that serum TCDD concentrations
did not directly reflect the degree of soil contamination; consumption of animal
products raised on the contaminated soil, however, was related to increases in
serum TEQs.

The above studies are not directly relevant to the present committee’s task,
but they may prove useful in future epidemiologic studies of the Vietnamese
population and in the development of risk-mitigation policies.
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MODELS FOR CHARACTERIZING HERBICIDE EXPOSURE!

The IOM, following up on the recommendations contained in the original
VAO report (IOM, 1994), issued a request for proposals seeking individuals and
organizations to develop historical exposure-reconstruction approaches suitable
for epidemiologic studies of herbicide exposure of US veterans during the Viet-
nam War (IOM, 1997). The request resulted in the project Characterizing Expo-
sure of Veterans to Agent Orange and Other Herbicides in Vietnam. The project
was carried out under contract by a team of researchers in Columbia University’s
Mailman School of Public Health. The Columbia University project integrated
various sources of information concerning spray activities and information on
locations of military units assigned to Vietnam, all compiled into a database, to
generate individualized estimates of the exposure potential of troops serving in
Vietnam (Stellman and Stellman, 2003)

“Mobility-factor” analysis, a new concept for studying troop movement, was
developed for use in reconstructing herbicide-exposure histories. The analysis is
a three-part classification system for characterizing the location and movement of
military units in Vietnam. It comprises a mobility designation (stable or mobile),
a distance designation (usually in kilometers) to indicate how far a unit might
travel in a day, and a notation of the modes of travel available to the unit (by
air, by water, or on the ground by truck, tank, or armored personnel carrier). A
mobility factor was assigned to every unit that served in Vietnam.

The data were combined into a geographic information system (GIS) for
Vietnam. Herbicide-spraying records were integrated into the GIS and linked
with data on military-unit locations to derive individual exposure-opportunity
scores. The results are the subject of reports by the contractor (Stellman and
Stellman, 2003) and the Committee on the Assessment of Wartime Exposure
to Herbicides in Vietnam (IOM, 2003a,b). A summary of the findings on the
extent and pattern of herbicide spraying (Stellman et al., 2003a), a description
of the GIS for characterizing exposure to Agent Orange and other herbicides in
Vietnam (Stellman et al., 2003b), and an explanation of the exposure-opportunity
models based on that work (Stellman and Stellman, 2004) have been published
in peer-reviewed journals. The publications have argued that it is feasible to
conduct epidemiologic investigations of veterans who served as ground troops
during the Vietnam War. The IOM later issued a report that examined the feasi-
bility of using the Agent Orange Reconstruction Model developed by Columbia
University (IOM, 2008). The report concluded that “despite the shortcomings of

ISince initial publication of this update and release of its findings, the IOM received a letter from
Ginevan et al. (2013) following up on their earlier correspondence (Ross and Ginevan, 2012) and
raising concerns about the discussion of the Stellmans’ EOI model and associated critiques. Their
letters, as well as one from Stellman and Stellman (2013), are available in the Public Access File for
this project. This ongoing dispute about modeling of Vietnam veterans’ exposure to herbicides played
no role in the conclusions reached by the committee for this update.
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the exposure assessment model in its current form and the inherent limitations
in the approach, the committee agreed that the model holds promise for support-
ing informative epidemiologic studies of herbicides and health among Vietnam
veterans and that it should be used to conduct studies.”

A pair of industry-sponsored papers that used a mathematical model of herbi-
cide dispersion and deposition from aerial spraying concluded that actual ground
deposition of Agent Orange was many orders of magnitude lower than that pre-
dicted by previous exposure estimations proposed for use in evaluating ground-
troop health effects (Ginevan et al., 2009a,b). The new papers first undertook a
quantitative evaluation of the Stellman EOI model (Stellman and Stellman, 2004,
Stellman et al., 2003a,b) recommended for possible use in an epidemiologic
evaluation of ground troops by IOM (2008). The new evaluation revealed fre-
quent and substantial inconsistencies in the calculated EOI that were based in part
on the use of a central equation “contrary to a large body of pesticide exposure
assessment practice,” the general imprecision of spray-flight path records, the use
of 1.2-km? exposure cells in the model, and “unknown computational errors” in
the model. The analyses demonstrated unexpected and unexplained 1,000-fold
differences in model output for sample flight paths that appear to be in all respects
equivalent. The authors proposed the use of the AgDRIFT Tier III model as a
more accurate and appropriate estimator of potential exposures for ground troops.
That model uses a combination of standard Lagrangian and Gaussian techniques
in combination with empirically derived information, such as aerosol penetration
through a forest canopy, to estimate ground-level exposure. The AgDRIFT Tier
IIT model is purportedly validated and used by the US Forest Service to plan
aerial application of various agents to forests. The AgDRIFT model predicts a
much smaller area under the spray path and Agent Orange concentrations lower
by several orders of magnitude than the EOI estimates for the same set of sample
flight paths. That effect is particularly pronounced at points distant from the spray
path; the AgDRIFT model predicts Agent Orange exposures up to 20 orders of
magnitude lower than the EOI model at a point 4 km away from the flight-path
centerline. Finally, the authors pointed out that the use of any exposure model for
ground troops will be severely limited by the imprecision of spatial and temporal
measures of troop movements.

Stellman and Stellman (2013) provided the committee with a letter submitted
to the editor of the Journal of Exposure Science and Environmental Epidemiol-
ogy in response to the critique of their model in Ginevan et al. (2009b); they
also provided supplemental material. In their letter, Stellman and Stellman, the
senior authors of the EOI model, question the validity of most, if not all, of the
Ginevan et al. (2009a,b) findings, citing serious errors regarding the paper’s use
of “incorrect data and its fundamentally incorrect and negative interpretations.”
The Stellmans, for example, noted several key errors in Ginevan’s reporting of
“E4 scores,” which were used as the basis of much of the Ginevan et al. critique
of the EOI model. Stellman and Stellman found that Ginevan et al. used in their
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analysis raw E4 scores, instead of the log-transformed E4 scores as used by the
Stellmans. As a result, variability in the EOI on the flight line as reported by Gi-
nevan et al. was artificially high; the Stellmans’ reports that a log-transform of the
E4 scores produces reasonable values that vary within 10% around the mean for
each mission. Furthermore, the Stellmans’ state that use of raw E4 scores leads to
a host of other incorrect assertions and theories, such as “their use of an incorrect
score of 60,791 for one point, when the true score is zero in our [the EOI] system.”

Given the lack of data to validate either model and the lack of an impartial
evaluation of both models by a third party, it is not possible for the committee to
ascertain the accuracy and precision of estimates from either model or the claims
of either Stellman and Stellman (2013) or Ginevan et al. (2009a,b). It should
also be noted that because the intent and outcomes of the two models differ
substantially, model results and interpretation are likely to differ. The Stellman
and Stellman model, for example, predicts potential exposure to troops on the
basis of military data on spray history and troop locations. The AgDRIFT Tier II1
model, in contrast, predicts ground concentrations and their spatial dispersion; by
design, the AgDRIFT model does not consider troop-location data. Many studies
have shown that the agreement and correlation between pollutant exposures and
concentrations can be poor, so it is not surprising that the results and interpreta-
tion of two models differ substantially, especially given command directives
that prohibited spraying when Allied troops were on the ground. The command
directives suggest that the opportunity for Vietnam veterans to be exposed would
be lowest in areas under the spray path, where concentrations would be highest.

Since Update 2010, Young and Cecil (2011) have published a review that
states that few, if any, ground-troop veterans were exposed to Agent Orange on
the basis of arguments made earlier (Young et al., 2004a,b). They also state that
the EOI model is flawed, given deficiencies in model assumptions concerning
spray operations and areas; information not considered by the model, such as
meteorologic characteristics; and command directives that prohibited spraying
when Allied troops were on the ground in the areas to be sprayed.

The issue of Allied troop presence during spraying is one of the central is-
sues in the debate regarding the use of the EOI model. The EOI model relied on
actual military data on spray history and troop locations, which, as pointed out
both by Stellman and Stellman (2004) and Young (2009), are limited in their
spatial and temporal resolution and accuracy. The accuracy of the records with
regard to missions flown, mission locations, number of gallons sprayed, among
other important information, was examined by MITRE Corporation (Heizer,
1971). MITRE reported that about 2% of the records were missing data, 6% of
the records had serious transcription or measurement errors, and 23% of records
that had complete data were off by 50% in the reported distance sprayed (Young,
2009). However, the overall quality of the data was found to be good and could
be improved with adjustments, as performed by Stellman (2003a,b) and others
(ESG, 1985; NRC, 1974). Whether the adjustments improved the quality of the
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military data is not known, but Young (2009) has criticized methods used to adjust
the records.

Nevertheless, the committee cannot dismiss EOI model findings solely on the
basis that command directives prohibited spraying, given that the EOI model is
based on actual military data. Inasmuch as the AgDRIFT and EOI models focus
on different outcomes, however, the committee does not recommend that one
model be used instead of the other for the purposes of epidemiologic studies, nor
does it advocate or discourage use of either the AgDRIFT or the EOI model in
epidemiologic studies. If either model is used in epidemiologic studies to predict
exposure, results should be interpreted in light of the model limitations noted.

The controversy surrounding the use of the EOI and AgDRIFT models points
to the difficulties inherent in assessing Agent Orange exposures of Vietnam
veterans. For Operation Ranch Hand and ACC cohorts, exposure assessment
is the most straightforward of all assessments of Vietnam veterans in that their
exposures to Agent Orange originate predominantly from one source and one ex-
posure route. Nevertheless, attempts to quantify their exposures, even at the level
of serum biomarkers of exposure, have been less than satisfactory. For ground
troops, who make up the largest group of concern, exposure assessment is con-
siderably more complex; multiple, dispersed sources of Agent Orange exposure
over multiple possible routes occurred over an extended period long ago. As a
result, few studies have characterized exposure beyond “in-theater” vs “not-in-
theater” comparisons. Considerable work, however, has been done by National
Academies committees and others to develop exposure assessments for ground
troops based on numbers, patterns, and timing of aerial spray missions combined
with troop-location information. Aerial spraying has been the focus of much of
the committee’s efforts given that 95% of Agent Orange used during the Vietnam
War was applied by aerial spraying (Stellman et al., 2003a,b).

Regardless, it is important to note that sole emphasis on aerial spraying as
an exposure source should be reconsidered. To ascribe a health effect to an expo-
sure in an epidemiologic study accurately, one must account for all sources and
routes of exposure—a concept now popularly termed total exposure assessment.
In the Vietnam theater, there were undoubtedly multiple sources and routes of
TCDD exposure of ground troops other than being directly under an aerial-spray
mission. The relative magnitudes of those sources and whether the aerial spray
route predominated are unknown and now probably unknowable. For instance,
troops in the field commonly collected drinking water from streams. Some of
those streams are still highly polluted with TCDD. Although the ultimate source
of the TCDD in the streams may have been aerial spraying, the concentration of
TCDD in the water would not necessarily correlate with spray-mission exposure
estimates and could conceivably far exceed the “direct exposure” estimates, de-
pending on the terrain, rainfall, timing of water collection, and other unknown
factors. The dynamic nature of TCDD released into the environment is largely
unknown quantitatively, so an exposure assessment that accounts for all sources
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of TCDD exposure is impossible. In addition, an assessment of total exposure
must include an understanding of coexposures that could confound TCDD expo-
sure analyses or otherwise directly account for an observed health effect. Studies
have not factored coexposures into health risk estimates.

METHODOLOGIC ISSUES IN EXPOSURE ASSESSMENT

Analyses of Vietnam-veteran studies have been an important source of in-
formation for understanding associations between the herbicides used in Vietnam
and specific health outcomes, but, as discussed in Chapter 2, the committee has
extended its review of the scientific literature to other populations whose expo-
sure could be estimated with greater accuracy. Those populations are discussed in
detail in Chapter 5. We focus here on several key methodologic issues that com-
plicate development of accurate estimates of exposure of the Vietnam-veteran
population and the other study populations discussed in this report: the latent
period between exposure and disease, exposure misclassification, and exposure
specificity.

Latency

The temporal relationship between exposure and disease is complex and
often difficult to define in studies of human populations. Many diseases do not ap-
pear immediately after exposure. Cancer, for example, might not appear for many
years after exposure. The time between a defined exposure period and the occur-
rence of disease is often referred to as a latent period (IOM, 2004). Exposures
can be brief (sometimes referred to as acute exposures) or protracted (sometimes
referred to as chronic exposures). At one extreme, an exposure can be the result
of a single event, as in an accidental poisoning. At the other extreme, a person
exposed to a chemical that is stored in the body may continue to experience
“internal exposure” for years even if exposure from the environment has ceased.
The definition of the proper time frame for duration of exposure constitutes a
challenge to exposure scientists.

Misclassification

Exposure misclassification in epidemiologic studies can affect estimates of
risk. A typical situation is in a case-control study in which the reported mea-
surement of exposure of either group or both groups can be misclassified. The
simplest situation to consider is one in which the exposure is classified into just
two levels, for example, “ever exposed” vs “never exposed.” If the probability
of exposure misclassification is the same in cases and controls (that is, nondif-
ferential), it can be shown that the estimated association between disease and
exposure is biased toward the null value; in other words, one would expect the
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true association to be stronger than the observed association. However, if the
probability of misclassification is different between cases and controls, bias in
the estimated association can occur in either direction, and the true association
might be stronger or weaker than the observed association.

The situation in which exposure is classified into more than two levels is
somewhat more complicated. Dosemeci et al. (1990) have demonstrated that in
that situation the slope of a dose-response trend is not necessarily attenuated to-
ward the null value even if the probability of misclassification is the same in the
two groups of subjects being compared; the observed trend in disease risk among
the several levels of exposure may be either an overestimate or an underestimate
of the true trend. Greenland and Gustafson (2006) have discussed the effect of
exposure misclassification on the statistical significance of the result, demon-
strating that if one adjusts for exposure misclassification when the exposure is
represented as binary (for example, ever exposed vs never exposed), the resulting
association is not necessarily more significant than in the unadjusted estimate.
That result remains true even though the observed magnitude of the association
(for example, the relative risk) might be increased.

Specificity

Incorporation of findings of studies of persons exposed to components of the
herbicides sprayed in Vietnam requires some decisions about their relative contri-
butions to the VAO project’s evidentiary database. Only a few herbicidal chemi-
cals were used as defoliants during the Vietnam conflict: esters and salts of 2,4-D
and 2,4,5-T, cacodylic acid, and picloram in various formulations. Many scientific
studies reviewed by the committee report exposures to broad categories of chemi-
cals rather than to those specific chemicals. The categories are presented in Tables
3-2 and 3-3 with their relevance to the committee’s charge. The information in
these tables has helped to guide the committee’s evaluation of epidemiologic
studies. Earlier VAO committees did not address the issue of exposure specificity
in exactly this manner. The committee for VAO and the first several updates gave
more weight to results that were based on job title (for example, “farmer” with
no additional information) than have the committees for the last four updates,
but they entirely excluded findings from the Yusho and Yucheng polychlorinated
dibenzofuran and biphenyl (PCDF and PCB) poisonings, whereas recent com-
mittees have considered studies that analyzed for dioxin-like PCDF and PCB
congeners and expressed the results in terms of TEQs. Nonetheless, those studies
that report TEQs based only on mono-ortho PCBs (which are PCBs 105, 114,
118, 123, 156, 157, 167, and 189) were given very limited consideration since
mono-ortho PCBs typically contribute less than 10% to total TEQs, based on the
World Health Organization revised TEFs of 2005 (La Rocca et al., 2008; van den
Berg et al., 2006).

Many studies have examined the relationship between exposure to “pesti-
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TABLE 3-2 Current Committee Guidance for the Classification of Exposure
Information in Epidemiologic Studies That Focus on the Use of Pesticides or
Herbicides, and Relevance of the Information to the Committee’s Charge to
Evaluate Exposures to 2,4-D and 2,4,5-T (Phenoxy Herbicides), Cacodylic
Acid, and Picloram

Specificity of Exposure Relevance to
Reported in Study Additional Information Committee’s Charge
Pesticides COIs were not used, or there was no additional Not relevant
information
COlIs were used Limited relevance
Herbicides COlIs were not used Not relevant
There was no additional information Limited relevance
COlIs were used Relevant
Phenoxy herbicides — Highly relevant
2.4-D or 2,4,5-T — Highly relevant
Cacodylic acid® — Highly relevant
Picloram — Highly relevant

NOTE: 2,4-D, 2.4-dichlorophenoxyacetic acid; 2,4,5-T, 2,4,5-trichlorophenoxyacetic acid; COI,
chemical of interest.

“None of the epidemiologic studies reviewed by the committee to date has specified exposure to
cacodylic acid.

cides” and adverse health outcomes, and others have used the category of “her-
bicides” without identifying specific chemicals. A careful reading of a scientific
report often reveals that none of the chemicals of interest (COIs) (that is, those
used in Vietnam, as delineated above) contributed to the exposures of the study
population, so such studies could be excluded from consideration. But in many
cases, the situation is more ambiguous. For example, reports that define exposure
in the broad category of “pesticides,” with no further information, have little rel-
evance to the committee’s charge to determine associations between exposures
to herbicides used in Vietnam and adverse health outcomes. Reports that define
exposure in the more restricted category of “herbicides” are of greater relevance
but are of little value unless it is clear from additional information that exposure
to one or more of the herbicides used in Vietnam occurred in the study popula-
tion—for example, if a published report indicates that the COIs were among the
pesticides or herbicides used by the study population, the lead author of the report
has been contacted and has indicated that the COIs were among the chemicals
used, the COlIs are used commonly for the crops identified in the study, or the
COls are used commonly for a specific purpose, such as removal of weeds and
shrubs along highways.
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TABLE 3-3 Current Committee Guidance for the Classification of Exposure
Information in Epidemiologic Studies That Focus on Exposure to Dioxin-Like
Chemicals and Relevance of the Information to the Committee’s Charge

Specificity of Exposure Relevance to
Reported in Study Additional Information Committee’s Charge
Dioxin-like chemicals ~ Exposure to PCBs or polychlorinated Limited relevance

dibenzofuran (PCDFs)

Dioxin-like chemicals ~ Results expressed in terms of (total) toxic Highly relevant
equivalent (TEQs) or concentrations of individual
congeners recognized as having dioxin-like

activity”
TCDD or mixture of Established on the basis of environmental Highly relevant
PCDDs sampling or work histories
TCDD or mixture of Concentrations in tissues of a subset of Very highly relevant
PCDDs participants (preferably soon after exposure)
TCDD or mixture of Concentrations in tissues of individual participants Most informative
PCDDs (preferably soon after exposure)

NOTE: PCB, polychlorinated biphenyl; PCDD, polychlorinated dibenzo-p-dioxin (highly chlorinated,
if four or more chlorines); PCDF, polychlorinated dibenzofurans; TCDD, 2,3,7,8-tetrachlorodibenzo-
p-dioxin; TEQ, toxicity equivalent.

“The values of toxic equivalency factors for individual dioxin-like chemicals, which are weighted
by concentration and summed to derive TEQs, are presented in Table 4-2.

Among the various chemical classes of herbicides that have been identified
in published studies reviewed by the committee, phenoxy herbicides, particularly
2,4-D and 2,4,5-T, are directly relevant to the exposures experienced by US
military forces in Vietnam. On the basis of the assumption that compounds with
similar chemical structure may have analogous biologic activity, information on
the effects of other chemicals in the phenoxy herbicide class—such as Silvex,
2-methyl-4-chlorophenoxyacetic acid, 2-(2-methyl-4-chlorophenoxy) propionic
acid (Mecoprop), and dicamba—has been factored into the committee’s delib-
erations with somewhat less weight. The very few epidemiologic findings on
exposure to picloram or cacodylic acid have been regarded as highly relevant.
The committee has decided to include many studies that report on unspecified
herbicides in the health-effects sections, and their results have been entered into
the health-outcome—specific tables; however, these studies tend to contribute
little to the evidence considered by the committee. The many studies that provide
chemical-specific exposure information are believed to be far more informative
for the committee’s purposes.

A similar issue arises in the evaluation of studies that document exposure to
dioxin-like compounds. Most “dioxin” studies reviewed by the committee have
focused on TCDD, but TCDD is only one of a number of PCDDs. The commit-
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tee recognizes that in real-world conditions exposure to TCDD virtually never
occurs in isolation and that there are hundreds of similar compounds to which
humans might be exposed, including other PCDDs, polychlorinated dibenzo-
furans (PCDFs), and PCBs. Exposure to TCDD is almost always accompanied
by exposure to one or more of the other compounds. The literature on the other
compounds, particularly PCBs, has not been reviewed systematically by the com-
mittee unless TCDD was identified as an important component of the exposure
or the risks of health effects were expressed in terms of TEQs, which are the
sums of toxicity equivalence factors for individual dioxin-like compounds as
measured by activity with the aryl hydrocarbon receptor (AHR). The commit-
tee took that approach for two reasons. First, exposure of Vietnam veterans to
substantial amounts of the other chemicals, relative to exposure to TCDD, has
not been documented. Second, the most important mechanism for TCDD toxicity
involves its ability to bind to and activate the AHR. Many of the other chemicals
act by different or multiple mechanisms, so it is difficult to attribute toxic effects
after such exposures specifically to TCDD. Furthermore, people’s environmental
exposures to dioxin-like chemicals and their non—dioxin-like counterparts are to
mixtures of components that tend to correlate, so it is not surprising that specific
chemicals measured in a person’s serum also tend to correlate; this means that it
will be difficult for epidemiologic studies to attribute any observed association to
a particular chemical configuration (Longnecker and Michalek, 2000). Analyses
in terms of TEQs circumvent that problem to some extent.
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Information Related to Biologic Plausibility

The committee reviewed all relevant experimental studies of 2,4-dichlo-
rophenoxyacetic acid (2,4-D), 2,4,5-trichlorophenoxyacetic acid (2,4,5-T),
4-amino-3,5,6-trichloropicolinic acid (picloram), dimethylarsinic acid (DMA,
also called cacodylic acid), and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) that
have been published since Update 2010 (I0OM, 2011) and has incorporated the
findings into this chapter when it is appropriate and into the biologic-plausibility
sections of Chapters 7-13 when they are of consequence for particular health
outcomes. For each substance, this chapter includes a review of toxicokinetic
properties, a brief summary of the toxic outcomes investigated in animal experi-
ments, and a discussion of underlying mechanisms of action as illuminated by
in vitro studies. The final section of this chapter presents two newly emerging
subjects of molecular and biologic science that provide novel insight into poten-
tial mechanisms of xenobiotic-induced disease and that may increase the biologic
plausibility of toxic actions of the herbicides sprayed in Vietnam.

Establishment of biologic plausibility through laboratory studies strengthens
the evidence of a cause—effect relationship between herbicide exposure and health
effects reported in epidemiologic studies and thus supports the existence of the
less stringent relationship of association, which is the target of this committee’s
work. Experimental studies of laboratory animals or cultured cells allow observa-
tion of effects of herbicide exposure under highly controlled conditions, which
is difficult or impossible to achieve in epidemiologic studies. Such conditions
include genetic differences between people, and frequency and magnitude of
exposure, exposure to other chemicals, and pre-existing health conditions, all of
which can be controlled in a laboratory animal study.

Once a chemical contacts the body, it becomes subject to the processes of
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absorption, distribution, metabolism, and excretion. The combination of those
four biologic processes determines the concentration of the chemicals in the
body and how long each organ is exposed to it and thus influences its toxic or
pharmacologic activity.

Absorption of a substance in an organism normally takes place by uptake into
the bloodstream from mucous surfaces, such as the intestinal walls of the diges-
tive tract during ingestion. Low solubility, chemical instability in the stomach,
and inability to permeate the intestinal wall can all reduce the extent to which
a substance is absorbed after being ingested. The solubility of a chemical in fat
and its hydrophobicity influence the pathways by which it is absorbed, its relative
potential to be metabolized (structurally transformed), and ultimately whether it
persists in the body or is excreted. Absorption is a critical determinant of a chemi-
cal’s bioavailability, that is, the fraction of it that reaches the systemic circulation.
In addition to ingestion, routes of exposure experienced by humans are inhalation
(entry via the airways) and dermal exposure (entry via the skin). Animal studies
may involve additional routes of exposure that are not ordinarily encountered by
humans, such as intravenous or intraperitoneal injection, in which a chemical is
injected into the bloodstream or abdominal cavity, respectively.

Distribution refers to the movement of a substance from the site of entry to
the tissues and organs where it may have its ultimate effect or be sequestered.
Distribution takes place most commonly via the bloodstream.

Metabolism is the breaking down that all substances begin to experience
as soon as they enter the body. For many foreign substances, the breakdown to
carbon dioxide and water is not complete and is more precisely referred to as
biotransformation. Most of this process takes place in the liver by the action of
enzymes, including cytochrome P450s, which catalyze the oxidative metabolism
of many chemicals. As metabolism occurs, the parent chemical is converted to
new chemicals called metabolites, which are often more water-soluble (polar) and
thus more readily excreted. When the resulting metabolites are pharmacologi-
cally or toxicologically inert, metabolism has deactivated the administered dose
of the parent chemical and thus reduced its effects on the body. Metabolism may
activate a chemical to a metabolite that is more potent or more toxic than it is.

Excretion is the removal of substances or their metabolites from the body,
most commonly in urine or feces, whereas elimination applies to the disappear-
ance of the parent molecule from the bloodstream. The rate of excretion of a
chemical from the body is often limited by the rate of metabolism of the parent
chemical into more water-soluble, readily excreted metabolites. Elimination is
often incomplete, especially in the case of chemicals that resist biotransformation,
and incomplete excretion results in the accumulation of foreign substances that
can adversely affect biologic functions. Elimination is first-order when its rate is
directly proportional to the amount of chemical then in the body, which would
also mean that the chemical’s half-life is independent of dose.

The routes and rates of absorption, distribution, biotransformation or me-
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tabolism, and excretion of a toxic substance collectively are termed toxicokinet-
ics (or pharmacokinetics for chemicals used as pharmaceutical agents). Those
processes determine the amount of a particular substance or metabolite that
reaches specific organs or cells and that persists in the body. Understanding the
toxicokinetics of a chemical is useful for valid reconstruction of exposure of
humans, but it is most important for assessing the risk of effects from exposure
to a chemical by determining the concentration of the active chemical in target
tissues. The principles involved in toxicokinetics are similar among chemicals,
although the degree to which different processes influence distribution depends
on the structure and other inherent properties of the chemicals. Thus, the lipo-
philicity or hydrophobicity of a chemical and its structure influence the pathways
by which it is metabolized and whether it persists in the body or is excreted. The
degree to which different toxicokinetic processes influence the toxic potential of
a chemical depends on metabolic pathways, which often differ among species.
For that reason, attempts at extrapolation from experimental animal studies to
human exposures must be done extremely carefully.

Many chemicals were used by the US armed forces in Vietnam. The nature
of the substances themselves was discussed in more detail in Chapter 6 of the
original Veterans and Agent Orange: Health Effects of Herbicides Used in Viet-
nam (VAO) report (IOM, 1994). Four herbicides documented in military records
were of particular concern and are examined here: 2,4-D, 2,4,5-T, picloram,
and cacodylic acid. This chapter also examines TCDD, the most toxic congener
of the tetrachlorodibenzo-p-dioxins (tetraCDDs), also commonly referred to as
dioxin—which is a contaminant of 2,4,5-T—because its potential toxicity is of
concern. Considerably more information is available on TCDD than on the her-
bicides themselves. Other contaminants present in 2,4-D and 2,4,5-T are of less
concern. Except as noted, the laboratory studies of the chemicals of concern used
pure compounds or formulations; the epidemiologic studies discussed in later
chapters often tracked exposures to mixtures.

PICLORAM

Chemistry

Picloram (Chemical Abstracts Service Number [CAS No.] 1918-02-1; see
chemical structure in Figure 4-1) was used with 2,4-D in the herbicide formula-
tion Agent White, which was sprayed in Vietnam. It is also used commonly in
Australia in a formulation that has the trade name Tordon 75D®. Tordon 75D
contains several chemicals, including 2,4-D, picloram, a surfactant diethyleneg-
lycolmonoethyl ether, and a silicone defoamer. A number of studies of picloram
used such mixtures as Tordon formulations or other mixtures of 2,4-D and piclo-
ram that are similar to Agent White.
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FIGURE 4-1 Structure of picloram.

Toxicokinetics

The original VAO committee reviewed studies of the toxicokinetics of pi-
cloram. Studies of animals showed rapid absorption through the gastrointestinal
tract and rapid elimination of picloram as the unaltered parent chemical in urine.
Nolan et al. (1984) examined the toxicokinetics of picloram in six healthy male
volunteers who were given single oral doses of 0.5 or 5.0 mg/kg and a dermal
dose of 2.0 mg/kg. Picloram was rapidly absorbed in the oral study and rapidly
excreted unchanged in urine. More than 75% of the dose was excreted within 6
hours, and the remainder with an average half-life of 27 hours. On the basis of
the quantity of picloram excreted in urine in the skin study, the authors noted that
only 0.2% of the picloram applied to the skin was absorbed. Because of its rapid
excretion, picloram has low potential to accumulate in humans.

In general, the literature on picloram toxicity continues to be sparse. Studies
of humans and animals indicate that picloram is rapidly eliminated as the parent
chemical. Studies of animals indicate that picloram is sparingly toxic at high
doses.

Toxicity Profile

The original VAO committee reviewed studies of the carcinogenicity, geno-
toxicity, acute toxicity, chronic systemic toxicity, reproductive and developmental
toxicity, and immunotoxicity of picloram. In general, there is some evidence on
cancer in some rodent models but not in other species (NCI, 1978). Because of
some concern that contaminants in the picloram (in particular, hexachloroben-
zene) might be responsible for the carcinogenicity, picloram itself has not been
established as a chemical carcinogen.

Studies conducted by the Environmental Protection Agency (EPA) (1988c)
yielded no evidence that picloram is a genotoxic agent. Picloram is considered a
mild irritant; it has produced erythema in rabbits only at high doses. The avail-
able information on the acute toxicity of picloram is paltry. Some neurologic
effects—including hyperactivity, ataxia, and tremors—were reported in pregnant
rats exposed to picloram at 750 or 1,000 mg/kg (Thompson et al., 1972).
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Chronic Systemic Toxicity

Several studies have reported various effects of technical-grade picloram on
the livers of rats. In the carcinogenicity bioassay conducted by Stott et al. (1990),
treatment-related hepatomegaly, hepatocellular swelling, and altered tinctorial
properties in the central regions of the liver lobules were noted in the groups ex-
posed at 60 and 200 mg/kg per day. Males and females exposed at the 200 mg/kg
dose had higher liver weights than controls. The no-observed-effect level (NOEL)
was 20 mg/kg per day, and the lowest observed-effect level was 60 mg/kg per
day for histologic changes in centrilobular hepatocellular tissues. According to
the EPA (1988c¢), hexachlorobenzene (a contaminant of technical grade picloram
at 197 ppm) was probably not responsible for the hepatic effects. Gorzinski and
colleagues (1987) also reported a dose-related increase in liver weights, hepa-
tocellular hypertrophy, and changes in centrilobular tinctorial properties in male
and female F344 rats exposed to picloram at 150 mg/kg per day and higher in the
diet for 13 weeks. In a 90-day study, cloudy swelling in the liver cells and bile
duct epithelium occurred in male and female F344 rats given 0.3% or 1.0% tech-
nical picloram in the diet (EPA, 1988c). Hepatic effects have also been reported
in dogs exposed to picloram: increased liver weights were reported in beagles
that received 35 mg/kg per day or more in the diet for 6 months (EPA, 1988c).
No other effects of chronic exposure to picloram have been reported.

Reproductive and Developmental Toxicity

The reproductive toxicity of picloram was evaluated in a two-generation
study; however, few animals were evaluated, and no toxicity was detected at the
highest dose tested, 150 mg/kg per day (EPA, 1988c). Some developmental toxic-
ity was produced in rabbits exposed to picloram by gavage at 400 mg/kg per day
on days 6-18 of gestation. Fetal abnormalities were forelimb flexure, fused ribs,
hypoplastic tail, and omphalocele, each occurring in a single litter (John-Greene
et al., 1985). Some maternal toxicity was observed at that dose, however, and
EPA concluded on the basis of the sporadic findings that the malformations were
not treatment-related (EPA, 1988c). No teratogenic effects were produced in the
offspring of rats given picloram by gavage at up to 1,000 mg/kg per day on days
6-15 of gestation, but the occurrence of bilateral accessory ribs was significantly
increased (Thompson et al., 1972).

Immunotoxicity

Studies of the potential immunotoxicity of picloram included dermal sensiti-
zation in humans and rodent immunoassays. In one study, 53 volunteers received
nine 24-hour applications of 0.5 mL of a 2% potassium picloram solution on the
skin of both upper arms. Each volunteer received challenge doses 17-24 days
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later. The formulation of picloram (its potassium salt) was not a skin sensitizer or
an irritant (EPA, 1988c). In a similar study, a 5% solution of picloram (M-2439,
Tordon 101 formulation) produced slight dermal irritation and a sensitization
response in six of the 69 volunteers exposed. When the individual components
of M-2439—picloram, triisopropanolamine (TIPA) salt, and 2,4-D TIPA salt—
were tested separately, no sensitization reaction occurred (EPA, 1988c). Tordon
K+, but not technical-grade picloram, was also found to be a skin sensitizer in
guinea pigs (EPA, 1988c). CDI mice exposed to Tordon 202C (94% 2,4-D and
6% picloram) had no consistent adverse effects on antibody responses (Blakley,
1997), but the lack of a consistent response may be due to the fact that CD1 mice
are outbred.

Mechanisms

No well-characterized mechanisms of toxicity for picloram are known.

CACODYLIC ACID

Chemistry

Arsenic (As) is a naturally occurring element that exists in a trivalent form
(As*3 or As™™) and a pentavalent form (As*> or As). See Figure 4-2 for chemical
structures of selected arsenic-containing compounds—sodium arsenite, which
contains As'™l, is generally considered to be the most toxic of these arsenic
compounds. Arsenic is commonly present in drinking-water sources that are
associated with volcanic soils and can reach high concentrations (over 50 ppb).
Numerous human health effects have been attributed to drinking-water exposure,
particularly bladder, skin, and lung cancers and vascular diseases.

Arsenic exists in both inorganic and organic (methylated) forms and is read-
ily metabolized in humans and other species. Inorganic arsenic can be converted
to organic forms. Although organic forms can be converted into inorganic forms
by microorganisms in the soil, there is no evidence that this can occur in humans
or other vertebrate species (Cohen et al., 2006). The arsenic in cacodylic acid
(CAS No. 75-60-5) has a valence of +5. Cacodylic acid (also known as dimethyl-
arsinic acid [DMAV] by its more standard chemical name), disodium methanear-
sonate, and monosodium methanearsonate are herbicides that EPA approved for
use in the United States, where they are occasionally applied on golf courses and
large open spaces. Cacodylic acid was the form of arsenic used in Agent Blue,
one of the mixtures used for defoliation in Vietnam; DMAY made up about 30%
of Agent Blue. Agent Blue was chemically and toxicologically unrelated to Agent
Orange, which consisted of phenoxy herbicides contaminated with dioxin-like
compounds. As shown in Figure 4-3, DMA™ and DMAY, as well as monomethyl
arsonous acid (MMA™) and monomethyl arsonic acid (MMAY), are metabolic
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FIGURE 4-2 Structures of selected arsenic-containing compounds.

products of exposure to inorganic arsenic. Methylation of inorganic arsenic used
to be considered a detoxification process associated with increased excretion
(Vahter and Concha, 2001). However, some of the methylated metabolic inter-
mediates, especially MMA™, have been found to be more toxic than the parent
sodium arsenite (Aposhian et al., 2000). The methylation pathway of inorganic
arsenic results in the formation of DMAY and DMA™,

The committee contemplated the relevance of animal data collected after
exposure to inorganic arsenic, leading to DMAY being formed endogenously, vs
data collected after direct exposure to exogenous DMAY, which is the form of ar-
senic and manner of potential exposure applicable to Vietnam veterans. It has not
been established—mnor can it be inferred—that the observed effects of exposure
to inorganic arsenic are caused by endogenous formation of DMAY. Furthermore,
results of recent studies suggest that there is an increased incidence of cancer in
people who generate less DMAY endogenously (Huang SK et al., 2008), which
would imply that complete methylation of inorganic arsenic to DMAYV is associ-
ated with reduced risk of inorganic arsenic—induced adverse health outcomes
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FIGURE 4-3 General pathways of arsenic metabolism after exposure to inorganic arsenic
(iAs).
SOURCE: Adapted with permission from Cohen et al., 2006.

(Hall and Gamble, 2012). Finally, because there is no evidence that DMA is de-
methylated to inorganic arsenic in humans or other animals (Cohen et al., 2006),
the committee chose not to consider the literature on inorganic arsenic for this
report. The reader is referred to Arsenic in Drinking Water (NRC, 1999a) and
Arsenic in Drinking Water: 2001 Update (NRC, 2001). The committee consid-
ered and reviewed only those toxicologic studies in which animals were directly
exposed to DMAY.

Toxicokinetics

The metabolism and disposition of DMAY has recently been reviewed (Co-
hen et al., 2006; Suzuki et al., 2010). In general, it is rapidly excreted mostly
unchanged in the urine of most animal species after systemic exposure. However,
rats differ from most other mammals (including humans) in that a larger percent-
age (10%) of DMAY binds to hemoglobin in red blood cells, and that leads to a
considerably longer half-life in blood (Cui et al., 2004; Suzuki et al., 2004). The
binding of DMAY to hemoglobin is 10 times higher in rats than in humans (Lu
et al., 2004). Chronic exposure of normal rat hepatocytes to DMAV resulted in
decreased uptake and increased excretion, so that over time they developed re-
sistance to its cytotoxic effects (Kojima et al., 2006); the tolerance was mediated
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by induction of glutathione-S-transferase activity and of multiple-drug—resistant
protein expression. Adair et al. (2007) examined tissue distribution of DMA in
rats after dietary exposure for 14 days and found that it was extensively metabo-
lized to trimethylated forms that may play a role in toxicity.

A physiologically based pharmacokinetic (PBPK) model of intravenous and
ingested DMAY has been developed on the basis of mouse data (Evans et al.,
2008). Similar models have been developed for humans on the basis of exposure
to inorganic arsenic (El-Masri and Kenyon, 2008), but these models have lim-
ited utility for considering the toxicity of DMAY exposures that are relevant to
Vietnam veterans.

Toxicity Profile

This section discusses the toxicity associated with organic forms of arsenic,
most notably DMAY because it is the active ingredient in Agent Blue. The toxic-
ity of inorganic arsenic is not considered relevant to veteran exposures to Agent
Blue.

Neurotoxicity

Kruger et al. (2006) found that DMA™ and DMAY significantly attenu-
ated neuronal ion currents through N-methyl-D—aspartate receptor ion channels
whereas only DMAV inhibited ion currents through o-amino-3-hydroxy-5-
methylisoxazole-4-propionic acid receptors. The data suggest that those methyl-
ated forms of arsenic may have neurotoxic potential.

Immunotoxicity

Previous studies have shown that a low concentration of DMAY (107 M)
could increase proliferation of human peripheral blood monocytes after their
stimulation with phytohemagglutinin whereas it took a high concentration (10~
M) to inhibit release of interferon-y. This suggested that various immunomodu-
latory effects of DMAY have their own concentration specificity (Di Giampaolo
et al., 2004).

Skin Toxicity

In a recent evaluation of effects of topical exposure of pregnant mice to DMA
(valence not stated) on the skin of the dams and offspring (Kim et al., 2012), no
effects were observed in offspring, but exposure increased skin thickness in the
area of application and altered expression of apoptosis-related genes (Bcl-2, Bad,
caspase-12). The results suggested that transient DMA exposure can be a skin
irritant and produce dermatitis.
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Genotoxicity and Carcinogenicity

DMA™ and DMAY are genotoxic and increase oxidative stress and cause
DNA damage. Gémez et al. (2005) demonstrated that DMA™ induced a dose-
related increase in DNA damage and oxidative stress in Jurkat cells. DMA
was considerably more potent than DMAY in inducing DNA damage in Chinese
hamster ovary cells (Dopp et al., 2004), and this was associated with a greater
uptake of DMA™ into the cells. An additional study showed that DMAY is poorly
membrane-permeable, but when forced into cells by electroporation it can induce
DNA damage (Dopp et al., 2005). Similarly, analysis of arsenical dimethylated
metabolites in human bladder cancer cells found dimethylmonothioarsinic acid
(DMMTAY) and DMA™ to be the most toxic and DMAYV to be less toxic in terms
of DNA damage (Naranmandura et al., 2011). DNA damage from DMMTAY
was shown to be related to accumulation of reactive oxygen species and down-
regulation of p53 and p21 (DNA repair proteins); these processes were mediated
in part through intracellular conversion to DMAY and DMA™ (Naranmandura et
al., 2011). Thus, although extracellular DMAY has little toxic effect in cells be-
cause of its low uptake, intracellular DMAY can be highly toxic. Gene-expression
profiling of bladder urothelium after chronic exposure to DMAY in drinking water
showed significant increases in genes that regulate oxidative stress (Sen et al.,
2005), whereas hepatic gene-expression profiling showed that DMAY exposure
induced changes consistent with oxidative stress (Xie et al., 2004). In vivo,
DMAV-induced proliferation of the urinary bladder epithelium could be attenu-
ated with the antioxidant N-acetylcysteine (Wei et al., 2005).

DMA™ and DMAY are carcinogenic. Cancer has been induced in the urinary
bladder, kidneys, liver, thyroid glands, and lungs of laboratory animals exposed
to high concentrations of DMA. In a 2-year bioassay, rats fed 40 or 100 ppm
DMAY developed epithelial carcinomas and papillomas in the urinary bladder and
nonneoplastic changes in the kidneys (Arnold et al., 2006). Similarly, Wang et al.
(2009) found that exposure of F344 rats to DMAY in drinking water at 1, 4, 40, or
100 ppm resulted in a change in the urinary bladder epithelium, but there were no
changes in DNA repair capacity. In another study, Cohen et al. (2007a) exposed
F344 rats to DMA in the diet for 2 years and found an increase in bladder tumors
in those receiving 100 ppm; they postulated that trimethylated forms of arsenic
may be responsible for bladder cancer in rats. Direct bladder exposure of rats to
90 mg/kg DMAY induced infiltration and proliferation of urothelial epithelium
mediated through oxidative stress pathways and extracellular signal-regulated ki-
nase signaling (Takahashi et al., 2011). It is noteworthy that co-treatment with an
antioxidant, N-acetylcysteine, worsened the DMAY-induced bladder injury, rather
than ameliorating it as expected. In the mouse lung, DMAY acted as a tumor
initiator (Yamanaka et al., 2009) and as a tumor promoter (Mizoi et al., 2005).
DMAVY can also act as a complete carcinogen, inducing lung tumors in susceptible
strains of mice, including those with deficient DNA-repair activity (Hayashi et
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al., 1998; Kinoshita et al., 2007). Yamanaka et al. (2009) suggest that DMA™ can
act as a tumor promoter through the formation of a DMA radical after reduc-
tion of DMAY. Recent studies have also found that oral exposure of adult mice
to 200 ppm DMAY in addition to fetal arsenic exposure can act as a promoter of
renal and hepatocellular carcinoma, markedly increasing tumor incidence beyond
that produced by fetal arsenic exposure alone (Tokar et al., 2012). Those findings
emphasize how multiple life events can contribute to an adverse health outcome
in which adult DMAY exposure triggered an otherwise dormant disease.

Mechanisms

Oxidative stress is a common theme that runs through the literature on the
mechanisms of action of arsenic, particularly with regard to cancer in animals,
although some studies have suggested that methylated arsenicals (MMA™ and
DMA™) can induce mutations in mammalian cells at concentrations below those
required to produce oxidative stress after in vitro exposure (Klein et al., 2008).
Recent studies have shown that mice that are deficient in enzymes associated
with repair of oxidative DNA damage are highly susceptible to induction of tu-
mors, particularly lung tumors, by DMAY (Kinoshita et al., 2007). The chemical
reaction of arsenicals with thiol groups in sensitive target tissues, such as red
blood cells and kidneys, may also be a mechanism of action of organic arsenicals
(Naranmandura and Suzuki, 2008).

The variation in the susceptibility of various animal species to tumor forma-
tion caused by inorganic and organic arsenic is thought to depend heavily on
differences in metabolism and distribution. Thus, genetic differences may play
an important role. Numerous investigators are examining potential human sus-
ceptibility factors and gene polymorphisms that may increase a person’s risk of
cancer and other diseases induced by arsenicals (Aposhian and Aposhian, 2006;
Hernandez et al., 2008; Huang SK et al., 2008; Huang YK et al., 2008; McCarty
etal., 2007; Meza et al., 2007; Steinmaus et al., 2007, 2010), but it is not yet pos-
sible to identify polymorphisms that may contribute to a person’s susceptibility
to DMA-induced cancer or tissue injury.

PHENOXY HERBICIDES 2,4-DICHLOROPHENOXY ACID
AND 2,4,5-TRICHLOROPHENOXYACETIC ACID

Chemistry

2,4-D (CAS No. 94-75-7) is an odorless and, when pure, white crystalline
powder (Figure 4-4); it may appear yellow when phenolic impurities are present.
The melting point of 2,4-D is 138°C, and the free acid is corrosive to metals. It
is soluble in water and in a variety of organic solvents (such as acetone, alcohols,
ketones, ether, and toluene). 2,4,5-T (CAS No. 93-76-5) is an odorless, white
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FIGURE 4-4 Structures of 2,4-D and 2,4,5-T.

to light-tan solid with a melting point of 158°C. 2,4,5-T is noncorrosive and is
soluble in alcohol and water. It reacts with organic and inorganic bases to form
salts and with alcohols to form esters.

Uses of 2,4-D and 2,4,5-T

2,4-D has been used commercially in the United States since World War
II to control the growth of broadleaf plants and weeds on range lands, lawns,
golf courses, forests, roadways, parks, and agricultural land; it remains a widely
used herbicide approved for use by the European Union and EPA. Formulations
include 2,4-D amine and alkali salts and esters, which are mobile in soil and
readily absorbed through the leaves and roots of many plants. Like 2,4-D, 2,4,5-T
was developed and marketed as a herbicide during World War II. However, the
registration for 2,4,5-T was canceled by EPA in 1978 when it became clear that
it was contaminated with TCDD during the manufacturing process. It is recog-
nized that the production of 2,4-D also involves the generation of some dioxin
contaminants, even some with dioxin-like activity, but the fraction of TCDD is
comparatively very small, as illustrated in Chapter 4.

The herbicidal properties of 2,4-D and 2,4,5-T are related to their ability to
mimic the plant growth hormone indole acetic acid. They are selective herbicides
in that they affect the growth of only broadleaf dicots (which include most weeds)
and do not affect monocots, such as wheat, corn, and rice.

Toxicokinetics

Several studies have examined the absorption, distribution, metabolism, and
excretion of 2,4-D and 2,4,5-T in animals and humans. Data on both compounds
are consistent among species and support the conclusion that absorption of oral or
inhaled doses is rapid and complete. Absorption through the skin is much lower
but may be increased with the use of sunscreens or alcohol (Brand et al., 2002;
Pont et al., 2004). After absorption, 2,4-D and 2,4,5-T are distributed widely in
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the body but are eliminated quickly, predominantly in unmetabolized form in
urine (Sauerhoff et al., 1977), but 2,4,5-trichlorophenol and 2,4-dichlorophenol
have been identified as trace metabolites in urine. The half-life of single doses of
2,4-D or 2,4,5-T in humans has been estimated to be about 18-23 hours (Geh-
ring et al., 1973; Kohli et al., 1974; Sauerhoff et al., 1977, WHO, 1984). Hines
et al. (2003) found that concentrations of 2,4-D and its metabolites in the urine
of herbicide applicators were consistent with 2,4-D urinary half-life estimates of
13-40 hours in humans.

Toxicity Profile

The toxicity database on 2,4-D is extensive (http://toxnet.nlm.nih.gov/ search
on “2,4-D;” accessed April 23, 2013), whereas the available data on the toxicity
of purified 2,4,5-T, independent of its contamination by TCDD, are sparse. TCDD
is much more toxic than 2,4,5-T, and much of the toxicity attributed to 2,4,5-T
in early studies was later shown to be caused by the TCDD contaminant. The
following summary therefore focuses on 2,4-D toxicity, and information on pure
2,4,5-T is added when it is available.

After a single oral dose, 2,4-D is considered to produce moderate acute toxic-
ity with an LD, (dose lethal to 50% of exposed animals) of 375 mg/kg in rats,
370 mg/kg in mice, and from less than 320 to 1,000 mg/kg in guinea pigs. Rats
and rabbits have dermal LD,,s of 1,500 mg/kg and 1,400 mg/kg, respectively.
2,4,5-T itself also produces moderate acute toxicity, with oral LDys of 389 mg/kg
in mice and 500 mg/kg in rats. Death from acute poisoning with 2,4-D or 2,4,5-T
has been attributed to the ability of the chemicals to uncouple oxidative phos-
phorylation, a vital process used by almost all cells in the body as the primary
means of generating energy. After exposure to high doses, death due to multiple
organ failure can occur rapidly. Studies in rats, cats, and dogs indicate that the
central nervous system is the principal target organ for acute 2,4-D toxicity in
mammals and suggest that the primary site of action is the cerebral cortex or the
reticular formation (Arnold et al., 1991; Dési et al., 1962a,b). Neurotoxicity in
humans is the predominant effect of acute inhalation and oral exposure to 2,4-D;
symptoms include stiffness of arms and legs, incoordination, lethargy, anorexia,
stupor, and coma. 2,4-D is also an irritant of the gastrointestinal tract, causing
nausea, vomiting, and diarrhea.

Chronic exposure to 2,4-D at relatively high concentrations has been shown
to produce a variety of toxic effects, including hepatic and renal toxicity, neuro-
toxicity, and hematologic changes. A NOEL of 2,4-D of 1 mg/kg was identified
for renal toxicity in rats (Hazleton Laboratories America, 1987). Exposure to
2,4-D was associated with reduced survival and decreased growth rates of off-
spring of mothers fed high doses during pregnancy that were associated with ma-
ternal toxicity. However, even at high exposures, 2,4-D did not affect fertility and
did not produce teratogenic effects in the offspring (Charles et al., 2001; Munro
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et al., 1992). A recent study suggests that chronic exposure of adult male rats
to 2,4-D results in a reduction in the weight of the testes, prostate, epidydimes,
and seminal vesicles and a reduction in sperm density (Joshi et al., 2012). The
purity of 2,4,5-T has been shown to influence its reproductive toxicity: TCDD
contamination increases its fetotoxic effects and induces teratogenic effects. Im-
munotoxicity of 2,4-D has been reported in a small number of studies. At high
doses that produced clinical toxicity, suppression of the antibody response was
observed, whereas other measures of immune function were normal. The immu-
notoxicity of 2,4,5-T has not been evaluated in laboratory animals.

The carcinogenicity of 2,4-D and 2,4,5-T has been studied in rats, mice, and
dogs after exposure in their food, direct placement in their stomachs, or expo-
sure of their skin. All the studies had negative results except one that found an
increased incidence of brain tumors in male rats—but not female rats—that re-
ceived the highest dose of 2,4-D. The occurrence of malignant lymphoma in dogs
kept as pets was reported to be higher when owners reported that they used 2,4-D
on their lawns than when they did not (Hayes et al., 1991, 1995), but detailed
reanalysis did not confirm this finding (Kaneene and Miller, 1999). A controlled
study that used dogs exposed to 2,4-D in the laboratory had negative results.
Timchalk (2004) suggested that dogs are not relevant for comparative evaluation
of human health risk attributable to 2,4-D exposure because they excrete 2,4-D
less efficiently than rats or humans do. 2,4-D is not metabolized to reactive
intermediates capable of interacting with DNA, and the evidence supports the
conclusion that 2,4-D is not a genotoxic carcinogen. However, a recent study
shows that lymphocytes from smokers show genotoxic damage after exposure to
2,4-D, whereas lymphocytes from nonsmokers do not (Sandal and Yilmaz, 2011);
this suggests that although 2,4-D may not be a carcinogen, it may influence the
activity of known carcinogens.

2,3,7,8-TETRACHLORODIBENZO-P-DIOXIN

Chemistry

TCDDs are polychlorinated dibenzo-p-dioxins that have a triple-ring struc-
ture consisting of two benzene rings connected by an oxygenated ring with four
attached chlorine atoms; in the case of the dioxin congener of greatest concern,
2,3,7,8-TCDD (commonly called simply TCDD), the chlorine atoms are attached
at the 2, 3, 7, and 8 positions of the benzene rings (see Figure 4-5). The chemical
properties of TCDD include a molecular weight of 322, a melting point of 305—
306°C, a boiling point of 445.5°C, and a log octanol—water partition coefficient
of 6.8 (National Toxicology Program substance profile). It is very lipophilic, or
fat soluble, is virtually insoluble in water (19.3 ng/L), and is soluble in organic
solvents, such as benzene and acetone. It has been suggested that volatilization of
dioxin from water may be an important mechanism of transfer from the aqueous
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FIGURE 4-5 Chemical structure of TCDD.

to the atmospheric phase (EPA, 2004); however, because of its very low water
solubility, most TCDD is bound to sediments and particulate matter.

Toxicokinetics

The absorption, distribution, biotransformation, and excretion of TCDD have
been extensively studied in humans and a number of other animal models in the
last 25 years. Given the plethora of data, this section highlights and summarizes
only key findings. A more exhaustive review may be found at http://www.epa.
gov/ncea/pdfs/dioxin/nas-review.

TCDD is absorbed into the body rapidly but is eliminated slowly. Because
it is very lipophilic, resistant to biotransformation, and slowly eliminated, the
concentration of TCDD in the lipid fraction of blood serum is thought to be in
dynamic equilibrium with that in the lipid fraction in other tissue compartments.
Thus, the lipid-adjusted blood serum concentration of TCDD is used to estimate
total body burdens; at high TCDD concentrations, however, the liver sequesters
some of the dioxin, so lipid adjustment that ignores the hepatic fraction would
underestimate the total body burden. Exposure of humans to TCDD is thought
to occur primarily via the mouth, skin, and lungs. In laboratory animals, oral
administration of TCDD has been shown to result in absorption of 50-93% of
the administered dose (Nolan et al., 1979; Rose et al., 1976). Similarly, a study
performed in a 42-year-old man found that 87% of the oral dose was absorbed
(Poiger and Schlatter, 1986). Dermal absorption appears to be dose-dependent:
lower absorption occurs at higher doses (Banks and Birnbaum, 1991). Studies
performed in vitro with tissues isolated from humans indicate that human skin
may be more resistant to absorption (Weber et al., 1991). The varied and com-
plex environmental matrices make environmental exposures difficult to quantify.
Animal studies have demonstrated that the presence of soil or lipophilic agents
dramatically reduces dermal absorption of TCDD: application in an activated
carbon—water paste essentially eliminates absorption in contrast with absorption
of pure compound dissolved in solvents. Oral bioavailability of TCDD and re-
lated compounds also depends on the matrix: contaminated breast milk and food
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products have much higher bioavailability than soil-bound or sediment-bound
TCDD, and activated carbon essentially blocks oral bioavailability (Olson, 2012).

After ingestion and gastrointestinal absorption, TCDD associates primarily
with the lipoprotein fraction of the blood and later partitions into the cellular
membranes and tissues (Henderson and Patterson, 1988). TCDD is distributed to
all compartments of the body; the amounts differ from organ to organ, but most
studies indicate that the primary disposition of TCDD is in the liver and adipose
tissues. For example, in a human volunteer, it was found that 135 days after inges-
tion 90% of TCDD was in fat (Poiger and Schlatter, 1986), and TCDD persists in
adipose tissue in the rhesus monkey (Bowman et al., 1989). The disposition and
elimination of TCDD depend on the tissue examined, the time that has elapsed
since exposure, total exposure, and other factors. For example, the concentration
of cytochrome P450 1A2 (CYP1A2) (Poland et al., 1989) in the liver is increased
by TCDD. Direct binding of TCDD to CYP1A2 is thought to result in seques-
tration of TCDD in the liver and to inhibit its distribution to other tissues. The
importance of CYP1A2 concentrations for the toxic actions of TCDD has also
been demonstrated in several laboratory situations; for instance, CYP1A2-knock-
out mice were more susceptible than wild-type mice to TCDD immunotoxicity
(Smialowicz et al., 2008), and maternal hepatic CYP1A2 was found to sequester
TCDD and protect mouse fetuses against TCDD-induced teratogenesis (Dragin et
al., 2006). In addition, distribution of TCDD is age-dependent, as shown by stud-
ies in which young animals displayed the highest concentration of TCDD in the
liver and older animals the highest concentrations in kidneys, skin, and muscle
(Pegram et al., 1995). Finally, the rate of elimination of TCDD, particularly after
low exposures, depends heavily on the amount of adipose tissue mass (Aylward
et al., 2005a; Emond et al., 2005, 2006).

In laboratory animals, TCDD is metabolized slowly. It is eliminated primar-
ily in feces as both the parent chemical and its more polar metabolites. However,
elimination appears to be dose-dependent: at low doses, about 35% of the admin-
istered dose of TCDD was detected in the feces; at higher doses, about 46% was
observed (Diliberto et al., 2001). The dose-dependent occurrence of TCDD me-
tabolites in the feces is thought to be due to increased expression of metabolizing
enzymes at higher doses and to hepatic sequestration, which makes dioxins more
available for metabolism. A measure of elimination is half-life, which is defined
as the time required for the plasma concentration or the amount of a chemical
in the body to be reduced by half. The half-life of TCDD in humans varies with
body-mass index (BMI), age, sex, and concentration in the body and has been
found to vary from 0.4 to more than 10 years (see Table 4-1).

Milbrath et al. (2009) conducted a comprehensive review of studies that re-
ported the congener-specific elimination rates of TCDD and related compounds
and analyzed the relationships between the apparent half-lives of the compounds
as a function of age, body fat, smoking status, and breastfeeding. In infants (under
2 years old), the compounds have a reported half-life of 0.4 year (Leung et al.,
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TABLE 4-1 Estimates of TCDD Half-Life in Humans and Animals

Confidence
Reference Half-Life” Interval Comment
Human studies:
Leung et al., 2006 0.4 year Breastfed infants, 0—1 year after
exposure
Aylward et al., 2005a < 3 years Toxicokenetic model estimates for
exposures
> 10,000 pg/g of serum lipid
> 10 years < 50 pg/g of serum lipid
Emond et al., 2005 PBPK model based on 10
Weeks Operation Ranch Hand veterans
> 10 years 40,000 pg/g of serum lipid
138 pg/g of serum lipid
Flesch-Janys et al., 1996 7.2 years Adult males, Boehringer cohort
Geusau et al., 2002 0-3 years after exposure:
1.7 years? Adult female 1, 144,000 pg/g of
serum lipid
3.4 years” Adult female 2, 26,000 pg/g of
serum lipid
Kumagai and Koda, 2005 Adult male, incinerator workers,
1.1-2.3 years 0-1.3 years after exposure
Michalek et al., 2002 0.34 year” Adult males, Seveso cohort,
0-3 months after exposure
6.9 years 3-16 years after exposure
9.8 years Adult females, Seveso cohort,
3-16 years after exposure
7.5 years Adult males, Operation Ranch
Hand veterans,
9-33 years after exposure
Needham et al., 1994 7.8 years 7.2-9.7 years Adults, Seveso cohort
Pirkle et al., 1989 7.1 years 5.8-9.6 years  Adult males, Operation Ranch
Hand veterans,
9-23 years after exposure
Milbrath et al., 2009 7.2 years Reference half-life for
48.7-year-old
Sorg et al., 2009 15.4 months Victor Yushchenko: TCDD at
108,000 ppt lipid
Animal studies: Monkeys
Neubert et al., 1990 73.7 days 60.9-93.8 days single injection
Mice
DeVito and Birnbaum, 1995 15 days female B6C3F1
Gasiewicz et al., 1983 11 days® C5BL/6]
24.4 days®© DBA/2]
12.6 days®© B6D2F1/]
Koshakji et al., 1984 20 days male ICR/Ha Swiss
Rats
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TABLE 4-1 Continued

Confidence
Reference Half-Life® Interval Comment
Emond et al., 2006 Inducible elimination PBPK model
estimates,

10 days 103 pg/kg acute treatment

75 days 1073 pg/kg acute treatment
Hurst et al., 1998 8 days Long-Evans, excretion from liver
Pohjanvirta and Tuomisto, 21.9 days male Han/Wistar, resistant strain
1990
Viluksela et al., 1996 20.2 days Long-Evans, TurkuAB strain

28.9 days? Long-Evans, Charles River strain
Weber et al., 1993 16.3£3.0 male Sprague-Dawley

days

“Half-lives of TCDD in humans based on measurement of TCDD in serum samples.

bShorter half-lives measured in humans during first months after exposure or in severely contami-
nated persons consistent with nonlinear elimination predicted by physiologically based pharmaco-
kinetic (PBPK) models (for example, Carrier et al., 1995). Greater half-life in females attributed to
greater BMI index.

“Total cumulative excretion of 3H-TCDD-derived radioactivity.

dAttributed to differences in dilution due to different growth rates.

2006), and in adults, a half-life of 7.2 years (Milbrath et al., 2009). As people
age, the growth results in a dilution effect and shorter half-lives. Aging also re-
sults in an increase in and redistribution of body fat and lipophilic chemicals that
alter their rate of elimination (Van der Molen et al., 1996). Human studies of the
Operation Ranch Hand cohort have consistently found a similar relationship be-
tween increasing half-life of TCDD and increasing BMI (Michalek and Tripathi,
1999; Michalek et al., 1992, 1996). Smoking and breastfeeding are associated
with promoting elimination of TCDD and, in the case of breastfeeding, exposing
infants through breast milk. Polycyclic aromatic hydrocarbons (PAHs) in ciga-
rette smoke are capable of inducing CYP1A1, 1A2, and 1B1, which in turn may
increase the rate of metabolism and later elimination of TCDD. A 30% decrease
in TCDD half-life has been associated with smoking (Flesch-Janys et al., 1996).

Special Case of the Poisoning of Victor Yushchenko

In 2004, Victor Yushchenko, a candidate for the presidency of the Ukraine,
was poisoned with TCDD. It led to severe chloracne and a blood serum TCDD
concentration of 108,000 ppt (pg/g lipid wt), which is about 50,000 times as great
as that in the general population at the time. The incident provided an opportunity
to assess the toxicokinetics of TCDD after what was apparently a single large
exposure. Serum and fat analysis of TCDD supports the first-order elimination
half-life of 15.4 months in Yushchenko, and the similar decay curves confirmed
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that TCDD was in equilibrium between serum lipids and subcutaneous fat (Sorg
et al., 2009). That is much shorter than the 7.2-year reference half-life reported
by Milbrath et al. (2009) and supports the dose-dependent elimination of TCDD,
which is associated with induction of potential TCDD-metabolizing enzymes
(CYP1AL, 1A2, and 1B1) in very high TCDD exposures. Two metabolites of
TCDD (2,3,7-trichloro-8-hydroxydibenzo-p-dioxin and 1,3,7,8-tetrachloro-2-hy-
droxydibenzo-p-dioxin) were detected in feces, serum, and urine but not in fat
and skin. Over a 12-month period, about 38% of the TCDD-derived material
was eliminated as metabolites (95% in feces, 5% in urine) and 62% as parent
chemical. The metabolite:TCDD ratio in the blood serum was about one-fiftieth
of that in the feces; this supports the conclusion that the metabolites were not
originally ingested with TCDD. The very slow metabolism of TCDD has been
previously reported in laboratory animal models (Gasiewicz et al., 1983; Olson,
1986; Olson et al., 1980; Poiger and Schlatter, 1979), but this is the first report
of metabolism in humans. It is also noteworthy that the structures of the human
metabolites are the same as previously reported in the rat and dog (Poiger et al.,
1982; Sawahata et al., 1982).

In light of the variables discussed above and the effect of differences in
physiologic states and metabolic processes, which can affect the mobilization of
lipids and possibly of compounds stored in them, complex PBPK models have
been developed to integrate exposure dose with organ mass, blood flow, metabo-
lism, and lipid content to predict the movement of toxicants into and out of each
organ. A number of recent modeling studies have been performed in an effort to
understand the relevance of animal experimental studies to exposures that occur
in human populations (Aylward et al., 2005a,b; Beaudouin et al., 2010; Emond
et al., 2005).

Toxicity Profile

Effects on Tissues and Organs of Laboratory Animals

The effects of TCDD in laboratory animals have been observed in a number
of species (rats, mice, guinea pigs, hamsters, monkeys, cows, and rabbits) after
the administration of a variety of doses and after periods that represent acute ex-
posures (less than 24 hours), subchronic exposures (1 day—3 months), and chronic
exposure (more than 3 months). Some differences have been observed between
species, particularly with respect to degree of sensitivity, but in general the effects
observed are qualitatively similar. Relatively high exposures of TCDD affect a
variety of organs and result in organ dysfunction and death. Animal species vary
widely in lethal toxicity of TCDD; the oral LDy of the chemical varies from 1
pg/kg (in guinea pigs) to 5,000 pg/kg (in hamsters). There is up to a 5,000-fold
interspecies variability in the acute lethal potency of TCDD in mature guinea
pigs, rats, and hamsters. The developing fetus, however, is especially vulnerable

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/18395

Veterans and Agent Orange: Update 2012

INFORMATION RELATED TO BIOLOGIC PLAUSIBILITY 99

to TCDD exposure, and there is only about a 10-fold variability in fetal lethal
potency among these species (Kransler et al., 2007; Peterson et al., 1993; Poland
and Knutson, 1982). A characteristic of TCDD exposure is a wasting syndrome
that includes loss of adipose and muscle tissue and severe weight loss, but the
specific mechanisms of lethality remain unknown. In most rodents, exposure to
TCDD leads to hepatic enlargement, the presence of hepatic lesions, and im-
paired hepatic function. The thymus is also sensitive. Finally, in both humans
and nonhuman primates, TCDD exposure results in chloracne and associated
dermatologic changes. As will be discussed in more detail in Chapters 6—13, stud-
ies performed in animal models have indicated that exposure to TCDD adversely
affects the heart, the skin, and the immune, endocrine, and reproductive systems
and increases the incidence of cancers of the liver, skin, thyroid, adrenal cortex,
hard palate, nasal turbinates, tongue, and respiratory and lymphatic systems
(ATSDR, 1998; Barouki et al., 2012; Birnbaum, 1994; Huff et al., 1994; Knerr
and Schrenk, 2006). When TCDD has been administered to pregnant animals,
birth defects—such as cleft palate, malformations of the reproductive organs of
male and female progeny, and abnormalities in the cardiovascular, pulmonary,
and nervous systems—have been observed.

Effects on Enzymes, Hormones, and Receptors in
Laboratory Animals and Cultured Cells

In addition to adversely affecting the ability of specific organs to fulfill their
normal physiologic roles, TCDD has been found to alter the function and expres-
sion of essential proteins, particularly a number of enzymes. The metabolism of
foreign chemicals often changes their biologic properties, increasing their polar-
ity (water solubility) and thus promoting the elimination of the metabolites. The
enzymes that are most affected by TCDD are ones that act on or metabolize xe-
nobiotics and hormones. Among the enzymes affected by TCDD, the best-studied
is CYP1A1, which metabolizes xenobiotics. In laboratory animals, exposure to
TCDD commonly results in an increase in CYPIA1 in most tissues; CYPI1A1
therefore is often used as a marker of TCDD exposure. Related enzymes, which
are also increased with TCDD exposure, include CYP1B1 and CYP1A2, which
with CYP1AT1 are capable of biotransforming some procarcinogens to potentially
mutagenic and carcinogenic metabolites.

Other enzymes that are affected by TCDD metabolize hormones, such as thy-
roid hormones, retinoic acid, testosterone, estrogens, and adrenal steroids. Those
hormones transmit their signals by interacting with specific proteins called recep-
tors and in this manner initiate a chain of events in many tissues of the body. For
example, binding of the primary female sex hormone, estrogen, to the estrogen
receptor promotes the formation of breasts and the thickening of the endometrium
and regulates the menstrual cycle. Exposure to TCDD can increase the metabo-
lism of estrogen and thus lead to a decrease in the amount of estrogen available
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for binding and activating the estrogen receptor. The ultimate effect of TCDD
is an interference with all the bodily functions that are regulated by estrogens.
Similarly, the actions of TCDD on the adrenal steroids can adversely affect their
ability to regulate glucose tolerance, insulin sensitivity, lipid metabolism, obesity,
vascular function, and cardiac remodeling. In addition to changing the amount of
hormone present, TCDD has been found to interfere with the ability of receptors
to fulfill their role in transmitting hormone signals. Animal models have shown
that exposure to TCDD can increase the amounts of enzymes in the body and
interfere with the ability of hormones to activate their specific hormone recep-
tors. Those actions of TCDD on enzymes and hormone receptors are thought to
underlie, in part, observed developmental and reproductive effects and cancers
that are hormone-responsive.

Effects on Paths of Cellular Differentiation

The broad spectrum of TCDD effects on hormone and growth factor sys-
tems, cytokines, and other signal-transducer pathways indicates that TCDD is an
extremely powerful growth dysregulator (Birnbaum, 1994). Research performed
primarily in cultured cells has shown that TCDD can affect the ability of cells
to undergo such processes as proliferation, differentiation, and apoptosis. During
the proliferative process, cells grow and divide. When cells are differentiating,
they are undergoing a change from less specialized to more specialized. Cellular
differentiation is essential for an organism to mature from a fetal to an adult state.
In the adult, proper differentiation is required for normal functions of the body,
for example, in maintaining a normally responsive immune system. Processes of
controlled cell death, such as apoptosis, are similarly important during develop-
ment of the fetus and are necessary for normal physiologic functions in the adult.
Apoptosis is a way for the body to eliminate damaged or unnecessary cells. The
ability of a cell to undergo proliferation, differentiation, and apoptosis is tightly
controlled by an intricate network of signaling molecules that allows the body
to maintain the appropriate size and number of all the specialized cells that form
the fabric of complex tissues and organs. Disruption of that network that alters
the delicate balance of cell fate can have severe consequences, including impair-
ment of the function of the organ because of the absence of specialized cells.
Alternatively, the presence of an excess of some kinds of cells can result in the
formation and development of tumors. Thus, the ability of TCDD to disrupt the
normal course of a specific cell to proliferate, differentiate, or undergo apoptosis
is thought to underlie (at least in part) its adverse effects on the immune system
and the developing fetus and its ability to promote the formation of some cancers.
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Mechanisms

TCDD binds and activates the aryl hydrocarbon receptor (AHR) in the cells
of virtually every tissue in the body. The ability of TCDD to bind to the AHR
with high affinity is considered to be necessary—but not sufficient—to produce
the wide array of adverse effects associated with TCDD exposure. The pathologic
responses associated with exposure to TCDD are thought to be due to binding
to and activation of the AHR and later alterations in the expression of TCDD-
regulated genes and to altered signaling of biologic pathways that interact with
the AHR signal-transduction mechanism (Poland and Knutson, 1982; Safe, 1990;
Schmidt and Bradfield, 1996; Whitlock, 1990).

The AHR functions as a ligand-activated nuclear transcription factor. On
binding of agonists (ligands), such as TCDD, the AHR forms a heterodimer
with a structurally related protein called AHR nuclear translocator (ARNT). The
dimeric complex binds to core DNA sequences called xenobiotic-responsive
elements (XREs) or dioxin-responsive elements (DREs) in the promotor region
of responsive genes and enhances the transcription of those genes. Many of the
AHR-regulated genes encode drug-metabolizing enzymes, such as CYP1AI,
CYP1A2, CYP1BI, and a variety of phase II conjugating enzymes. Although the
up-regulation of these enzymes is a sensitive biomarker of exposure to TCDD
and in part contributes mechanistically to some of the adverse effects of TCDD,
the tissue-, species-, time-, and dose-specific modulation (increase or decrease)
of many genes is thought to contribute to the wide array of toxic responses to
TCDD exposure (Black et al., 2012; Boverhof et al., 2006; Ovando et al., 2006,
2010; Perdew, 2008; Puga et al., 2009).

AHR Signaling Pathways

The primary and most intensely studied pathway by which TCDD elicits
biologic responses is depicted in Figure 4-6. In the absence of bound ligand, the
inactive AHR is retained in the cytoplasm of the cell in a complex consisting of
two molecules of the heat-shock protein hsp90, one molecule of prostaglandin
E synthase 3 (p23) (Kazlauskas et al., 1999), and one molecule of the immu-
nophilin-like protein hepatitis B virus X-associated protein 2 (XAP2) (Petrulis
et al., 2003), previously identified as either AHR-interacting protein (AIP; Ma
and Whitlock, 1997) or AHR-associated protein 9 (ARA9; Carver and Bradfield,
1997). The hsp90 dimer—p23 complex plays multiple roles in the protection of the
AHR from proteolysis, maintaining it in a conformation that makes it accessible
to ligand binding at the same time that it prevents the premature binding of ARNT
(Carver et al., 1994; Pongratz et al., 1992; Whitelaw et al., 1993). XAP2 interacts
with the carboxyl terminus of hsp90 and with the AHR nuclear-localization signal
(NLS), a short amino acid domain that targets the receptor for interaction with
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FIGURE 4-6 Mechanism of gene induction and repression after AHR activation by
TCDD.

nuclear-transport proteins. Binding of XAP2 blocks such interaction, preventing
the inappropriate trafficking of the receptor into the nucleus (Petrulis et al., 2003).

Binding of ligand (such as TCDD) induces the release of XAP2 and the
exposure of the NLS and leads to the binding of nuclear-import proteins and
translocation of the cytosolic complex into the nucleus (Davarinos and Pollenz,
1999; Song and Pollenz, 2002). Once in the nucleus, hsp90, p23, and XAP2
dissociate from the AHR, and this allows the binding of ARNT (Hoffman et al.,
1991; Probst et al., 1993). The activated AHR—ARNT heterodimeric complex is
then capable of directly or indirectly interacting with DNA by binding to recogni-
tion sequences in the regulatory region of responsive genes (Dolwick et al., 1993;
Probst et al., 1993).

The canonical DNA recognition motif of the AHR-ARNT complex is re-
ferred to as the AHR-responsive element (AHRE, also referred to as the DRE or
the XRE, for dioxin- or xenobiotic-responsive element, respectively). This ele-
ment is found in the promoter region of AHR-responsive genes and contains the
core sequence 5’-GCGTG-3" (Shen and Whitlock, 1992), which is part of a more
extensive consensus-binding sequence, 5’-T/GNGCGTGA/CG/CA-3" (Lusska
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et al., 1993; Yao and Denison, 1992). The AHR-ARNT complex binds to the
AHRE core sequence in such a manner that ARNT binds to 5’-GTG-3" and AHR
binds to 5’-TC/TGC-3’ (Bacsi et al., 1995; Swanson et al., 1995). A second type
of element, termed AHRE-II, 5'-CATG(N6)C[T/A]TG-3’, has been shown to
be capable of acting indirectly with the AHR—-ARNT complex (Boutros et al.,
2004; Sogawa et al., 2004). The end result of the process is the recruitment of the
transcriptional machinery associated with RNA polymerase II and the initiation
of differential changes in the expression of the genes bearing the AHR-ARNT
recognition motif. Many of the genes code for proteins responsible for detoxifi-
cation reactions directed at the elimination of the ligand. Research suggests that
post-translational modifications in histone proteins may modify the response
(Hestermann and Brown, 2003; Schnekenburger et al., 2007).

In addition to the widely accepted view that the actions of TCDD are medi-
ated by binding of the activated AHR—ARNT dimer to AHREs on DNA, which
results in altered gene expression (Figure 4-6), more recent studies suggest that a
“nongenomic” pathway within the cytoplasm also contributes to the toxic effects
of TCDD, as reviewed by Matsumura (2009). The TCDD-mediated activation
of AHR within the cytoplasm does not involve binding to ARNT or DNA and
appears to contribute to rapid inflammatory responses associated with TCDD
(Sciullo et al., 2008). In several cell lines, activation of protein kinase C (PKC)
and the later activation of the serine phosphorylated form of cytosolic phospho-
lipase A2 (cPLA2) takes place within 15 min of TCDD exposure (Dong and
Matsumura, 2008; Park et al., 2007). It is proposed that within the cytoplasm,
TCDD-mediated activation of AHR leads to a rapid increase in intracellular Ca®*,
plus activation of cPLA2, protein kinases, and pro-inflammatory proteins, such
as cyclooxygenase (COX-2) (Matsumura, 2009). This pathway and other alterna-
tive mechanisms of TCDD-mediated AHR activation have also been reviewed by
Denison et al. (2011) and Perdew (2008).

AHR Physiology

The vertebrate AHR is presumed to have evolved from its counterpart in
invertebrates, in which it serves a ligand-independent role in normal develop-
ment processes. The ancestral function of the AHR appears to be the regulation
of specific aspects of embryonic development, it having acquired the ability to
bind xenobiotic compounds only during vertebrate evolution (Hahn, 2001). The
invertebrate AHR also functions as a transcription factor and binds to the same
dimerization partner (ARNT) and DNA-response elements as the vertebrate
protein, but it does not respond to any of the environmental ligands recognized
by the vertebrate receptor. Instead, it regulates diverse developmental processes
that are independent of exogenous ligand exposure, such as neuronal differentia-
tion during worm development in Caenorhabditis elegans (Huang et al., 2004;
Qin and Powell-Coffman, 2004) or normal morphogenesis of legs, antennae, and
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bristles in Drosophila melanogaster (Adachi-Yamada et al., 2005; Céspedes et
al., 2010). In developing vertebrates, the AHR seems to play a role in cellular
proliferation and differentiation and, in keeping with this role in invertebrates,
also has a developmental role in craniofacial, renal, and cardiovascular morpho-
genesis (Birnbaum et al., 1989; Fernandez-Salguero et al., 1997; Lahvis et al.,
2005). Other potential functional roles of the AHR include reproduction, innate
immunity, tumor suppression, and blood-pressure regulation (Fujii-Kuriyama and
Kawajiri, 2010).

The clearest adaptive physiologic response to AHR activation is the induction
of xenobiotic-metabolizing enzymes involved in detoxification of toxic ligands.
Evidence of that response, which was described above, was first observed in con-
junction with the induction of Cyplal, which resulted from exposure to PAHs or
TCDD and was directly related to activation of the AHR signaling pathway (Israel
and Whitlock, 1983, 1984). Because of the presence of the AHRE motif in their
gene promoters, other metabolizing genes were tested and found to be induced by
AHR ligands, and this led to the identification of a so-called AHR gene battery of
phase I and phase II detoxification genes that code for the drug-metabolizing en-
zymes CYP1A1, CYP1A2, CYP1B1, NQO1, ALHD3A1, UGT1A2, and GSTA1
(Nebert et al., 2000). Presumably, vertebrates have evolved those enzymes to
detect a wide array of foreign, potentially toxic chemicals, represented in the wide
variety of substrates that the AHR is able to bind to and whose biotransformation
and elimination it is able to facilitate.

A potential complication of the adaptive responses elicited by AHR activa-
tion is the induction of a toxic response. Toxicity may result from the adaptive
response itself if the induction of metabolizing enzymes results in the production
of toxic metabolites. For example, the PAH benzo[a]pyrene (B[a]P), an AHR
ligand, induces its own metabolism and detoxification by the AHR-dependent
signaling mechanism described earlier but paradoxically becomes bioactivated
to a toxic metabolite in several tissues by metabolism that depends on CYP1A1
and CYP1B1 activity (Harrigan et al., 2004). A second potential source of AHR-
mediated toxicity may be aberrant changes in global gene expression beyond
those observed in the AHR gene battery. The global changes in gene expression
may lead to deleterious changes in cellular processes and physiology. Microarray
analysis has proved invaluable in understanding and characterizing that response
(Boverhof et al., 2006; Martinez et al., 2002; Ovando et al., 2006, 2010; Puga et
al., 2000, 2004; Takeda et al., 2012; Vezina et al., 2004).

It is clear that the AHR is an essential component of the toxicity of dioxin
and of dioxin-like chemicals (DLCs). Homozygous deletion of the AHR in mice
leads to a phenotype that is resistant to the toxic effects of TCDD and to the carci-
nogenic effects of B[a]P (Fernandez-Salguero et al., 1996; Lahvis and Bradfield,
1998; Schmidt et al., 1996). AHR knockout mice, however, have other pheno-
typic effects, including reduced liver size, hepatic fibrosis, and cardiovascular
abnormalities. Hence, it is likely that dioxin has effects that are due to disruption
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of endogenous AHR functions and that are unrelated to the intrinsic toxicity of
some of its ligands.

Definition of Dioxin-Like Compounds, Toxic
Equivalence Factor, and Toxic Equivalents

TCDD has the highest affinity for the AHR, but many other chemicals have
dioxin-like properties: they have similar chemical structures, have similar phys-
iochemical properties, and cause a common battery of toxic responses because
of their relatively high affinity for the AHR. Because of their hydrophobic nature
and resistance to metabolism, these chemicals persist and bioaccumulate in fatty
tissues of animals and humans. Although there are several hundred polychlori-
nated, polybrominated, and mixed polychlorinated-polybrominated dibenzo-p-di-
oxins, dibenzofurans, and biphenyls, only a relatively small number of congeners
of these chemical classes display dioxin-like activity. Only 17 polychlorinated
dibenzo-p-dioxins and polychlorinated dibenzofurans with chlorine at the 2, 3,7,
and 8 positions and a few of the coplanar polychlorinated biphenyls that are often
measured in environmental samples are recognized as being DLCs.

In the context of risk assessment, these polychlorinated—polybrominated
dibenzo-p-dioxin, polychlorinated dibenzofuran, and biphenyl DLCs are com-
monly found as complex mixtures when detected in environmental media and bi-
ologic tissues or when measured as environmental releases from specific sources.
That complicates the human health risk assessment that may be associated with
exposures to varied mixtures of DLCs. To address the problem, the concept of
toxic equivalence has been adopted by the scientific community, and the toxic
equivalence factor (TEF) has been developed and introduced to facilitate risk
assessment of exposure to those chemical mixtures. On the most basic level,
TEFs compare the potential toxicity of each DLC found in a mixture with the
toxicity of TCDD, the most toxic member of the group. The procedure involves
assigning individual TEFs to the DLCs on the basis of in vivo and in vitro po-
tency relative to TCDD, which is assigned a TEF of 1.0. The DLCs have been
assigned TEFs ranging from 0.00001 to 1.0 by the World Health Organization
(WHO) (van den Berg et al., 2006, as summarized in Table 4-2). Interim TEF
values have been established for brominated congeners by the most recent (2011)
joint WHO-UNEP (UN Environment Programme) meeting to evaluate the WHO
Toxicity Equivalency Factor scheme. The recommendation is to use the TEF of
the corresponding chlorinated congener as an interim TEF value for brominated
congeners for human risk assessment (van den Berg et al., 2013).

When several chemicals are present in a mixture, the toxicity of the mixture
is estimated by multiplying the TEF of each DLC in the mixture by its mass
concentration and summing the products to yield the TCDD toxic equivalents
(TEQs) of the mixture. In that approach to assessing dioxin-like activity of a
complex real-world mixture of DLCs, an environmental or biologic specimen
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TABLE 4-2 World Health Organization Toxicity Equivalence Factors (TEFs)
for Dioxin-Like Chemicals (Values Revised as of 2005)

Chemical TEF
Chlorinated dibenzo-p-dioxins
2,3,7,8-TCDD 1.0
1,2,3,7,8-PeCDD 1.0
1,2,3,4,7,8-HxCDD 0.1
1,2,3,6,7,8-HxCDD 0.1
1,2,3,7,8,9-HxCDD 0.1
1,2,3,4,6,7,8-HpCDD 0.01
OctoCDD 0.0003
Chlorinated dibenzofurans
2,3,7,8-TCDF 0.1
1,2,3,7,8-PeCDF 0.03
2,3,4,7,8-PeCDF 0.3
1,2,3,4,7,8-HxCDF 0.1
1,2,3,6,7,8-HxCDF 0.1
1,2,3,7,8,9-HxCDF 0.1
2,3,4,7,8,9-HxCDF 0.1
1,2,3,4,6,7,8-HpCDF 0.01
1,2,3,4,7,8,9-HpCDF 0.01
OctoCDF 0.0003
Non-ortho-substituted PCBs
PCB 77—3.,3’,4,4'-tetraCB 0.0001
PCB 81—3,4,4",5-tetraCB 0.0003
PCB 126—3,3",4,4’,5-pentaCB 0.1
PCB 169—3,3",4,4",5,5"-hexaCB 0.03
Mono-ortho-substituted PCBs
PCB 105—2,3,3’,4,4’-pentaCB 0.00003
PCB 114—2,3,4,4’,5-pentaCB 0.00003
PCB 118—2,3"4,4’,5-pentaCB 0.00003
PCB 123—2",3,4,4’,5-pentaCB 0.00003
PCB 156—2,3,3",4,4’,5-hexaCB 0.00003
PCB 157—2,3,3',4,4’,5-hexaCB 0.00003
PCB 167—2,3",4,4",5,5-hexaCB 0.00003
PCB 189—2,3,3",4,4’,5,5"-heptaCB 0.00003

NOTE: CB, chlorinated biphenyl; CDD, chlorinated dibenzo-p-dioxin; CDF, chlorinated dibenzofu-
ran; PCB, polychlorinated biphenyl; TEF, toxicity equivalency factor.
SOURCE: Adapted from: van den Berg et al. (2006).

with a 100-ppt (100-pg/g) TEQ is toxicologically equivalent to 100-ppt TCDD.
There are two accepted specialized methods for assessing the DLCs in a complex
biologic or environmental specimen: one involves analytic chemistry that quanti-
fies specific DLCs (high-resolution gas chromatography—mass spectroscopy), and
the other a reporter-gene biologic screen that assesses dioxin-like activity due
to binding to the AHR in a transformed cell line (CALUX, EPA method 4435).
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Epidemiologic studies discussed in this and other updates assess exposure by
reporting the specific concentration of TCDD in a specimen or by expressing
dioxin-like activity in a complex mixture in units of TEQs.

Carcinogenic Classification

EPA and the International Agency for Research on Cancer (IARC), a branch
of WHO, have defined criteria to classify the potential carcinogenicity of chemi-
cals on the basis of the weight of scientific evidence from animal, human, epi-
demiologic, mechanistic, and mode-of-action studies. EPA classified TCDD as a
“probable human carcinogen” in 1985 and as “carcinogenic to humans” in a 2003
reassessment. In 1998, the TARC panel of experts concluded that the weight of
scientific evidence supported the classification of dioxin as a class I carcinogen,
that is, as “carcinogenic to humans.” Four years later, the US National Toxicol-
ogy Program upgraded its classification to “known to be a human carcinogen.” In
2006, a panel of experts convened by the National Research Council to evaluate
the EPA reassessment concluded that TCDD was “likely to be carcinogenic to
humans;” this designation reflected the revised EPA Guidelines for Carcinogen
Risk Assessment made public in 2005.

Genotoxicity

Genotoxicity describes a deleterious action that affects the integrity of a
cell’s DNA. Genotoxic substances are known to be potentially mutagenic or car-
cinogenic. Although TCDD is carcinogenic in humans and laboratory animals, it
is generally classified as nongenotoxic and nonmutagenic (Wassom et al., 1977).
There is no evidence of covalent binding of TCDD or its metabolites to DNA
(Poland and Glover, 1979). TCDD does interact with DNA through a receptor-
mediated pathway that involves the initial binding of TCDD to the AHR, bind-
ing of the activated receptor complex to DREs on DNA and later alterations in
expression of TCDD-regulated genes, and altered signaling of biologic pathways
that interact with the AHR signal-transduction mechanism (Poland and Knutson,
1982; Safe, 1990; Schmidt and Bradfield, 1996; Whitlock, 1990). TCDD, 2,4,5-
T, and 2,4-D were not mutagenic in Salmonella typhimurium with or without
the addition of liver metabolic-activation enzymes (Blevins, 1991; Mortelmans
et al., 1984). TCDD-induced cytogenetic damage in laboratory mice showed no
increase in the frequencies of sister-chromatid exchanges, chromosomal aberra-
tions, or micronuclei in bone marrow cells of either C57B1/6] or DBA/2J mice
after administration of a single high dose of TCDD—up to 150 pg/kg (Meyne et
al., 1985). TCDD did not alter the frequency or spectrum of mutations in male
and female Big Blue transgenic rats (Thornton et al., 2001). There is one report
of a positive result with TCDD in a test that measured induction of chromosomal
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deletions resulting from intrachromosomal recombination in mouse embryos in
vivo (Schiestl et al., 1997).

In summary, the vast majority of studies did not detect mutagenic activity of
TCDD in a variety of in vitro and in vivo short-term tests.

Other Toxic Outcomes

Chloracne is a signature effect of high exposure to TCDD and DLCs in some
species and in humans who are sensitive.

There is an extensive body of evidence from experimental studies in animal-
model systems that TCDD, other dioxins, and several DLCs are immunotoxic
(Kerkvliet, 2009). Although the available evidence on dioxin immunotoxicity
in humans is scant, mechanistic considerations support the notion that chemical
alterations of immune function would cause adverse health outcomes because of
the critical role that the immune system plays in general protection—fighting off
infection and eliminating cancer cells at early stages. Because of those consider-
ations, the chemicals are potential immunotoxicants.

Similarly, reproduction and embryonic development clearly are targets of
TCDD, other dioxins, and DLCs; it is found consistently that the adverse effects
are more prevalent during fetal development than in the adult. Although data
on those effects in humans are practically nonexistent, some good data are now
emerging on the developmental effects of DLCs in humans (Mocarelli et al.,
2008). Human and animal studies have revealed other potential health outcomes,
including cardiovascular disease, hepatic disease, thyroid dysfunction, lipid dis-
orders, neurotoxicity, and metabolic disorders, such as diabetes.

A number of effects of TCDD exposure in vitro appear to be independent
of AHR-mediated transcription and in at least one instance perhaps independent
of AHR itself. Guo et al. (2004) showed that TCDD induced expression of
transforming growth factor-o. and other genes involved in extracellular matrix
deposition in cells from mice that had homozygous ablation of the Ahr gene.
Studies have shown that TCDD can mobilize calcium from intracellular sources
and increase calcium imported from the culture medium (Puga et al., 1995). Mi-
tochondrial oxidative stress has been shown to be induced when calcium is mobi-
lized (Senft et al., 2002). Calcium mobilization by TCDD may have an important
effect on signal-transduction mechanisms that control gene expression, inasmuch
as several proto-oncogenes, such as c-fos, are activated by calcium changes.

Summary of Biologic Plausibility That TCDD
Induces Adverse Effects in Humans

Mechanistic studies in vitro and in laboratory animals have characterized
the biochemical pathways and types of biologic events that contribute to adverse
effects of exposure to TCDD. For example, much evidence indicates that TCDD,
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acting via the AHR in partnership with ARNT, alters gene expression. Receptor
binding may result in release of other cytoplasmic proteins that alter the expres-
sion or activity of other cell-regulatory proteins. Mechanistic studies also indicate
that many other cellular-component proteins contribute to the gene-regulatory
effect and that the response to TCDD exposure involves a complex interplay
between genetic and environmental factors. Comparative data from animal and
human cells in vitro and from tissues suggest a strong qualitative similarity
among species in response to TCDD, and this further supports the applicability to
humans of the generalized model of initial events in response to dioxin exposure.
Several studies indicate, however, that there may be substantial quantitative dif-
ferences in qualitatively similar responses among species, with humans generally
being less sensitive than rodents.

Biochemical and biologic responses to TCDD exposure are considered adap-
tive or simply reflective of exposure and not adverse in themselves if they take
place within the normal homeostatic ranges of an organism. However, they may
exceed normal physiologic boundaries or constitute early events in a pathway
that leads to damage in sensitive members of the population. In the latter case,
the response is toxic and would be expected to cause an adverse health effect.
Those generalizations set the ground rules for the concept of biologic plausibil-
ity, which relies on extrapolation from animal studies to human risks, and for the
precautionary principle, which bases decision making on minimizing exposure
if the precise nature or magnitude of the potential damage that a substance may
cause in humans is uncertain.

LIMITATIONS OF EXTRAPOLATING RESULTS OF
LABORATORY STUDIES TO HUMAN RESPONSES

In some instances, toxic responses identified in laboratory-animal and cell-
culture studies are not detected in epidemiologic studies after human exposure to
the same chemicals. Although animal and cell-culture studies provide important
links to understanding of biochemical and molecular mechanisms associated with
toxicity induced by xenobiotics, many factors must be considered in extrapolating
their results to human disease and disease progression. The following are key fac-
tors that might limit the ability of laboratory studies to predict human responses
completely and accurately.

* Magnitude and duration of exposure. In many instances, animal and
cell-culture studies are conducted at higher exposures and for shorter
durations than are typical in human exposures. For example, the concen-
trations of TCDD used in animal studies can be many times higher than
in the TCDD exposures of Vietnam veterans during their military service.
In addition, TCDD is a persistent organic pollutant, and this results in hu-
man exposure that occurs over a lifetime, whereas animal studies seldom
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examine chronic low-level exposure that occurs over a period of many
months or years. Animal studies that establish a measurement of body
burden over a specific period provide the best potential for extrapolation
to humans.

Toxicokinetics. The toxicokinetics—absorption, distribution, metabo-
lism, and excretion—of xenobiotics can vary widely between laboratory
animals and humans. As shown in Table 4-1, the biologic half-life of
TCDD varies from 8-29 days in rats and mice to about 7 years in humans
even though drug-metabolizing enzymes—including cytochrome P450
1A1, 1A2, and 1Bl—are up-regulated or induced via TCDD-mediated
activation of the AHR in both rat and human livers (Black et al., 2012).
Timing of exposure. Many organ systems are more susceptible to xe-
nobiotic exposure during critical stages of development, differentiation,
or function—such as during gestation or in the face of another external
challenge (for example, antigens, smoking, dietary salt, and fat)—than at
other times. Therefore, the response of some systems (such as immune or
cardiovascular systems) may depend on the timing of exposure relative to
the other challenges.

Exposure composition. Most animal and cell-culture studies involve
exposure to single chemicals or a well-defined mixture, but most human
exposures are to complex mixtures from multiple sources.

Difference in AHR affinity. The binding affinity of AHR for TCDD
differs between species (discussed in Okey et al., 2005). Many strains of
mice used for toxicologic study harbor a high-affinity AHR allele (AHR")
and exhibit greater sensitivity to hepatic CYP1A induction, immunosup-
pression, birth defects, and other responses than do strains that carry the
low-affinity allele (AHR?). That simple allelic difference in AHR affin-
ity has not been observed in humans, and the TCDD-binding affinity of
the AHR found in most humans more closely resembles the low-affinity
mouse AHR? allele. Nonetheless, Nebert et al. (2004) reported that some
people have a TCDD-binding affinity that is 12 times higher than that in
others. Thus, although humans are generally considered less sensitive on
the basis of an AHR that has a low TCDD-binding affinity, this assump-
tion may not apply to everyone.

Complex disease etiology. The etiology of human diseases is highly in-
fluenced by genetics, environmental factors, and gene—environment inter-
actions; these factors can be protective as well as deleterious. In addition
to the chemical of interest, environmental factors commonly influencing
human responses include diet, prescription and over-the-counter pharma-
ceuticals, cigarette smoking, alcohol consumption, and stress. Stress pro-
duced via known or unknown sources is a well-known modifier of human
disease responses (for example, immune and cardiovascular responses).
Furthermore, stress is an ever-present variable that is difficult to assess or
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control for in epidemiologic studies because there is substantial individual
variation in response to it (Cohen et al., 2007b). In contrast, laboratory
studies are often conducted with inbred strains of animals under tightly
controlled experimental conditions and thus may underestimate or overes-
timate the potential contribution of a single chemical exposure to disease
development.

* Sex differences. There are well-known differences in susceptibility to
xenobiotic exposures between male and female animals, some of which
are modified by sex steroids. For example, female Sprague Dawley rats
are significantly more responsive to the hepatotoxic (neoplastic and non-
neoplastic) effects of TCDD than are males of the same strain (Kociba et
al., 1978).

EPIGENETICS

Epigenetics is the term used to describe mechanisms that regulate gene
expression and genomic stability and are independent of changes in DNA se-
quence and mitotically stable; that is, they will be replicated when a cell divides
(Christensen and Marsit, 2011; Cortessis et al., 2012; Skinner et al., 2010). The
epigenetic marks on DNA are maintained every time a cell divides and are needed
to maintain the identity and function of the cell type.

The history of epigenetics began in the 1940s when Conrad Waddington
coined the term epigenetics to describe gene—environment interactions that alter
biologic traits (Waddington, 1940, 1953, 1956). It was not until the 1970s that the
first molecular epigenetic factor was described: DNA methylation, the chemical
addition of a methyl group to DNA (Holliday and Pugh, 1975). In the 1980s, the
role of DNA methylation in modifying gene expression—turning genes on and
off—was established (Chen and Riggs, 2005). In the 1990s, the chemical modi-
fication of histone proteins associated with DNA also was shown to modify gene
expression, thus establishing a second molecular epigenetic mechanism (Turner,
1998). In the early 2000s, various small noncoding RNA molecules were shown
to regulate DNA activity (Sato et al., 2011). Around 2005, the first mapping of
genome-wide epigenetic marks (epigenomes) was conducted (Pokholok et al.,
2005). The marks act together in an exquisitely choreographed fashion to control
the cellular ability to interact with, process, and initiate events and to respond to
the signals and needs of the individual and local tissue environment.

Today, the processes recognized as epigenetic mechanisms are DNA meth-
ylation (Chen and Riggs, 2005; Holliday and Pugh, 1975), histone modification
(Turner, 1998), alterations in chromatin structure (Murr, 2010), and modulation of
expression by some small RNA molecules (Valeri et al., 2009). DNA methylation
is the addition of a methyl group onto specific nucleotides. In mammals, it occurs
at cytosine nucleotides that are adjacent to guanine nucleotides. Methylation of
DNA can alter the expression of the adjacent gene, particularly if it occurs in the
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promoter of the gene. Other modulations of DNA include hydroxymethylation
(which is prominent in stem cells) and adenylation. Histones are the proteins
that bind and form complex structures with DNA called nucleosomes. Chemical
modifications of histones, such as methylation and acetylation, can alter histone
structure and modify gene expression, particularly if the modification occurs in
the promoter of the gene (Turner, 1998). The coiling or twisting of the DNA—
histone complexes creates a structure called chromatin, and the structure of the
chromatin can alter gene expression. The most recently recognized epigenetic
factor consists of small noncoding RNA molecules that can associate with mRNA
and regulate gene expression.

The interaction of all those epigenetic processes creates the epigenome, and
the epigenome has a critical role in regulating gene expression independently of
changes in DNA sequence (Christensen and Marsit, 2011; Cortessis et al., 2012;
Skinner et al., 2010). The variation that is possible in the epigenome is startling:
the histone proteins that control chromatin configurations have many dozens of
possible modifications, and there are upwards of 50 million nucleotides in the
DNA where methylation can occur and participate in regulating the cellular state.
That implies that trillions of configurations of the epigenome are possible.

Environmental epigenetics involves the ability of environmental factors—
such as nutrition, toxicants, and stress—to alter epigenetic programming. Thus,
epigenetics provides a molecular mechanism by which environmental factors
can influence disease etiology (Jirtle and Skinner, 2007; Szyf, 2007). The role of
epigenetics in disease etiology has been shown for cancer and a number of other
diseases (Christensen and Marsit, 2011; Cortessis et al., 2012; Skinner et al.,
2010). In addition, exposure to environmental factors at critical times of develop-
ment has the ability to alter epigenetic programming and to cause changes in gene
expression (Skinner et al., 2010). Hence, immune responses, fetal development,
and reproductive health are important examples of how epigenetic mechanisms
play crucial roles in normal physiology.

New investigative tools and a more refined understanding of the epigenetic
process have given rise to active research on the nature of the relationship be-
tween environmental exposure to epigenetically active agents and the occurrence
of diverse disease states, including cancer, reproductive 