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INTRODUCTION

toring detection methods, sample media, and “omics” 
technologies available to examine biomarkers; and ad-
dress the considerable range of information provided 
by these tools. The chapter’s last section discusses new 
directions in biomonitoring and big data analysis.

The chapter also addresses how the Department of 
Defense (DoD) Serum Repository (DoDSR) can con-
tinue providing data for biomonitoring and ultimately 
improve health protection of service members while 
also contributing to advancing research in the field. 
Through the adoption of improved quality assurance 
practices and the addition of capabilities to handle 
varied sample types, the repository will be able to 
maintain state-of-the-art capabilities to support bio-
monitoring in the future.4,5 

Biological monitoring, also termed biomonitoring, 
is the use of blood, urine, or other human samples 
to assess an individual’s state of health, responses 
to therapeutics, and exposure to chemicals, or other 
environmental agents of concern.1 Biomonitoring is of 
considerable potential value to assess military expo-
sures and possible contributions to health outcomes.2,3 
This chapter provides a review of biomonitoring for 
military purposes and a perspective for research and 
surveillance opportunities for biomonitoring both 
within and outside the military. It also addresses the 
potential to develop partnerships to examine deploy-
ment health-related questions. Further, the chapter 
will define the exposome; describe several types of 
currently available biomonitoring; discuss biomoni-

DEFINITION AND TYPES OF BIOMARKERS

and the sample feasible to collect while deployed; and 
the test must be economical and logistically feasible to 
analyze in the deployed environment.9

Types of Biomarkers

Biomarkers of Exposure

Chemicals that enter the body can be measured 
directly as the unchanged compound; they also can 
be measured as the metabolic breakdown product of 
the chemical; or they can be measured as the product 
of their interaction with tissues in the body.10 The 
identification and quantification of chemicals, or their 
metabolites, in biological sample media can provide 
accurate assessments of systemic exposures and total 
dose. Baseline and periodic assessments of chemical 
substances in the blood or urine of deployed service 
members may support health risk assessments related 
to deployment exposures. 

In recent decades civilian and military scientists 
have been enhancing medical surveillance programs 
with biomonitoring applications. Since the 1990s, 
the Centers for Disease Control and Prevention have 
measured biomarkers of exposure for more than 300 
environmental chemicals and nutritional indicators 
in non-occupationally exposed populations in the 
United States as part of the National Health and Nu-
trition Evaluation Survey (NHANES).11 The chemicals 

What Are Biomarkers?

The National Institutes of Health defines a bio-
marker as “a characteristic that is objectively measured 
and evaluated as an indicator of normal biological 
processes, pathogenic processes, or pharmacological 
responses to a therapeutic intervention.”6 A biomarker 
could be any chemical produced by the body, an 
environmental chemical or its metabolites, or a mea-
surement of physiological or cognitive function that 
reflects the effect of chemicals on the body. In all cases, 
the measured biomarker reflects the unique genetic 
interaction of the host with the environmental chemi-
cal and the metabolism of the chemical in the body. 
Everyone’s susceptibility to environmental chemicals 
is affected by their nutritional status and how well the 
body metabolizes and excretes the metabolic break-
down products.7  Figure 29-1 diagrams a completed 
pathway of exposure from external dose to potential 
health outcome.

Certain biomarkers can be used to assess internal 
dose of exposure, while others can be used to assess 
physiological effects, such as pulmonary function test 
results. Biomarkers must be stable in the blood or body 
fluid in which the chemical or metabolite is found. The 
biomarker is useless if it is metabolized and excreted 
before the sample media can be collected.8 Biomarkers 
for military use must be reliably measured; sample 
collection must be minimally invasive or noninvasive 
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(External Dose)
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Effective Dose

Early Biological
Effect
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Figure 29-1. Pathway from exposure to disease.
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selected for measurement are found in air pollution, 
pesticides, plastics (such as bisphenol A), and flame 
retardants. Trends observed over time allow for as-
sessment of regional differences and demographic 
differences. NHANES measured 308 chemicals in a 
cross-section of the US population, but it is estimated 
there are between 25,000 and 85,000 chemicals in pro-
duction today.11 Thus, the ability to assess biologically 
relevant dose may not be possible for most chemicals 
in production today. However, with newly advanced 
chemical profiling techniques, it is possible to identify 
and monitor environmental exposures in deployed 
troops. 

In 2001, as part of the Military Deployment Human 
Exposure Assessment Study, researchers obtained 
air and personal monitoring samples for a variety of 
chemicals commonly encountered during deploy-
ments.12,13 The air and personal monitoring was done 
during and after deployment. Predeployment serum 
was collected but the serum was not analyzed. The 
capabilities exist to retrospectively examine serum 
for specific biomarkers of chemical exposure, but this 
is not routinely done because the costs are prohibi-
tive. After exposure, a retrospective look-back at the 
predeployment serum is possible for selected hazards 
in small numbers of troops to monitor changes in 
internal dose over time after consideration of other 
confounders that affect exposure.

The use of biomarkers of exposure in deployed 
military populations has been recommended in the 
past when personal breathing zone air sampling data 
was not available. This data is necessary to gain an 
understanding of the complex exposure situations 
that exist during deployment, for example, when 
personnel encounter smoke from open-pit burning 
of trash.14,15 The biological specimen must be col-
lected soon after exposure, before the chemical is 
metabolized or excreted. Understanding the toxico-
kinetics of the chemical in the body will permit selec-
tion of the most appropriate exposure biomarker so 
that problems of specificity can be minimized. Infor-
mation on smoking status is also helpful to control 
for metal and volatile organic chemical exposures 
found in cigarettes. It is also important to note that 
any biomarker detected may have little to no rela-
tionship with recorded health outcomes.8 Exposure 
biomarkers approved for use by the DoD currently 
include blood lead and the 24-hour urine-depleted 
uranium bioassay for troops who report exposures 
on the Post Deployment Health Risk Assessment.16 

Additionally, red blood cell cholinesterase is used 
to monitor occupational exposure to nerve agents 
in explosive ordinance handlers and pesticide ap-
plicators. 

In the occupational setting, exposure biomonitoring 
is most frequently done as part of established medi-
cal surveillance programs. Workplace chemicals are 
sampled in the blood or urine to evaluate whether 
exposures have exceeded acceptable limits.17 DoD 
Instruction 6055.05M, Occupational Medical Examina-
tions and Surveillance Manual, recommends sampling 
for a few specific hazards.18 DoD pesticide applicators 
and technical escort personnel who handle explosive 
ordinance have medical monitoring requirements. 

At least two highly publicized incidents of specific 
chemical exposures have occurred after which the in-
dividuals involved were offered biological monitoring. 
In one incident, National Guard members providing 
security around a water treatment plant in Iraq were 
exposed to sodium dichromate powder that was dis-
persed when thieves stole drums storing the powder. 
In another incident, at Camp War Eagle in Iraq, off-
camp burning by local nationals exposed troops to 
high lead concentrations.19,20 

Surrogate biomarkers can be considered a type of 
exposure biomarker when the biomarker is used to 
substitute for a clinical endpoint. For example, cotinine 
levels are elevated in smokers.21,22 Methemoglobin lev-
els have been used as a marker of cyanide exposure, 
but clinicians should be aware that other chemical 
exposures will also raise methemoglobin levels.23 

Biomarkers of Effect

When the chemical agent or its metabolite causes a 
measurable change in a biochemical process or an al-
teration in a structure or body function, the biomarker 
reflecting the measurable change is a biomarker of 
effect. The change may be due to a specific airborne 
hazard in the deployed environment; for example, pul-
monary function testing results may be altered when 
service personnel experience high silica exposures 
during sand storms in Iraq and Afghanistan. Exposure 
to these inhalation hazards may impact pulmonary 
function as much as, if not more than, personal habits 
such as smoking.24,25 Workers exposed to nerve agents 
will show a drop in their red blood cell cholinesterase 
immediately after exposure. 

Biomarkers of Susceptibility

Biomarkers of susceptibility reflect an individual 
potential risk of developing disease, genotypic and 
phenotypic changes, or physiological changes in 
response to environmental exposures. Asthma and 
other respiratory conditions, cardiorespiratory disease, 
and other diseases produce changes in metabolomic, 
immunologic, and genetic and epigenetic biomarkers 
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that are clues to changes in disease susceptibility. 
Although several molecules, including proteins and 
ribonucleic acid (RNA), can serve as susceptibility 
markers, genome polymorphisms are particularly 
well suited as indicators of susceptibility. Genetic sus-
ceptibility to air pollution has been studied in asthma 
patients. Genetic variation has been shown to increase 
susceptibility to environmental tobacco smoke and 
diesel exhaust; variation in metabolizing genes may 
also increase susceptibility to pollutant-related cellular 
damage.26,27 Toxicology studies have led to new genetic 
screening tests for susceptibility to specific exposures. 
For example, a mutation on the HLA-B69 increases 
workers’ risk of becoming sensitized to beryllium and 
developing chronic beryllium lung disease, and coal 
workers who developed silicosis were found to have a 
polymorphism in tumor necrosis factor that increases 
their risk of developing silicosis.28 

Comparison of Biomarker Types

An environmental chemical is taken into the body 
through inhalation, ingestion, or skin absorption. 
When dose response information is known for a given 
chemical, it may be possible to predict health effects 
if the internal dose is known. Exposure biomarkers 
detect the agent or its metabolic breakdown products, 
which is considered to be a measure of internal dose 
closer to the targeted site of action than the external 
dose.14 Biological markers of effect may identify sub-
clinical changes caused by various exposures. More 
recently, biomarkers in the pathophysiology of tis-

sue injury or inflammation, including chemokines, 
cytokines, and immunoglobulins, are being used to 
examine specific tissue injuries.

Limitations on Use of Biomarkers 

Advancements in analytical chemistry have per-
mitted the identification of biomarkers of exposure at 
extremely low levels, so it is imperative that detection 
of these biomarkers in a given sample be sensitive and 
specific. Low detection limits for these biomarkers 
make correlation with clinical findings very difficult, 
and only subclinical effects are expected. In order for 
the biomarker to be used, there must be a population 
reference value that defines the background levels 
in the unexposed general population, so that sample 
results can be compared to the reference population 
values. Further, the toxicology of the chemical should 
be worked out so that at a given exposure level, the 
biomarker sample results should correspond to the 
degree of severity of the response based on pathology 
studies.9 Pre-validation and validation studies are also 
necessary prior to clinical or biomonitoring use so that 
reference values can be provided and the results can 
be explained to the affected individuals.

Lastly, use of biomarkers to study associations 
between environmental exposure and health out-
comes is difficult to do in a scientifically rigorous way 
because of the lack of breathing zone sampling data, 
often poorly understood toxicodynamics, variability 
in nutritional status, and genetic variability among 
individuals. 

DEPARTMENT OF DEFENSE NEEDS FOR EXPOSURE ASSESSMENT AND BIOMARKERS

and expansion of the DoDSR to increase the speci-
men types that are collected and stored there. Service 
members who fought in Vietnam were potentially 
exposed to the dioxin-containing herbicide Agent 
Orange; many filed compensation claims because they 
believed Agent Orange exposure caused their health 
problems.33,34 No area sampling data or breathing zone 
sampling data was performed documenting exposure 
to Agent Orange. Research on Agent Orange exposure 
showed few differences in health outcomes between 
the exposed and unexposed groups and supported the 
conclusion that most troops were not heavily exposed 
to Agent Orange.34 

However, because uncertainty regarding actual ex-
posure levels remained, the US Department of Veterans 
Affairs (VA) presumptively awarded compensation to 
veterans who deployed to Vietnam, regardless of ex-
posure status, if they developed any health conditions 
linked to Agent Orange exposure.33,34 Unfortunately, no 

The Exposome 

The “exposome” is the cumulative measure of 
environmental influences and biological responses 
throughout a lifespan.29,30 The exposome includes 
all environmental, dietary, microbiome, behavioral, 
therapeutic, and endogenous processes experienced 
cumulatively throughout life. Military personnel ex-
perience a broad array of exposures, and advances in 
this area will enhance the interpretation and utility of 
biomonitoring for military exposures.31 New develop-
ments in this area are also helping to drive advances 
in personalized, or precision, medicine.32

Airborne Hazards and Military Deployment

This section briefly presents an overview of prior 
deployment exposures and associated studies to illus-
trate the need for real-time breathing zone sampling 
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predeployment serum samples were drawn that could 
be used to assess baseline dioxin levels for comparison 
with the postdeployment laboratory analysis of serum 
dioxin levels. If DoD had collected predeployment and 
postdeployment serum dioxin levels, and collected 
blood for monitoring changes in deoxyribonucleic 
acid (DNA) to identify genetic susceptibility for the 
conditions linked to Agent Orange exposure, the health 
risks and disability compensation determinations may 
have been more evidence based.

Similarly, many service members who fought in 
the first Gulf War developed Gulf War illness. They 
reported poorly characterized symptoms following 
exposure to smoke from oil well fires, pesticides, de-
pleted uranium, mustard and nerve chemical warfare 
agents, vaccinations for anthrax and smallpox, and the 
nerve agent antidote pyridostigmine bromine. Again, 
there was no breathing zone sampling data to docu-
ment exposures. Over a third of Gulf War veterans still 
report nonspecific symptoms. Deployment exposures 
were thought to be the cause of several conditions that 
were collectively referred to as “Gulf War syndrome,” 
but no exposures were definitively established as the 
cause.35

In response to public concerns and congressional 
direction to obtain better deployment exposure infor-
mation, DoD Instruction 6490.03, Deployment Health,36 

was revised in 2006 to require the military services to 
perform deployment health risk assessments that in-
cluded baseline, routine, and incident-related exposure 
monitoring and to document any deployment-related 
exposures in the individual medical record.1 Routine 
exposure monitoring was recommended for chronic 
low-level exposures. 

During the early years of Operation Enduring 
Freedom and Operation Iraqi Freedom, service mem-
bers were exposed to high levels of silica-containing 
particulate matter that exceeded the US Environmen-
tal Protection Agency’s national ambient air quality 
standard by a factor of six during dust storms.37 Some 
personnel were also exposed to smoke from open-pit 
burning operations, other personnel were exposed to 
hexavalent chromium dust at a water treatment plant, 
and still others were exposed to sulfur dioxide while 
fighting a sulfur mine fire.37 

Personnel who deployed to Iraq were potentially 
exposed to smoke from burn pits that were used to 
destroy plastics, metals, rubber, paints, solvents, muni-
tions, wood, and medical waste.38–45 Very high levels 
of particulate matter  were recorded in the vicinity of 
the burn pits, in addition to low levels of volatile or-
ganic compounds, polycyclic aromatic hydrocarbons 
(PAHs), and heavy metals.38–41 Burn pit operations were 
conducted at Joint Base Balad, Iraq, until incinerators 

were installed in 2010. During the peak of burn pit 
operations in 2007, the base housed 25,000 troops, who 
generated 250 tons of waste that was burned daily.39–42 
Ambient air monitoring stations were set up to monitor 
particulate levels that year.39–41

In 2010, the Institute of Medicine, part of the Na-
tional Research Council (NRC), was asked to examine 
health effects of exposure to open-pit burning dur-
ing deployments.43 The resulting 2011 report, “Long 
Term Health Consequence of Exposure to Burn Pits 
in Iraq and Afghanistan,” noted that DoD did not 
collect breathing zone exposure data on individual 
service members.43 Further, it observed that linking 
ambient air pollution measurements to individuals 
and their health outcomes was not possible because 
the air sampling was not carefully designed, nor was 
it representative of an individual’s exposure. The re-
port recommended that DoD collect breathing zone 
samples, conduct long-term studies to examine the 
health outcomes of deployed troops, and address ser-
vice members’ concerns about perceived health risks.42 
The NRC recommended identification of a cohort 
who had deployed and a control cohort whose serum 
could be obtained from the DoDSR and compared. 
However, as the NRC recognized, this comparison had 
considerable uncertainty because the time the service 
members had actually spent at Joint Base Balad, their 
proximity to the burn pits, and other variables were 
unknown. Individual breathing zone sampling and 
bio-specimens taken at known intervals before, during, 
and after deployment would have supported a more 
rigorous, scientifically based health outcome study.42

Assessing deployment-related health outcomes 
with little or no breathing zone sampling data has 
challenged military epidemiologists.43–46 Recent epi-
demiologic studies have investigated the association 
between deployment environmental exposures and 
postdeployment chronic illness, including chronic 
respiratory conditions, among service members and 
veterans.43–46 These studies compared deployed with 
nondeployed personnel and produced a range of 
findings, from no association to evidence of increased 
symptoms and specific lung conditions.43–46 Sharkey 
et al reported that deployment to Afghanistan was 
associated with an elevated risk of postdeployment 
respiratory symptoms and new onset asthma.46 

Environmental sampling can capture the external 
dose using real-time breathing zone sampling, which 
is the gold standard for exposure assessment, but this 
is often difficult to achieve in the deployed setting.42,47 

Operational commanders give their attention to man-
aging the greatest risks first, such as protecting the 
troops from enemy fire. In this scenario, the logistics 
involved in conducting breathing zone sampling could 
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hinder other force health protection measures needed 
by deployed service members to survive in combat. 
A careful balance must be struck between methods 
designed to monitor for possible exposures that could 
lead to long-term health effects and the immediate 
risks of combat. 

Efforts that rely upon traditional exposure assess-
ment, such as breathing zone sampling collectors and 
pumps worn by the individual, limit mobility, have 
short battery lives, and require oversight by an indi-
vidual trained in their operation. Further, the specimen 
collected must be analyzed in a laboratory equipped 
with gas chromatography and mass spectrometry. 
Ideally, the results should be reviewed by a healthcare 
provider and explained to the service member before 
being placed in the medical record. Unfortunately, the 
analyses may take weeks to months to complete, and 
often the service member has moved or redeployed 
out of theater, so the results do not make it into the 
medical record.

For these reasons, breathing zone sampling in 
combat situations with the available equipment was 
thought to be impractical.42,47 However, breathing 
zone sampling was conducted by the US Air Force at 
Bagram Air Field, Afghanistan, from November 2011 
until March 2012, to assess potential exposures from 
open-pit burning. Blasch et al collected breathing 
zone sampling data (without interfering with combat 
readiness) and noted several PAHs and metals in 
low concentrations in the breathing zone of a cohort 
of deployers that often exceeded concentrations in 
ambient sampling data.48 

The DoD has focused efforts on the areas of health 
risk assessment and identification, analysis, and 
prevention of exposures since the start of Operation 
Enduring Freedom and Operation Iraqi Freedom.1–3,49,50 
However, lack of data as well as conflicting data 
indicates a need for alternative ways to characterize 
exposures that are both valid and reliable. In the ab-
sence of breathing zone air sampling data, exposure 
biomarkers may provide measures of internal doses 
that allow the DoD to demonstrate exposures to health 
hazards and any associations between exposure and 
health outcomes that require further investigation 
and research. 

In 2012, the NRC published a report called “Ex-
posure Science in the 21st Century: A Vision and 
Strategy,” which was developed to guide research 
on developing exposure information for large seg-
ments of the population to relate human health and 
the environment.14 The authors noted that a key re-
search need is to develop advanced analytic tools for 
measuring internal dose, identifying bio-signatures 
of exposure, and measuring biochemical modifiers 

of internal dose to complement the individualized 
biomedical profiles available from genotyping.14 The 
use of “omics” technologies, including metabolomics, 
proteomics, metallomics, transcriptomics, immunom-
ics, genomics, and methylomics, provides many of 
the measures recommended by the NRC, including 
use of exposure susceptibility and biological response 
biomarkers, biomarkers of effective dose, and markers 
of health outcomes. 

The emergence of new laboratory omics technolo-
gies offers a potential means of dealing with exposures 
to assess internal dose. Integration of metabolomics 
with traditional exposure assessments and a central 
platform that links exposure to internal dose, biologi-
cal response, and health outcomes may yield useful 
measures for the study of long-term adverse health 
consequences in the future. Many of these platforms 
are now sufficiently developed to support analyses 
of stored biological specimens. Applying this ap-
proach to DoDSR samples can greatly improve an 
individual’s exposure characterization. The large 
number of samples, diversity of the population, and 
extensive demographic and health information in the 
DoDSR-associated Defense Medical Surveillance Sys-
tem (DMSS) makes the DoDSR an invaluable resource 
for DoD exposure assessment and precision medicine 
research.3

The US military has been unsuccessful in identify-
ing and assessing potentially hazardous exposures in 
deployed service members in real time or near real time 
to give commanders recommendations for preventing 
environmental exposures. Many area environmental 
samples have been collected, but few efforts have been 
made to collect individual breathing zone samples, nor 
has there been much effort to link results of the sample 
analysis to the health record of a particular person 
or group deployed to a specific location at a specific 
point in time. Among many reasons for this gap are 
limitations in the training of personnel collecting the 
samples, limitations in sampling equipment, and 
limitations in the information technology that prevent 
sample results from being linked to an individual’s 
medical record. 

The DoD is engaged in a significant effort to im-
prove training of personnel to oversee the proper 
collection of airborne sampling data. DoD efforts are 
also directed at decreasing the size of sample collec-
tion equipment so it does not add weight to service 
members’ equipment or interfere with warfighting 
capabilities. Improvements are needed so that ser-
vice members’ laboratory results are linked to their 
medical records, and to ensure results are reviewed 
by healthcare providers and discussed with the service 
members.
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Department of Defense Serum Repository

The DoDSR was established in 1989 to store se-
rum collected when mandatory HIV testing was 
performed on active, Guard, and reserve service 
members,51,52 and samples have been collected from 
military personnel every 2 years since. The registry 
currently contains 61 million serum samples that are 
linked to individual service members and their health 
data.51,52 Service members provide predeployment 
and postdeployment serum samples, which may 
be used to address questions related to deployment 
exposures. DoDSR studies of specimens have usually 
addressed biological exposures for which antibodies 
could be measured.51,52 The associated DMSS database 
includes service member medical outcome data and 
predeployment and postdeployment health question-
naire information, which is linked to the DoDSR by 
Social Security numbers.51,52

To ensure future pre-event and post-event evalua-
tion of exposure biomarkers, the Armed Forces Health 
Surveillance Center (AFHSC) asked, “What could 
be done better with the serum?” and “What other 
biospecimens should be collected?” AFHSC identi-
fied gaps in current capabilities along with areas for 
improvement to ensure that serum quality was main-
tained. Adoption of a quality assurance program that 
involved testing of the serum against quality control 
standards was one advance.4 Other enhancements, 
including expanding the types of specimens stored 
and lowering the temperature from -30°C to -80°C, 
would allow the DoDSR to remain a state-of-the-art 
bio-repository.5

The serum samples stored in the DoDSR have been 
used for a variety of studies.53 These studies range 
from analyses of antibody levels against various in-
fectious agents to analyses for biomarkers possibly 
associated with physiological changes that could be 
linked to combat, such as posttraumatic stress disorder. 
However, serum has not been found useful for whole 
genome sequencing or RNA analysis. Serum samples 
are linked to demographic, medical encounter, military 
occupation, and deployment data. This data provides 
a powerful epidemiologic resource to investigate 

deployment burn pit exposures, serum biomarkers, 
and potential for specific health outcomes.54 Further, 
a large cohort of deployers to Iraq and Afghanistan 
who provided security around burn pits had their 
predeployment and postdeployment serum exam-
ined for PAHs, dioxins, cotinine levels, microRNA 
(miRNA) levels, metabolic breakdown products, and 
inflammatory biomarkers. The study noted that the 
serum was of excellent quality and all those biomark-
ers could be detected in it. Thus, the DoDSR should be 
considered a resource for future studies of biomarkers 
of exposure.54–61 

Recent studies using new laboratory technolo-
gies have confirmed optimism about the quality of 
serum specimens currently in the DoDSR. The serum 
specimens were consistently found to contain glucose 
and amino acids in the normal physiological range.61 
The current DoDSR has considerable utility, but its 
utility could be expanded if the latest technological 
advances and laboratory management practices were 
incorporated into daily operations. Serious consider-
ation must be given to upgrading the capabilities of 
the DoDSR to allow for the collection and storage of 
state-of-the-art bio-repository specimens that are not 
currently collected, including urine, fecal, and whole 
blood samples or blood spots.3–5 

To expand the DoDSR’s capabilities, its storage 
equipment must be upgraded to permit colder storage, 
at -80°C. In addition, standardized procedures should 
be put in place to ensure specimens are collected, 
processed, shipped, received, and stored properly, 
with routine quality assurance procedures to allow a 
statement of assurance to be issued to specimen users. 
Presently there is variability in sample collection and 
processing. Use of state-of-the-art collection tubes may 
minimize threats to specimen quality.3 

Although possibly of little value in general health 
surveillance, the new laboratory technologies could 
be of great value for examining individual exposures. 
Military leaders and preventive medicine personnel 
must be informed of the need to rapidly identify and 
respond to actual or possible exposures, and to be 
prepared to collect the specimens and data needed to 
meaningfully assess the health risk. 

BIOMARKER DISCOVERY AND APPLICATIONS

compared with controls.62 The different omics tech-
niques (Exhibit 29-1) have been recognized for their 
potential power in precision medicine, epidemiology, 
and exposome research.64–66 The following is a brief 
description of what each of these techniques analyzes 
and the benefit that they might provide to military 
medicine.

Many different molecular methods are available 
to study exposure biomarkers. Potentially useful 
applications of each method are being identified and 
evaluated.62,63 For example, a recent study of ultrafine 
particulate levels and inflammatory biomarkers, 
including C-reactive protein, demonstrated cardio-
vascular effects in a group of exposed individuals 
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 EXHIBIT 29-1

“OMICS” TECHNOLOGIES

Metabolomics. High-resolution metabolomics studies provide evidence of thousands of unidentified chemicals in 
human plasma. The human metabolome is defined as the chemical profile of all low-molecular-weight compounds 
in a biological specimen and includes endogenous metabolites, chemicals from human-environment interaction, and 
reactants arising from interaction of these compounds with enzymatic and bacterial processes occurring within the body. 
Genomics. Genomics is the analysis of DNA sequencing and requires high-quality DNA. Studies of service members 
are underway to look for single nucleotide polymorphisms that identify genetic predispositions to diseases caused by 
environmental exposures and induced mutations caused by mutagenic agents. 
Transcriptomics. Transcriptomics is the analysis of messenger RNA (mRNA) transcription as expressed genes in cells. 
It requires high-quality RNA, which is difficult to obtain because it degrades easily. Transcription analysis can detect 
metabolic changes due to exposure to infectious agents or toxins that are controlled at the mRNA level.
Serum cytokines and proteins. Biomarkers of inflammation and cardiovascular risk are measured in serum using bead-
based multiplex technology from Luminex Corporation (Austin, TX). Immunologic and cardiovascular changes can be 
detected. The cytokine panel includes 22 cytokines and chemokines associated with inflammation. The cardiovascular 
panel includes 10 markers including β2-microglobulin, C-reactive protein, and a number of other serum markers.
Serum microRNA. MicroRNAs (miRNAs) are a class of small, endogenous regulatory RNA molecules that are es-
sential in physiologic processes and regulating stress responses, inflammation, and immunity. Unlike RNAs, miRNA 
are stable, exist at high levels in serum, and can serve as biomarkers of exposure. 
 Serum IgE. A sentinel of allergy and asthma, serum IgE is increased by exposure to environmental chemicals, including 
diesel exhaust and other hydrocarbon pollutants that promote allergic sensitization. Serum IgE levels can be measured 
using a commercial enzyme-linked immunosorbent assay (ELISA) kit. 
Serum cotinine. Cotinine is a metabolic product of nicotine and a sensitive indicator of tobacco smoking status. Tobacco 
smoke contains polyaromatic hydrocarbons (PAHs) and is a potential confounder in exposure assessments. Cotinine 
can be measured in serum by testing using a commercial ELISA kit.
Polyaromatic hydrocarbons and dioxin. PAHs and dioxins can be measured in serum by cloud-point extraction. The 
resulting nonpolar core micelles are isolated, extracted with hexane, and analyzed by gas chromatography and mass 
spectrometry. Benzo[a]pyrene is converted by cellular enzymes to benzo[a]pyrene diol epoxide (BDPE), which forms 
adducts with DNA and proteins. BDPE-protein adducts can be detected in serum using a commercial ELISA.
Proteomics. Proteomics is the study of proteins in the host examining molecular events after transcription has occurred. 
The Department of Defense force health protection program uses proteomics to identify biomarkers and metabolic 
changes associated with diseases. Environmental chemicals may bind to serum proteins when reactive electrophiles 
bind to protein carriers in the blood and serum, forming protein adducts. 
Epigenomics. Epigenomics is the study of heritable changes not directly encoded in DNA sequences. These changes 
do not alter the genome and are reversible. The most common epigenetic effects are histone modification and DNA 
methylation. These DNA modifications are involved in gene regulation and affect gene transcription and expression. 
Epigenomic analysis allows for the study of pre-transcriptional changes that effect gene regulation before mRNA is 
produced. 

Genomics

Genomics is the analysis of data derived from 
DNA sequencing. It requires high-quality DNA 
material. The DoD has invested in genomics as a 
force health protection tool.3 The DoD and VA have 
undertaken genomics studies of service members 
to look for single nucleotide polymorphisms that 
may identify individuals with genetic predisposi-
tions to diseases caused by various environmen-
tal exposures. Also, DNA sequence analyses in 
exposed personnel might identify induced muta-
tions related to mutagenic agent exposures.67–69 
Additionally, genome-wide association studies, 

coupled with epidemiologic analysis, may help 
identify specific alleles and their associated risk 
of disease.

Transcriptomics

Transcriptomics is the analysis of messenger RNA 
(mRNA) transcription levels as expressed genes in 
the cell. This technique requires high-quality RNA, 
which is much more difficult to generate experimen-
tally than DNA because RNA is prone to degradation. 
Transcription analysis can be used to detect metabolic 
changes resulting from exposure to infectious agents or 
toxins that might be controlled at the mRNA level.70–72 
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Transcriptomics has also been used to predict health 
outcomes following influenza exposure in clinical 
studies.73 

Proteomics

Proteomics is the study of proteins in the host 
to examine molecular events after transcription 
has occurred.3 Proteomics techniques require non-
degraded protein, and recent studies have noted that 
serum samples in the current DoDSR are suitable for 
analyzing circulating protein, but not cellular or cell-
associated protein. The DoD force health protection 
program could use proteomics to identify biomarkers 
associated with specific disease states and to detect 
metabolic changes associated with these diseases.3 
Proteomics may also detect specific biomarkers that 
represent changes in serum and cellular proteins.72,74,75 
Environmental chemicals may bind to serum proteins 
when reactive electrophiles bind to protein carriers in 
the blood and serum to form protein adducts.76 Quan-
tification of DNA adducts in humans is challenging, 
even with the use of targeted methods.77 Protein ad-
ducts have been detected by targeting the sulfhydryl 
group of human serum albumin using high-resolution 
mass spectrometry up to 30 days after exposure.78 Re-
dox proteomics, which aims to measure redox-based 
changes in the proteome, has also been used to identify 
exposure-response changes.79 

Metabolomics

Metabolomics has been extensively developed but 
not yet extensively used for biomonitoring of military 
exposures. Importantly, high-resolution metabolo-
mics studies have provided evidence of thousands of 
unidentified chemicals in human plasma. Low-level 
exposures present a challenge for reliably measuring 
chemical residues. The human metabolome is defined 
as the chemical profile of all low-molecular-weight 
compounds in a biological specimen and includes 
endogenous metabolites, chemicals from human-
environment interaction, and reactants arising from 
the interaction of these compounds with enzymatic 
and bacterial processes occurring within the body.80 

Biomarkers in human specimens can therefore pro-
vide measures of metabolites from core biochemical 
processes, lipids, microbiome-related metabolites, di-
etary chemicals, pharmaceuticals, and chemicals from 
environmental sources and commercial products.81 

Various platforms are in use to measure the metabo-
lome, including nuclear magnetic resonance and mass 
spectrometry. Due to recent advances in instrumenta-
tion and computational techniques, applications using 
liquid chromatography with ultra-high resolution 

mass spectrometers provide the greatest capabilities 
for exposome and precision medicine research.82 Fea-
sibility studies suggest it is possible to measure nearly 
a million mass-to-charge (m/z) signals. This analytical 
framework has been successfully applied to identify 
the metabolic phenotype of chronic diseases,83–90 ag-
ing,91 infectious diseases,92 and inflammation93; it has 
also been used as a central platform linking exposure 
to internal dose and biological response through a 
metabolome-wide association study framework.94 

Recent studies have shown DoDSR serum samples 
are of suitable quality for profiling by high-resolution 
metabolomics. Initial characterization of 30 samples 
obtained from the DoDSR showed these samples 
provided measures of common metabolites consis-
tent with expected ranges, and a detectable biological 
response to benzo[a]pyrene (a PAH and ubiquitous 
environmental pollutant) exposure was present.61 Ad-
ditional characterization by Liu et al using complemen-
tary analytical strategies for high-resolution metabo-
lomics could routinely detect over 20,000 m/z features, 
including over 7,000 matches to metabolites present 
in the Kyoto Encyclopedia of Genes and Genomes.95 

Another study examined cotinine levels, tobacco 
use, and common health indicators. Its results pro-
vided further evidence of DoDSR sample quality and 
suitability for metabolomic profiling.96 Based on these 
results and the available technology, high-resolution 
metabolomics is sufficiently developed to allow imple-
mentation on a test basis for ongoing deployment sur-
veillance.55 The measures available from this platform 
include metabolic indicators of nutrition, renal func-
tion, and liver function, as well as other indicators. If 
adapted, chemical profiling of samples obtained before 
and after deployment, and over the course of service, 
can be evaluated for exposure biomarkers, effects, and 
health outcomes. This may improve identification of 
individuals with risk for environment-associated dis-
ease. Implementation is cost effective, and including 
these capabilities into the DoDSR structure may facili-
tate hazard identification and improved management 
of health risks associated with troop deployments.

New methods of monitoring exposure such as 
silicone wrist bracelets and badges, which are inex-
pensive and require no external power source, show 
promise.97,98 Coupled with untargeted chemical profil-
ing by high-resolution mass spectrometry, these moni-
tors have the potential to improve characterization 
of exposure to both known and unknown chemical 
agents. However, there are still challenges with linking 
external exposure to internal dose, measuring biologi-
cal relevance, and developing a system for widespread 
distribution to troops. Thus, biological samples col-
lected for the DoDSR represent a key resource for 
monitoring troop exposures.52 
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Metallomics

Heavy metal exposure and its associated health ef-
fects are an ongoing concern in the military. Chemical 
profiling by metabolomics can measure organic metal 
compounds. Metallomics, which uses inductively 
coupled plasma mass spectrometry (ICP-MS), can 
be applied to measure the total and speciated metal 
levels in biological specimens.3 Biomonitoring studies 
have shown that the sensitivity of the ICP-MS method 
is superior to other analytical methods and is more 
cost effective than graphite furnace atomic absorption 
spectroscopy. Some recent studies have assessed the 
micronutrient status and background levels of expo-
sure to toxic metals, but there are limitations with this 
approach, including contamination during sample 
collection and suitability of a matrix for metal species.3

Epigenomics

Epigenomics is the study of heritable changes that 
are not directly encoded in the cell’s DNA sequences.3 
Epigenetic changes do not modify the sequence of 
the genome and are reversible. The two most com-
mon epigenetic effects are histone modification and 
DNA methylation. These two DNA modifications are 
involved in gene regulation in that they affect gene 
transcription and gene expression.3 Epigenomic analy-
sis allows for the study of pretranscriptional processes 
that effect gene regulation before the production of 
mRNA. The bio-sample most suitable to support this 
technique is high-quality genomic DNA, although 
methylation studies have been done on DNA recovered 
from dried blood spots. Epigenomic analysis has been 
used to predict disease outcome, especially in the areas 
of cancer and neurological disorders.85,87,89 One pre-
liminary study suggests that DNA methylation states 
may be associated with posttraumatic stress disorder.88

Immunomics

Immunomics is the analysis of information pertain-
ing to the immune system, particularly associated 
with adaptive immunity.3 This includes the study 
of the immune response to pathogens as well as to 
environmental chemicals. To do a full and complete 
immunomic analysis, white blood cells must be stored 
and analyzed for immunological markers. Analysis of 

host immune cells can provide information about the 
vaccination status and the health of the person’s im-
mune system following potential toxic exposures. Im-
munomic technology has been used to analyze physi-
ological processes, such as autoantibody response, and 
to develop personalized medical treatments.3 

MicroRNA

In contrast to the above categories, miRNAs (see 
below for more detail) are encoded by the genome and 
are strong regulators of gene expression, but they are 
not translated into protein and thus do not fit in the 
transcriptomic or epigenomic categories. However, 
they provide an important measure of responses to 
environmental exposures and have been associated 
with a number of human diseases including Alzheimer 
disease.89,91 Recent studies have shown that miRNAs 
are both upregulated and downregulated in response 
to environmental chemical exposures.1 Environmen-
tal exposures may interfere with miRNA-regulated 
translation of proteins; for example, PAHs were found 
to alter circulating levels of miRNAs in the serum.63 

Serum IgE 

Serum IgE, a sentinel of allergy and asthma, is in-
creased during exposure to environmental toxicants, 
including diesel exhaust and other hydrocarbon pol-
lutants that promote allergic sensitization. Serum IgE 
levels can be measured in small volumes of serum 
using a commercial enzyme-linked immunosorbent 
assay (ELISA) kit. An analysis of predeployment 
and postdeployment serum noted that deployment 
exposures contributed to allergic sensitization and 
pulmonary symptoms.1

Serum Cotinine 

Cotinine is a metabolic product of nicotine and a 
sensitive indicator of tobacco smoking. Tobacco smoke 
contains PAHs, and tobacco smoke PAHs must be ac-
counted for when examining individuals for exposure 
to PAHs in the deployed environment. The DoD exam-
ined cotinine levels to control for smoking by testing 
serum using a commercially available ELISA kit in a 
cohort of deployed individuals who were exposed to 
PAHs from open-pit burning of trash.1 

PHYSIOLOGICAL TEST MATRICES

Historically, patients have been monitored with con-
ventional physiological measurements such as height, 
weight, blood pressure, pulse, oxygen saturation, 

audiometric testing, and pulmonary function testing. 
With the advancement of biological monitoring, whole 
blood, serum, plasma, urine, saliva, and cerebrospinal 
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fluid began to be used to measure the body’s changes 
in response to internal and external stimuli.99 Of these, 
blood and urine are the most commonly collected me-
dia to study biomarkers. Biomarkers of internal dose, 
either the chemical itself or its breakdown product 
in blood, may indicate recent chemical exposure or 
mobilization from stores from prior exposure. Urinary 
biomarkers can also indicate recent exposure, but there 
is a slight lag time compared to when chemicals show 
up in the blood. Some chemicals may be sequestered 
in fat, bone, or other tissue and not show up in blood 
or urine. Operational commanders and service mem-
bers prefer the least invasive way of assessing troops 
for exposure, including sample media collections, if 
the required quality of information can be obtained.

Nasal Lavage Analysis

Nasal lavage is increasingly gaining attention in 
allergen testing and as a test matrix for lung injury bio-
markers.93 Nasal lavage has been found to be a useful, 
noninvasive method in biomarker studies of asthma 
patients to examine eosinophil-derived neurotoxin for 
evidence of eosinophilic inflammation.86 

Exhaled Breath Condensate

Exhaled breath contains microscopic droplets of 
lung lining fluid that contain biomolecules present in 
the lung. Exhaled breath can be condensed and col-
lected, and the resulting fluid, exhaled breath conden-
sate (EBC), can be assayed for biomarkers of interest. 
Portable EBC collecting units have been developed 
that consist of a collection tube with mouthpiece and 
integrated sample vial. The collecting tube is placed 
in a metal sleeve that has been pre-chilled in a freezer, 
and the donor breathes through the mouthpiece for 10 
minutes to collect 1 to 2 mL of EBC. The sample vial 
is capped and stored for later analysis, the sleeve is 

returned to the freezer for subsequent collections, and 
the remainder of the unit is disposable. The process is 
fast, simple, and noninvasive.100,101

EBC samples the lung lining fluid, and numerous 
analytes have been found in EBC, including proteins, 
fatty acids, byproducts of metabolism, and host- and 
pathogen-derived DNA and RNA.102 Analytical meth-
ods include ELISA and similar multiplex methods, 
polymerase chain reaction (PCR), and mass spec-
trometry, depending on the analytes to be measured. 
EBC has been used to investigate DNA mutations in 
lung cancer, surfactant proteins in chronic obstructive 
pulmonary disease, and proinflammatory cytokines in 
asthma.103 In the field of occupational and environmen-
tal medicine, EBC has been used to study exposures 
to traffic air pollution, ozone, foundry dust, metal 
nanoparticles, welding fumes, and industrial chemical 
exposures. EBC has been evaluated as a screening tool 
for asthma in military recruits, and used to demon-
strate increased proinflammatory markers in sailors 
after an 8-hour duty period on board small diesel-
powered coast guard patrol boats.104,105 As analytical 
techniques grow ever faster, more sensitive, and less 
expensive, EBC is poised to become a major sampling 
site for biomonitoring of pulmonary and systemic 
health, disease, and occupational exposures.

Saliva

Saliva is an excellent medium, better than urine or 
blood, for exposure biomonitoring. It can be quickly 
collected by noninvasive methods, which makes the 
collection process easy and acceptable in deploying 
troops. Saliva biomarkers can be used to monitor 
health and conduct disease surveillance.92 Biomarkers 
for therapeutic interventions, hormonal and immuno-
logical changes, and toxic chemicals and their metabol-
ic intermediates can be detected in saliva. For example, 
thiocyanate can be detected in the saliva of smokers.106 

NEW DEVELOPMENTS IN BIOMARKERS

Exposure Memory

Although still an evolving concept, evidence sug-
gests multiple exposure memory systems exist with 
the potential to provide long-term markers of under-
lying injury arising from exposure.55,107 These systems 
can be used as nonspecific indicators of exposure, 
and comparing predeployment and postdeployment 
indicators provides a means of identifying changes 
in these systems. Current approaches to measure 
exposure memory include redox-proteomics, epig-
enomics, and metabolomics. In one study, metabolic 

changes were observed in individuals exposed to an 
extremely high dose of dioxin. The study, conducted 
in 2011, examined biomarkers that were obtained 
from healthy controls and eleven workers exposed to 
dioxin residues during the 1960s. The data showed 
these metabolic alterations were still present in the 
workers relative to the healthy controls, and included 
changes in expression of cytochrome P-450, hepato-
toxicity, bile acid biosynthesis, and oxidative stress.108 
The data showed that changes in the metabolome 
due to a recent, acute dioxin exposure could still 
be detected in exposed individuals 40 years later. 
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Exposure memory is a key component of the expo-
some, and continued characterization of multiple sys-
tems is ongoing through efforts integrating different 
omics platforms and health outcomes.109

Serum Cytokines and Protein Biomarkers 

Biomarkers of inflammation and cardiovascular 
risk can be measured in serum using bead-based 
multiplex technology from Luminex Corporation 
(Austin, TX), which allows detection of 42 different 
molecules in a single 0.025-mL sample. The cytokine 
panel includes 22 cytokines and chemokines associ-
ated with inflammation. The cardiovascular panel 
includes 10 markers including β2-microglobulin, 
C-reactive protein, and a number of other serum 
markers that can be assayed in 0.05 mL of serum to 
simultaneously measure 32 biomarkers. A recent 
study utilized two panels of biomarkers to detect 
immunologic and cardiovascular changes associated 
with service-related exposures.56,60

Biomarkers of Pulmonary Injury

The goal in the study of pulmonary injury is to de-
velop omics technologies that can provide molecular 
signatures indicative of lung injury.110 Recent studies 
demonstrate the potential utility of several types of 
biomarker molecules in different media.111 Many new 
biomarkers of volatile organic compounds have been 
detected and quantified in EBC.112 These biomarkers 
provide a measure of airway inflammation and offer 
a complementary tool to assess airway disease and 
asthma.113 

Development of new analytical platforms, includ-
ing GC Orbitrap (Thermo Scientific, Carlsbad, CA)  
high-resolution mass spectrometers, has greatly 
improved the capability to measure low-molecular-
weight volatile organic compounds in small volumes 
of biological samples.114 The use of high-resolution 
mass spectrometry greatly improved the detection of 
ethyl-thiocyanate generated from thiocyanate present 
in EBC, resulting in low nanomolar detection limits. 
The improved detection limits were a direct result of 
the ability to extract accurate mass ion chromatograms, 
which is not possible using traditional instrumentation 
due to noise at low m/z levels. 

Additionally, biomarkers of oxidative stress and 
inflammation including proteins have been mea-
sured in bronchoalveolar lavage fluid. The study 
of chronic obstructive pulmonary disease and lung 
function impairment has led to discoveries through 
transcriptomic analyses of gene expression in the 
bronchial airway epithelium and lung parenchyma 
cells. Condition-specific genes and altered molecular 
pathways were noted to be associated with cigarette 
smoking.115,116  Further, RNA expression studies 
were used to identify gene expression signatures for 
particular types of pulmonary injury or disease. In 
addition, recent findings in asthma transcriptomics 
studies noted that T-cell type 2–mediated inflamma-
tion symptoms correlated well with biomarker levels 
of interleukin 13 and interleukin 14–induced genes.117 
While noninvasive testing is preferred, bronchial 
lavage and brushing can provide researchers with 
biomarkers that may one day enhance the under-
standing of molecular disease mechanisms caused 
by the inhalation of airborne hazards.

GENETIC AND EPIGENETIC BIOMARKERS

Non-Coding RNAs 

Non-coding RNAs (RNAs that do not encode for 
protein) have recently emerged as powerful candidates 
for biomarker discovery. The most widely described 
are the miRNAs, a class of small, endogenous regula-
tory RNAs (20–25 nucleotides in length) that are essen-
tial in normal physiology and disease processes, as well 
as the regulation of stress responses, inflammation, 
and immunity. A single miRNA can regulate expres-
sion in literally hundreds of distinct target genes, and 
thus one miRNA can have a profound impact on gene 
expression and physiology. Changes in miRNA levels 
lead to altered gene expression and the development 
or promotion of disease states. To date, about 1,500 
different miRNA species are encoded in the human 
genome. 

In the past 10 years, epigenetics has expanded 
through technological advancements in the labo-
ratory including the use of high-throughput mul-
tiplex methodologies.118 For environmental expo-
sures, research has focused on how these exposures 
affect posttranslational modification of proteins.119 
Researchers continue to focus on how exposures 
and other environmental factors (eg, demographic, 
exercise, diet) alter the normal epigenetic process-
ing of proteins and other molecules.120 Recent re-
search has suggested that environmentally induced 
epigenomics changes may alter gene expression in 
such a way that specific pathway alterations may 
become permanent.121–123 More research is needed 
to confirm that the observed epigenetic changes 
are causally related and not just correlated with 
long-term changes. 
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Emerging evidence supports miRNA expression 
profiling as a crucial diagnostic tool. Highly abundant 
in human serum and plasma samples, miRNAs are 
much more stable than other classes of RNAs due 
to their small size, sequestration into small particles 
called exosomes, and binding proteins that shield them 
from the abundant RNA-degrading enzymes found in 
most biological fluids.123 The remarkable stability of 
some miRNAs has been revealed by several studies 
of miRNA levels in stored serum and other biofluids 
over extended time periods.124,125 For example, one 
study showed that even at -20°C, many serum miR-
NAs are stable for up to 8 years, with minimal impact 
on detection. Interestingly, differential miRNA levels 
have been detected in blood (serum, plasma), urine, 
EBC, and tissue biopsies from patients with disease 
compared to unaffected individuals. 

Another advantage of utilizing miRNAs as bio-
markers is the relative ease and universal method of 
their detection. Levels of miRNAs can be accurately 
quantified from biological fluids using PCR, a labora-
tory technique that uses selective amplification steps 
to reliably measure the level of nucleic acids (in this 
case specific miRNA). The ability of PCR to dramati-
cally amplify the level of the analyte means many 
miRNAs can be detected in small biological samples 
(up to 120–150 different miRNAs can readily be de-
tected in only 0.1–0.2 mL of human serum). Specific 
miRNA levels can also be used to determine biological 
sample quality. For example, miRNA expression by 
quantitative PCR can be used to determine if certain 
serum samples are affected by hemolysis (red blood 
cell lysis) due to the presence or absence of specific 
miRNAs found almost exclusively in red blood cells.126 

In addition to being utilized as biomarkers of 
disease state, miRNAs are being tested as markers 
of exposure. Recent work has linked environmental 
PAH exposures with altered plasma miRNA levels.63 
Serum samples from the DoDSR were used to identify 
specific miRNAs that show a strong correlation with 
smoking status and serum markers including inflam-
matory cytokines.56 Another study used DoDSR serum 
samples to show that certain miRNAs change expres-
sion after personnel deployment to military bases 
with active open-air burn pits.60 Thus, miRNAs may 
provide an ideal biomarker for exposure, disease, or 
pathological state. 

While miRNAs are currently the most widely used 
non-coding RNA class for biomarkers, other RNA 
species are increasingly being investigated as novel 
biomarkers. Long non-coding RNAs (lncRNAs) are 
typically over 200 nucleotides in length and have been 
related to multiple functions, including activating or 
repressing gene expression, recruiting various pro-

tein cofactors, and inducing methylation-dependent 
epigenetics,127 and they are also involved in gene 
imprinting and X-chromosome inactivation. Recently, 
differences in certain lncRNAs have been detected in 
atherosclerosis and certain cancers. However, given 
the lower stability of lncRNAs compared to miRNAs, 
and the current lack of studies on lncRNAs in vari-
ous biological fluids readily obtainable for biomarker 
analyses, the usefulness of lncRNAs in biomarker 
discovery requires more study. 

Another class of non-coding RNA is the piwi-
interacting RNAs (piRNAs), which form RNA-protein 
complexes with the piwi proteins. Like miRNAs, 
piRNAs regulate gene expression through epigenetic 
and posttranscriptional gene silencing. Compared to 
miRNAs, piRNAs are slightly larger and less stable, 
and piRNAs are unique in that they are abundantly 
expressed in germ line cells (sex cells), and thus can 
be directly inherited by offspring. Recently, piRNAs 
have been measured in human blood samples, and 
differences in piRNA expression were observed in 
certain cancers, suggesting they may be potential 
biomarkers.128 Whether piRNAs are altered by various 
environmental exposures is currently unknown and 
future studies are needed. 

Genetics in Pulmonary Injury Research

Genome-wide association studies have permit-
ted the discovery of gene mutations associated with 
increased susceptibility to environmental hazards. 
Currently, whole genome sequencing studies in large 
military cohorts are planned that will link alterations 
in DNA sequences to health outcomes and exposures 
(phenotypes).129,130 Genetic research may also yield 
information on biomarkers and specific pathways 
altered due to specific environmental exposures and 
dosages. Lung disease studies of gene–environment 
interactions have identified a number of genes that 
predispose people to higher injury risk.131

Polymorphisms caused by oxidative stress have 
been found to make individuals more susceptible to 
environmental exposures to particulate matter and 
ozone.132 Research in nutrition and gene interaction 
in the presence of pollution has shown that ϖ-3 fatty 
acids, antioxidants, and methyl nutrients are protec-
tive.27,133,134 Susceptibility studies in silicosis patients 
have noted a cellular DNA polymorphism associated 
with increased risk.135 Researchers also examined 
biomarkers of susceptibility in animals following ex-
posure to inhaled silicon dioxide nanoparticles, noting 
that toxicity varied with age and suggesting that there 
may be different biomarkers of susceptibility at differ-
ent stages of development.29 
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Gene–environment interactions is another area of 
ongoing research. In one study, individuals were ex-
posed to airborne endotoxins and genotype signatures 
were examined. Carriers of three single nucleotide 
polymorphisms in the CD14 gene and one in the MD2 
gene were associated with increased risk of asthma 
symptoms following endotoxin exposure, compared 
with the allele homozygotes.136 Genetic research in the 
military is helpful in understanding lung injury under 
specific conditions. However, its use for susceptibility 
screening may be of limited value. The test will only be 
cost effective when the prevalence of the genetic muta-
tion is moderately high and susceptibility cannot be 
determined. In the end, change in the genotype linked 
to a health decrement caused by exposures is the gold 

standard for proving causation. Once the evidence is 
established, exposure prevention countermeasures 
become necessary to avoid adverse health outcomes. 

The military has an ongoing screening program 
for personnel who are at risk for a genetically linked 
glucose-6-phosphate dehydrogenase (G6PD) defi-
ciency.137 The services screen for G6PD deficiency prior 
to deployment to regions of the world where malaria 
is endemic. Personnel who have the G6PD deficiency 
can have adverse blood reactions to the antimalaria 
drug primaquine. The G6PD deficiency  occurs in 6% 
of individuals worldwide, but the prevalence is lower 
in US military personnel, where 2.5% of males and 
1.6% of females have the deficiency, usually African 
American, Asian, and Hispanic individuals. 

BIG DATA ANALYSIS

now routinely provide relative quantification of up to 
20,000 chemicals. These approaches provide for the 
measurement of environmental chemicals in human 
samples at five to seven orders of magnitude lower 
than many endogenous metabolites, and hundreds of 
environmental chemicals have been detected at low 
levels using these methods without prior knowledge 
of the chemicals’ existence.139

Development of computational metabolomics has 
mirrored advances in analytical chemistry.2 An impor-
tant advance is the use of multiple technical replicates 
to enhance reliability of detection of low-abundance 
chemicals. Bioinformatics methods are now available 
to link multiple metabolic byproducts derived from a 
single chemical precursor.139  

Additionally, advances in high-throughput tech-
nologies have enabled large-scale and high-resolution 
measurements of various molecular signatures of 
exposure (eg, in the genome, transcriptome, pro-
teome, and metabolome) to assess the health status of 
military personnel. Figure 29-2 is an overview of how 
big data analytic methods are used to integrate omics 
results with clinical symptoms. The observed health 
status and clinical symptoms are related to exposures 
to chemicals measured by environmental profiling 
techniques described above. The observed clinical 
symptoms are an outcome of a complex interplay 
between the exposure, the genotype, and alterations 
in structure or function noted by omics technologies. 
Indeed, medicine must rely on information captured at 
increasingly greater depth. This requires new tools to 
enable the use of big data for presymptomatic detection 
of disease and clinical decision-making. 

The goal of big data analysis is to identify molecular 
signatures using data generated from omics analy-
sis that results from environmental exposures and 

Informed and appropriate “big data” collection and 
storage, with support from experienced analysts, will 
allow public health practitioners and researchers to 
integrate results from a multitude of diverse laboratory 
tests with clinical, demographic, and exposure data. 
Presently, big data is used mainly for susceptibility 
studies.137 In the future, big data will have increased 
use in support of environment-wide associated stud-
ies, which provide a hypothesis-free approach that 
examines associations among multiple variables. This 
approach links biomarker discovery studies by spe-
cifically integrating metabolomics data with results of 
studies in many other areas, such as gene expression, 
microbiomics, and redox proteomics. Most current 
efforts to monitor and minimize exposures to toxic 
chemicals and other hazards use a public health ap-
proach. This has been the most cost-effective way to 
provide maximum benefit to populations because it 
prioritizes risks according to those with the greatest 
hazard and likelihood of exposure. The public health 
approach has also yielded precise analytical measure-
ment and extensive population data on a relatively 
small number of known hazards. However, existing 
exposure surveillance methods to monitor and protect 
against hazardous exposures in civilian life differ from 
military exposure surveillance because the range, in-
tensity, and complexity of hazardous exposures in the 
deployed environment exceed those encountered by 
civilians and cannot be fully anticipated. 

Recent analytical developments have created an 
opportunity for a different approach to exposure 
surveillance based on ultra-high resolution mass 
spectrometry and new strategies in biomonitoring.138 
Application of either liquid chromatography or gas 
chromatography with ultra-high resolution mass 
spectrometry and advanced data extraction techniques 
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correlates with observed clinical symptoms. Statistical 
distributions of the data generated by omics analysis 
is the first step, followed by data processing and 
normalization.140–142 Data processing evaluates signal-
to-noise ratios so that low signal fields can be thrown 
out. Data normalization is done to reduce systematic 
biases prior to any downstream quantitative analysis. 
Several technology-specific parametric and nonpara-
metric statistical methods are currently available for 
this analysis.143 Graphical representation of sample 
results and variables facilitates interpretation and 
identification of the most informative data features. 
Principal component analysis and other methods per-
mit visualization of data where there is considerable 
noise. To identify molecular signatures that correlate 
with clinical symptoms, group machine learning ap-
proaches can be used with International Classification 
of Diseases, Ninth Revision codes to find variables and 
integrate the data.144,145 Thus, molecular signatures as-
sociated with the clinical symptoms of military service 
members can be investigated for use as new biomark-

ers. These can then be experimentally tested in animal 
models or clinical studies in humans.146 Bioinformatic 
tools such as gene set analysis methods, also called 
pathway analysis methods, allow contextualization of 
high-throughput data with a priori biological knowl-
edge about interaction and coexpression of genes, 
which maximizes use of big data.147–150 For example, 
the miRNAs and metabolic pathways associated with 
deployment exposure may be used to develop inter-
ventions to reduce service member exposures.151,152

Finally, clinical decision-making enabled by data-
intensive technologies will test the limits of the cur-
rent information technology infrastructure in terms of 
physical storage, database management, data process-
ing, and data mining. Complex data management sys-
tems like the US Army Medical Research and Materiel 
Command’s SysBioCube and data integration tools are 
needed to offer scalable and collaborative solutions 
to explore and contextualize data.153,154 Beyond tech-
nological developments, concerns about information 
privacy and security must be addressed.
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Figure 29 -2. “Big data” analytic methods to integrate “omics” results with clinical symptoms.

SUMMARY

proteomic analysis.155 However, these technologies 
are only part of a complicated systems biology ap-
proach that likely will pay benefits in the future. As 
more scientific information is gained, it may become 
possible to screen service members for the propensity 
to develop specific medical outcomes in response 
to environmental exposures. Future research may 
provide information that supports the notion that 
service members’ medical conditions are associated 
with specific exposures such as fires, dust, or aerial 
spraying, to name a few. These are critical questions 
that DoD must address. 

Although the DoD has made great progress in 
using the DoDSR to address questions related to in-
fectious agent and other environmental exposures of 
military service members, there are opportunities to 
do more by studying the serum of deploying service 
members using available omics technologies. Most 
of the medical information gained from omics-based 
studies is research oriented, but the search for specific 
associations with disease will facilitate acceptance 
of this new technology. The most advanced of these 
technologies is genomics and genome-wide associa-
tion studies coupled with mass spectrometry-based 
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Improvements in exposure science are needed to 
better understand the effects of deployment exposures 
on service member health.42,156 Exposure informa-
tion that can be linked to an individual is needed for 
conducting rigorous epidemiologic studies designed 
to compare health outcomes in the exposed and non-
exposed populations,4 leading to better force health 
protection measures such as troop relocation and use of 
personal protective equipment.19 Biological monitoring 
will add to the DoD’s tools for assessing the internal 
dose of exposure. Refinements in biomarker science 
may permit the linkage of exposure with health out-
comes to identify populations at higher risk from expo-
sures. High-throughput omics technologies are driving 
analyses of the exposome and enabling analyses of the 
entire internal biochemical environment. Omics in the 
future may identify the absorbed dose of chemicals and 
provide insight into how the metabolic pathways and 
gene and protein expressions are altered. 

The DoD must develop the infrastructure needed 
to appropriately and effectively use available modern 
technologies. Considerable work has been done to 
identify bio-repository needs for the future and the 
options available.3–5 However, this information has 
not yet been put into a plan to secure funding. The 
large quantity of data generated from omics stud-
ies will require big data analysis capabilities that do 
not currently exist. Improvements could be achieved 
by developing in-house capability; forming civilian 
partnerships, possibly with universities already doing 
this work; or a combination of both. Lastly, the DoD 
must consider all new and emerging technological 
capabilities and decide which suites of tools will be 
employed in various scenarios to assess actual or pos-
sible exposures. Clearly defined protocols for exposure 
assessment using biological monitoring and analysis 
of the results is critical to achieving informative and 
cost-effective health risk assessments. 

REFERENCES

 1.  Mallon TM, Rohrbeck MP, Haines MK, et al. Introduction to Department of Defense research on burn pits, biomark-
ers, and health outcomes related to deployment in Iraq and Afghanistan. J Occup Environ Med. 2016;58:S3–S11. doi: 
10.1097/JOM.0000000000000775.

 2.  Mallon TM. Progress in implementing recommendations in the National Academy of Sciences reports: “protecting 
those who serve: strategies to protect the health of deployed U.S. Forces.” Mil Med. 2011;176(7 Suppl):9–16.

 3.  Lindler LE. Enhancing the Department of Defense’s capability to identify environmental exposures into the 21st 
century. Mil Med. 2015;180:5–8.

 4.  Mancuso J, Mallon TM, Gaydos JC. Maximizing the capabilities of the DoD Serum Repository to meet current and 
future needs: report of the needs panel. Mil Med. 2015;180(10 Suppl):13–24.

 5.  Baird CP. Maximizing the utility of the serum repository with current technologies and recommendations to meet 
future needs: report of the technical panel. Mil Med. 2015;180(10 Suppl):25–33.

 6.  Biomarkers Definitions Working Group. Biomarkers and surrogate endpoints: preferred definitions and conceptual 
framework. Clin Pharmacol Ther. 2011;69:91.

 7.  World Health Organization International Programme on Chemical Safety. Biomarkers in Risk Assessment: Validity and 
Validation. Geneva, Switzerland: World Health Organization; 2001.

 8.  Mauzy CA, Kirk-Brown LM, Baird CP, Tinklepaugh C. Considerations regarding biomonitoring. In: Baird CP, Harkins 
DK, eds. Airborne Hazards Related to Deployment. San Antonio, TX: US Army Medical Department Center & School, 
Borden Institute; 2015: 271–282.

 9.  Weese CB. Deployment exposure assessment and the role of biomonitoring. US Army Med Dept J. 2004;Jan-Mar:60–67.

 10.  Silins I, Högberg J. Combined toxic exposures and human health: biomarkers of exposure and effect. Int J Environ Res 
Public Health. 2011;8:629–647.

 11.  Centers for Disease Control and Prevention. National Report on Human Exposure to Environmental Chemicals 
(NHANES): updated tables, January 2017. http://www.cdc.gov/exposurereport/. Accessed May 8, 2017. 



609

Biological Monitoring

 12.  May LM, Weese C, Ashley DL, Trump DH, Bowling CM, Lee AP. The recommended role of exposure biomarkers for 
the surveillance of environmental and occupational chemical exposures in military deployments: policy considerations. 
Mil Med. 2004;169:761–767.

 13.  May LM, Heller J, Kalinsky V, et al. Military deployment human exposure assessment: urine total and isotopic uranium 
sampling results. J Toxicol Environ Health A. 2004;67:697–714.

 14.  National Research Council, Committee on Human and Environmental Exposure Science in the 21st Century. Exposure 
Science in the 21st Century: A Vision and a Strategy. Washington, DC: National Academies Press; 2012. 

 15.  Lioy PJ, Smith KR. A discussion of exposure science in the 21st century: a vision and a strategy. Environ Health Perspect. 
2013;121:405–409.

 16.  US Department of Defense, Undersecretary for Defense (Personnel and Readiness). DoD Deployment Biomonitoring 
Policy. Washington, DC: DoD; February 6, 2004. HA policy 04-004.

 17.  American Conference of Governmental Industrial Hygienists. Documentation of Threshold Limit Values and Biological 
Exposure Indices. 7th ed. Cincinnati, OH: ACGIH; 2001. 

 18.  US Department of Defense. Occupational Medical Examinations and Surveillance Manual. Washington, DC: DoD; May 2, 
2007. DoD Instruction Manual 6055.05 M.

 19.  Baird C. The basis for and uses of environmental sampling to assess health risk in deployed settings. Mil Med. 
2011;176(suppl 7):84–90.

 20.  Office of the Assistant Secretary of Defense for Health Affairs (Force Health Protection and Readiness). Report on the 
Department of Defense Force Health Protection Quality Assurance Program. Washington, DC: DoD; July 2006: 15. https://
health.mil/Reference-Center/Reports/2006/11/28/Force-Health-Protection-Quality-Assurance-Program. Accessed 
September 24, 2017. 

 21.  Boone CW, Kelloff GJ. Intraepithelial neoplasia, surrogate endpoint biomarkers, and cancer chemoprevention. J Cell 
Biochem Suppl. 1993;17F:37–48.

 22.  Aronson JK. Biomarkers and surrogate endpoints. Br J Clin Pharmacol. 2005;59:491–494.

 23.  Marino MT. Use of surrogate markers for drugs of military importance. Mil Med. 1998;163:743–746. 

 24.  Mayr M. Metabolomics: ready for the prime time? Circ Cardiovasc Genet. 2008;1:58–65.

 25.  National Research Council, Subcommittee on Reproductive and Neurodevelopmental Toxicology, and Committee 
on Biologic Markers. Biological Markers in Pulmonary Toxicology. Washington, DC: National Academies Press; 1989.

 26.  O’Neill MS, Breton CV, Devlin RB, Utell MJ. Air pollution and health: emerging information on susceptible popula-
tions. Air Qual Atmos Health. 2012;5(2):189–201.

 27.  Romieu I, Trenga C. Diet and obstructive lung diseases. Epidemiol Rev. 2001;23:268–287.

 28.  Gulumian M, Borm PJ, Vallyathan V, et al. Mechanistically identified suitable biomarkers of exposure, effect, and 
susceptibility for silicosis and coal-worker’s pneumoconiosis: a comprehensive review. J Toxicol Environ Health B Crit 
Rev. 2006;9:357–395.

 29.  Wild CP. Complementing the genome with an “exposome”: the outstanding challenge of environmental exposure 
measurement in molecular epidemiology. Cancer Epidemiol Biomarkers Prev. 2005;14(8):1847–1850.

 30.  Miller GW, Jones DP. The nature of nurture: refining the definition of the exposome. Toxicol Sci. 2014;137(1):1–2.



610

Occupational Health and the Service Member

 31.  Bradburne CE, Carruth LM, Lin JS, Sivakumar A, Benson JH, Vogel RA. Implementing genome-informed personalized 
medicine in the U.S. Air Force Medical Service via the Patient-Centered Precision Care Research (PC2-Z) Program. 
Johns Hopkins APL Tech Dig. 2013;31:333–344.

 32.  Miranda DM, Mamede M, Souza BR, et al. Molecular medicine: a path towards a personalized medicine. Rev Bras 
Psiquiatr. 2012;34:82–91.

 33.  Brown MA. Science versus policy in establishing equitable Agent Orange disability compensation policy. Mil Med. 
2011;176(Suppl 7):35–40.

 34.  Young AL, Cecil PF Sr. Agent Orange exposure and attributed health effects in Vietnam veterans. Mil Med. 2011;176(7 
Suppl):29–34.

 35.  Deeter DP. The Kuwait oil fire health risk assessment biological surveillance initiative. Mil Med. 2011;176(Suppl 7):52–55.

 36.  US Department of Defense. Deployment Health. Washington, DC: DoD; 2006. DoD Instruction 6490.03, http://www.
esd.whs.mil/Portals/54/Documents/DD/issuances/dodi/649003p.pdf. Accessed September 24, 2017. 

 37.  Weese CB, Abraham JB. Potential health implications associated with particulate matter exposure in deployed settings 
in southwest Asia. Inhal Toxicol. 2009;21:291–296.

 38.  Taylor G, Rush V, Deck A, Vietas JA. Screening Health Risk Assessment Burn Pit Exposures, Balad Air Base, Iraq and Ad-
dendum Report. Aberdeen Proving Ground, MD: Army Public Health Center; 2008. 

 39.  Engelbreacht JP, McDonald EV, Gillies JA, Jayanty RKM, Casuccio G, Gertler AW. Characterizing mineral dusts and 
other aerosols from the Middle East–Part 1: ambient sampling. Inhal Toxicol. 2009;21:297–326.

 40.  Masiol M, Mallon TM, Haines KM, Utell MJ, Hopke PK. Airborne dioxins, furans, and polycyclic aromatic hydrocar-
bons exposure to military personnel in Iraq. J Occup Environ Med. 2016;58:S22–S30.

 41.  Masiol M, Mallon TM, Haines KM, Utell MJ, Hopke PK. Source apportionment of airborne dioxins, furans, and poly-
cyclic aromatic hydrocarbons at a United States forward operating air base during the Iraq war. J Occup Environ Med. 
2016;58:S31–S37.

 42.  National Research Council. Long-Term Health Consequences of Exposure to Burn Pits in Iraq and Afghanistan. Washington, 
DC: The National Academies Press; 2011.

 43. Abraham JH, Eick-Cost A, Clark LL, et al. A retrospective cohort study of military deployment and post deployment 
medical encounters for respiratory conditions. Mil Med. 2014;179:540.

 44. Powell TM, Smith TC, Jacobson IG, et al. Millennium Cohort Study Team. Prospective assessment of chronic multi-
symptom illness reporting possibly associated with open-air burn pit smoke exposure in Iraq. J Occup Environ Med. 
2012;54:682–688.

 45. Smith B, Wong CA, Boyko EJ, et al. Millennium Cohort Study Team. The effects of exposure to documented open-air 
burn pits on respiratory health among deployers of the Millennium Cohort Study. J Occup Environ Med. 2012;54:708 
–716.

 46.  Sharkey JM, Abraham JH, Clark LL, et al. Post deployment respiratory health care encounters following deployment 
to Kabul, Afghanistan: a retrospective cohort study. Mil Med. 2016;181:265–271.

 47.  Hall HI, Correa A, Yoon PW, Braden CR. Centers for Disease Control and Prevention. Lexicon, definitions, and con-
ceptual framework for public health surveillance. MMWR Suppl. 2012;61:10–14.

 48.  Blasch KW, Kolivosky JE, Heller JM. Environmental air sampling near burn pit and incinerator operations at Bagram 
Airfield, Afghanistan. J Occup Environ Med. 2016;58:S38–S43.



611

Biological Monitoring

 49.  Aronson NE, Sanders JW, Moran KA. In harm’s way: infections in deployed American military forces. Clin Infect Dis. 
2006;43(8):1045–1051.

 50.  Sanders JW, Putnam SD, Frankart C, et al. Impact of illness and non-combat injury during Operations Iraqi Freedom 
and Enduring Freedom (Afghanistan). Am J Trop Med Hyg. 2005;73(4):713–719. 

 51.  Rubertone MV, Brundage JF. The Defense Medical Surveillance System and the Department of Defense serum reposi-
tory: glimpses of the future of public health surveillance. Am J Public Health. 2002;92(12):1900–1904.

 52.  DeFraites RF. The Armed Forces Health Surveillance Center: enhancing the Military Health System’s public health 
capabilities. BMC Public Health. 2011;11(Suppl 2):S1.

 53.  Perdue CL, Cost AA, Rubertone MV, Lindler LE, Ludwig SL. Description and utilization of the United States Depart-
ment of Defense serum repository: a review of published studies, 1985-2012. PloS One. 2015;10(2):e0114857.

 54.  Rohrbeck P, Hu Z, Mallon TM. Assessing health outcomes after environmental exposures associated with open pit 
burning in deployed US service members. J Occup Environ Med. 2016;58:S104–S110.

 55. Walker DI, Mallon TM, Hopke PK, et al. Deployment-associated exposure surveillance with high-resolution metabo-
lomics. J Occup Environ Med. 2016;58:S12–S21.

 56. Woeller CF, Thatcher TH, Twist DV, et al. Detection of serum microRNAs from Department of Defense Serum 
Repository: correlation with cotinine, cytokine, and polycyclic aromatic hydrocarbon levels. J Occup Environ Med. 
2016;58:S62–S71.

 57. Accardi CJ, Walker DI, Uppal K, et al. High-resolution metabolomics for nutrition and health assessment of armed 
forces personnel. J Occup Environ Med. 2016;58:S80–S88.

 58. Xia X, Carroll-Haddad A, Brown N, Utell MJ, Mallon TM, Hopke PK. Polycyclic aromatic hydrocarbons and poly-
chlorinated dibenzo-p-dioxins/dibenzofurans in microliter samples of human serum as exposure indicators. J Occup 
Environ Med. 2016;58:S72–S79.

 59. Dalgard CL, Polston KF, Sukumar G, Mallon TM, Wilkerson MD, Pollard HB. MicroRNA expression profiling of the 
Armed Forces Health Surveillance Branch Cohort for identification of ‘‘Enviro-miRs’’ associated with deployment-
based environmental exposure. J Occup Environ Med. 2016;58:S97–S103.

 60.  Woeller CF, Thatcher TH, Van Twisk D, et al. MicroRNAs as novel biomarkers of deployment status and exposure 
to polychlorinated dibenzo-p-dioxins/dibenzofurans. J Occup Environ Med. 2016;58(8 Suppl):S89–96. PubMed PMID: 
27501109; PubMed Central PMCID: PMC 4978134.

 61.  Walker DI, Pennell KD, Uppal K, et al. Pilot metabolome-wide association study of benzo(a)pyrene in serum from 
military personnel. J Occup Environ Med. 2016;58(8 Suppl 1):S44–S52.

 62.  Rich D, Zareba W, Beckett W, et al. Are ultrafine, accumulation mode and fine particulates associated with cardiac 
responses in patients undergoing cardiac rehabilitation? Environ Health Perspect. 2012;120:1162–1169.

 63.  Deng Q, Huang S, Zhang X, et al. Plasma microRNA expression and micronuclei frequency in workers exposed to 
polycyclic aromatic hydro-carbons. Environ Health Perspect. 2014;122:719–725.

 64.  Collins FS, Varmus H. A new initiative on precision medicine. N Engl J Med. 2015;372(9):793–795.

 65.  Patel CJ. Analytical complexity in detection of gene variant-by-environment exposure interactions in high-throughput 
genomic and exposomic research. Curr Environ Health Rep. 2016;3(1):64–72.

 66.  Khoury MJ. A primer series on -omic technologies for the practice of epidemiology. Am J Epidemiol. 2014;180(2):127–128.

 67. Emahazion T, Feuk L, Jobs M, et al. SNP association studies in Alzheimer’s disease highlight problems for complex 
disease analysis. Trends Genet. 2001;17(7):407–413.



612

Occupational Health and the Service Member

 68. Halldorsson BV, Istrail S, De La Vega FM. Optimal selection of SNP markers for disease association studies. Human 
Hered. 2004;58(3-4):190–202.

 69. Heinrichs S, Look AT. Identification of structural aberrations in cancer by SNP array analysis. Genome Biol. 2007;8(7):219.

 70. Freedman JE. Transcriptomics: new targets for diagnosing and treating cardiovascular disease. Cardiovasc Ther. 
2008;26(3):179–181.

 71. Munro KM, Perreau VM. Current and future applications of trans-criptomics for discovery in CNS disease and injury. 
Neurosignals. 2009;17(4):311–327.

 72. Papassotiropoulos A, Fountoulakis M, Dunckley T, Stephan DA, Reiman EM. Genetics, transcriptomics, and proteomics 
of Alzheimer’s disease. J Clin Psychiatry. 2006;67(4):652–670.

 73. Woods CW, McClain MT, Chen M, et al. A host transcriptional signature for presymptomatic detection of infection 
in humans exposed to influenza H1N1 or H3N2. PloS One. 2013;8(1):e52198.

 74.  Lazaridis KN, Juran BD. American Gastroenterological Association future trends committee report: the application 
of genomic and proteomic technologies to digestive disease diagnosis and treatment and their likely impact on gas-
troenterology clinical practice. Gastroenterology. 2005;129(5):1720–1752.

 75.  Wilkie GS, Schirmer EC. Guilt by association: the nuclear envelope proteome and disease. Mol Cell Proteomics. 
2006;5(10):1865–1875.

 76.  Rappaport SM, Li H, Grigoryan H, Funk WE, Williams ER. Adductomics: characterizing exposures to reactive elec-
trophiles. Toxicol Lett. 2012;213(1):83–90.

 77.  Balbo S, Turesky RJ, Villalta PW. DNA adductomics. Chem Res Toxicol. 2014;27(3):356–366.

 78.  Li H, Grigoryan H, Funk WE, et al. Profiling Cys34 adducts of human serum albumin by fixed-step selected reaction 
monitoring. Mol Cell Proteomics. 2011;10(3):M110 004606.

 79.  Go YM, Jones DP. Redox biology: interface of the exposome with the proteome, epigenome and genome. Redox Biol. 
2014;2:358–360.

 80.  Wishart DS, Jewison T, Guo AC, et al. HMDB 3.0--The Human Metabolome Database in 2013. Nucleic Acids Res. 
2013;41(Database issue):D801-807. 

 81.  Jones DP, Park Y, Ziegler TR. Nutritional metabolomics: progress in addressing complexity in diet and health. Annu 
Rev Nutr. 2012;32:183–202.

 82.  Jones DP. Sequencing the exposome: A call to action. Toxicol Rep. 2016;3:29–45.

 83.  Roede JR, Uppal K, Park Y, et al. Serum metabolomics of slow vs. rapid motor progression Parkinson’s disease: a pilot 
study. PLoS One. 2013;8(10):e77629. 

 84.  Zhao J, Zhu Y, Hyun N, et al. Novel metabolic markers for the risk of diabetes development in American Indians. 
Diabetes Care. 2015;38(2):220–227.

 85. Sundar IK, Mullapudi N, Yao H, Spivack SD, Rahman I. Lung cancer and its association with chronic obstructive 
pulmonary disease: update on nexus of epigenetics. Curr Opin Pulm Med. 2011;17(4):279–285.

 86.  Kim CK. Eosinophil-derived neurotoxin: a novel biomarker for diagnosis and monitoring of asthma. Korean J Pediatr. 
2013;56:8–12.

 87. van Veldhoven K, Rahman S, Vineis P. Epigenetics and epidemiology: models of study and examples. Cancer Treat 
Res. 2014;159:241–255.



613

Biological Monitoring

 88. Rusiecki JA, Chen L, Srikantan V, et al. DNA methylation in repetitive elements and post-traumatic stress disorder: 
a case-control study of US military service members. Epigenomics. 2012;4(1):29–40.

 89.  Murakami Y, Toyoda H, Tanahashi T, et al. Comprehensive miRNA expression analysis in peripheral blood can di-
agnose liver disease. PloS One. 2012;7(10):e48366.

 90.  Tomer Y. Mechanisms of autoimmune thyroid diseases: from genetics to epigenetics. Annu Rev Pathol. 2014;9:147–156.

 91. Nunez-Iglesias J, Liu CC, Morgan TE, Finch CE, Zhou XJ. Joint genome-wide profiling of miRNA and mRNA expres-
sion in Alzheimer’s disease cortex reveals altered miRNA regulation. PloS One. 2010;5(2):e8898.

 92.  Cribbs SK, Park Y, Guidot DM, et al. Metabolomics of bronchoalveolar lavage differentiate healthy HIV-1-infected 
subjects from controls. AIDS Res Hum Retroviruses. 2014;30(6):579–585.

 93.  Koren HS, Hatch GE, Graham DE. Nasal lavage as a tool in assessing acute inflammation in response to inhaled pol-
lutants. Toxicology. 1990;60:15–25.

 94.  Walker DI, Uppal K, Zhang L, et al. High-resolution metabolomics of occupational exposure to trichloroethylene. Int 
J Epidemiol. 2016;45(5):1517–1527.

 95.  Liu KH, Walker DI, Uppal K, et al. High-resolution metabolomics assessment of military personnel: evaluating ana-
lytical strategies for chemical detection. J Occup Environ Med. 2016;58:S53–S61.

 96.  Jones DP, Walker DI, Uppal K, Rohrbeck P, Mallon T, Go YM. Metabolic pathways and networks associated with 
tobacco use in military personnel. J Occup Environ Med. 2016;58(8 Suppl 1):S111–116.

 97.  O’Connell SG, Kincl LD, Anderson KA. Silicone wristbands as personal passive samplers. Environ Sci Technol. 
2014;48(6):3327–3335.

 98.  Kile ML, Scott RP, O’Connell SG, et al. Using silicone wristbands to evaluate preschool children’s exposure to flame 
retardants. Environ Res. 2016;147:365–372.

 99.  Harkins DK, Susten AS. Hair analysis: exploring the state of the science. Environ Health Perspect. 2003;111:576–578.

 100.  Pleil JD. Breath biomarkers in toxicology. Arch Toxicol. 2016;90(11):2669–2682. 

 101.  Kubáň P, Foret F. Exhaled breath condensate: determination of non-volatile compounds and their potential for clinical 
diagnosis and monitoring. A review. Anal Chim Acta. 2013;805:1–18. doi: 10.1016/j.aca.2013.07.049.

 102.  Davis MD, Montpetit A, Hunt J. Exhaled breath condensate: an overview. Immunol Allergy Clin North Am. 2012;32(3):363–
375.

 103.  Pelciová D, Fenclová Z, Vlčková S, et al. Occupational asthma follow-up--which markers are elevated in exhaled breath 
condensate and plasma? Int J Occup Med Environ Health. 2014;27(2):206–215.

 104.  Coop C, Hagan LL, Dice JP. Exhaled breath condensate pH in the evaluation of asthma. Allergy Asthma Proc. 
2008;29(1):51–54.

 105.  Barreto M, Villa MP, Corradi M, et al. Non-invasive assessment of airway inflammation in ship-engine workers. Int J 
Immunopathol Pharmacol. 2006;19(3):601–608.

 106.  Maliszewski TF, Bass DE. True and apparent thiocyanate levels in body fluids of smokers and nonsmokers. J Appl 
Physiol. 1955;8:289–291.

 107.  Jones DP. Redox theory of aging. Redox Biol. 2005;5:71–79.

 108.  Jeanneret F, Boccard J, Badoud F, et al. Human urinary biomarkers of dioxin exposure: analysis by metabolomics and 
biologically driven data dimensionality reduction. Toxicol Lett. 2014;230(2):234–243.



614

Occupational Health and the Service Member

 109.  Go YM, Jones DP. Exposure memory and lung regeneration. Ann Am Thorac Soc. 2016;13(Suppl 5): S452–S461. 

 110.  Nicholas BL. Search for biomarkers in chronic obstructive pulmonary disease: current status. Curr Opin Pulmon Med. 
2013;19:103–108. 

 111.  Jain KK. Technologies for discovery of biomarkers. In: Jain KK, ed. The Handbook of Biomarkers. New York, NY: Humana 
Press; 2010: 23–71. 

 112.  American Thoracic Society and European Respiratory Society. ATS/ERS recommendations for standardized procedures 
for the online and offline measurement of exhaled lower respiratory nitric oxide and nasal nitric oxide, 2005. Am J 
Respir Crit Care Med. 2005;171:912–930.

 113.  Dweik RA, Boggs PB, Erzurum SC, et al. An official ATS clinical practice guideline: interpretation of exhaled nitric 
oxide levels (FENO) for clinical applications. Am J Respir Crit Care Med. 2011;184:602–615.

 114.  Peterson AC, Hauschild JP, Quarmby ST, et al. Development of a GC/Quadrupole-Orbitrap mass spectrometer, part 
I: design and characterization. Anal Chem. 2014;86(20):10036–10043. 

 115.  Steiling K, Kadar AY, Bergerat A, et al. Comparison of proteomic and transcriptomic profiles in the bronchial airway 
epithelium of current and never smokers. PLoS One. 2009;4:e5043.

 116.  Gower AC, Steiling K, Brothers JF 2nd, Lenburg ME, Spira A. Transcriptomic studies of the airway field of injury as-
sociated with smoking-related lung disease. Proc Am Thorac Soc. 2011;8:173–179. 

 117.  Woodruff PG, Modrek B, Choy DF, et al. T-helper type 2-driven inflammation defines major subphenotypes of asthma. 
Am J Respir Crit Care Med. 2009;180:388–395.

 118.  Etheridge A, Lee I, Hood L, Galas D, Wang K. Extracellular microRNA: a new source of biomarkers. Mutat Res. 
2011;717:85–90. 

 119.  Jirtle RL, Skinner MK. Environmental epigenomics and disease susceptibility. Nat Rev Genet. 2007;8:253–262.

 120.  Lahiri DK, Maloney B. Gene × environment interaction by a longitudinal epigenome-wide association study (LEWAS) 
overcomes limitations of genome-wide association study (GWAS). Epigenomics. 2012;4:685–699. 

 121.  Perdomo C, Spira A, Schembri F. MiRNAs as regulators of the response to inhaled environmental toxins and airway 
carcinogenesis. Mutat Res. 2011;717:32–37. 

 122.  Vaporidi K, Vergadi E, Kaniaris E, et al. Pulmonary microRNA profiling in a mouse model of ventilator-induced lung 
injury. Am J Physiol Lung Cell Mol Physiol. 2012;303:L199–L207.

 123.  Ge Q, Zhou Y, Lu J, Bai Y, Xie X, Lu Z. miRNA in plasma exosome is stable under different storage conditions. Mol-
ecules. 2014;19(2);1568–1575.

 124.  Grasedieck S, Scholer N, Bommer M, et al. Impact of serum storage on microRNA stability. Leukemia. 2012;26:2414–2444.

 125.  Jung M, Schaefer A, Steiner I, et al. Robust microRNA stability in degraded RNA preparations from human tissue 
and cell samples. Clin Chem. 2010;56:998–1006.

 126.  Blondal T, Jensby Nielsen S, Baker A, et al. Assessing sample and miRNA profile quality in serum and plasma or other 
biofluids. Methods. 2013;59:S1–S6.

 127.  Booton R, Lindsay MA. Emerging role of microRNAs and long noncoding RNAs in respiratory disease. Chest. 2014 
Jul;146(1):193–204. doi: 10.1378/chest.13-2736. 

 128.  Yang X, Cheng Y, Lu Q, Wei J, Yang H, Gu M. Detection of stably expressed piRNAs in human blood. Int J Clin Exp 
Med. 2015;8(8):13353–13358.



615

Biological Monitoring

 129.  McMorrow D. The $100 Genome: Implications for the DoD. McLean, VA: Mitre Corporation; December 2010. JASON 
Technical Report JSR-10–100.

 130.  Cyranoski D. Chinese bioscience: the sequencing factory. Nature. 2010;464:22–24.

 131.  Kleeberger SR, Cho HY. Gene-environment interactions in environmental lung diseases. Novartis Found Symp. 
2008;293:168–178.

 132.  Utell M. Biomarkers and genetics in pulmonary disease research. Paper presented at: Joint VA/DoD Airborne Hazards 
Symposium; August 22, 2012; Arlington, VA.

 133.  Shi Q, Zhang Z, Li G, et al. Sex differences in risk of lung cancer associated with methylene-tetrahydrofolate reductase 
polymorphisms. Cancer Epidemiol Biomarkers Prev. 2005;14:1477–1484.

 134.  Bentley AR, Emrani P, Cassano PA. Genetic variation and gene expression in antioxidant related enzymes and risk of 
COPD: a systematic review. Thorax. 2008;63:956–961.

 135.  Yucesoy B, Vallyathan V, Landsittel DP, Simeonova P, Luster MI. Cytokine polymorphisms in silicosis and other 
pneumoconioses. Mol Cell Biochem. 2002;234-235:219–224.

 136.  Smit LA, Heederik D, Doekes G, et al. Endotoxin exposure, CD14 and wheeze among farmers: a gene–environment 
interaction. Occup Environ Med. 2011;68:826–831.

 137.  Chinevere TD, Murray CK, Grant E Jr, et al. Prevalence of glucose-6-phosphate dehydrogenase deficiency in U.S. 
Army personnel. Mil Med. 2006;171:905–907.

 138.  Rader DJ, Damrauer SM. “Pheno”menal value for human health. Science. 2016;354:1534–1536. doi: 10.1126/science.
aal4573. 

 139.  Uppal K, Walker DI, Liu K, Li S, Go YM, Jones DP. Computational metabolomics: a framework for the million me-
tabolome. Chem Res Toxicol. 2016;29:1956–1975. 

 140. Ghosh N, Dutta M, Singh B, Banerjee R, Bhattacharyya P, Chaudhury K. Transcriptomics, proteomics and metabolo-
mics driven biomarker discovery in COPD: an update. Expert Rev Mol Diagn. 2016;16(8):897–913.

 141. Zhao P, Yang L, Li J, Li Y, Tian Y, Li S. Combining systems pharmacology, transcriptomics, proteomics, and metabo-
lomics to dissect the therapeutic mechanism of Chinese herbal Bufei Jianpi formula for application to COPD. Int J 
Chron Obstruct Pulmon Dis. 2016;11:553–566.

 142. Merrick BA, London RE, Bushel PR, Grissom SF, Paules RS. Platforms for biomarker analysis using high-throughput 
approaches in genomics, transcriptomics, proteomics, metabolomics, and bioinformatics. IARC Sci Publ. 2011(163): 
121–142.

 143.  Patel VR, Eckel-Mahan K, Sassone-Corsi P, Baldi P. CircadiOmics: integrating circadian genomics, transcriptomics, 
proteomics and metabolomics. Nat Methods. 2012;9(8):772–773.

 144.  Chawade A, Alexandersson E, Levander F. Normalyzer: a tool for rapid evaluation of normalization methods for 
omics data sets. J Proteome Res. 2014;13(6):3114–3120.

 145. Piepenbrink MS, Samuel M, Zheng B, et al. Humoral dysregulation associated with increased systemic inflammation 
among injection heroin users. PLoS One. 2016;11(7):e0158641.

 146. Rebhahn JA, Roumanes DR, Qi Y, et al. Competitive SWIFT cluster templates enhance detection of aging changes. 
Cytometry A. 2016;89(1):59–70.

 147. Hartmann BM, Thakar J, Albrecht RA, et al. Human dendritic cell response signatures distinguish 1918, pandemic, 
and seasonal H1N1 influenza viruses. J Virol. 2015;89:10190–10205.



616

Occupational Health and the Service Member

 148. Katanic D, Khan A, Thakar J. PathCellNet: Cell-type specific pathogen-response network explorer. J Immunol Methods. 
2016;439:15–22.

 149. Thakar J, Hartmann BM, Marjanovic N, Sealfon SC, Kleinstein SH. Comparative analysis of anti-viral transcriptomics 
reveals novel effects of influenza immune antagonism. BMC Immunol. 2015;16(1):46.

 150. Yaari G, Bolen CR, Thakar J, Kleinstein SH. Quantitative set analysis for gene expression: a method to quantify gene 
set differential expression including gene-gene correlations. Nucleic Acids Res. 2013;41(18):e170.

 151. Zaslavsky E, Nudelman G, Marquez S, et al. Reconstruction of regulatory networks through temporal enrichment 
profiling and its application to H1N1 influenza viral infection. BMC Bioinformatics. 2013;14 Suppl 6:S1.

 152. Nelson EK, Piehler B, Eckels J, et al. LabKey Server: an open source platform for scientific data integration, analysis 
and collaboration. BMC Bioinformatics. 2011;12:71.

 153. Chowbina S, Hammamieh R, Kumar R, et al. SysBioCube: A data warehouse and integrative data analysis platform 
facilitating systems biology studies of disorders of military relevance. AMIA Jt Summits Transl Sci Proc. 2013;2013:34–38.

 154. Khurana JK, Reeder JE, Shrimpton AE, Thakar J. GESPA: classifying nsSNPs to predict disease association. BMC 
Bioinformatics. 2015;16:228.

 155.  Wheelock CE, Goss VM, Balgoma D, et al. Application of ‘omics technologies to biomarker discovery in inflammatory 
lung diseases. Eur Respir J. 2013;42:802–825.

 156.  Institute of Medicine of the National Academies. Protecting Those Who Serve: Strategies to Protect the Health of Deployed 
US Forces. Washington, DC: National Academies Press; 2000.

 


