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Understanding the health outcomes of military exposures is of critical 
importance for Veterans, their health care team, and national leaders. 
Approximately 43% of Veterans report military exposure concerns to their VA 
providers. Understanding the causal influences of environmental exposures 
on health is a complex exposure science task and often requires interpreting 
multiple data sources; particularly when exposure pathways and multi-exposure 
interactions are ill-defined, as is the case for complex and emerging military 
service exposures. Thus, there is a need to standardize clinically meaningful 
exposure metrics from different data sources to guide clinicians and researchers 
with a consistent model for investigating and communicating exposure risk 
profiles. The Linked Exposures Across Databases (LEAD) framework provides a 
unifying model for characterizing exposures from different exposure databases 
with a focus on providing clinically relevant exposure metrics. Application of 
LEAD is demonstrated through comparison of different military exposure data 
sources: Veteran Military Occupational and Environmental Exposure Assessment 
Tool (VMOAT), Individual Longitudinal Exposure Record (ILER) database, and a 
military incident report database, the Explosive Ordnance Disposal Information 
Management System (EODIMS). This cohesive method for evaluating military 
exposures leverages established information with new sources of data and has 
the potential to influence how military exposure data is integrated into exposure 
health care and investigational models.
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Introduction

The health implications of military exposures are a major concern 
for clinicians and researchers in the field of Veteran healthcare, with 
43% of Veterans expressing toxic exposure concerns to their Veterans 
Affairs (VA) healthcare providers (1). The recent passing of the PACT 
Act in 2022 expanded VA care and benefits while increasing 
presumptive health conditions for various military deployments and 
exposures. This surge in interest for military toxic exposures 
necessitates the integration of appropriate data to support 
investigations between exposures and health outcomes. Capturing 
the exposome, which measures the multifaceted relationships 
between environment, behavior, biology, and disease over time, is 
essential to this understanding (2) as exposures do not cease after 
military service. Utilizing an exposome model to understand military 
toxic exposures is crucial because it considers the totality of 
environmental influences on individuals across their lifetime (3). 
Similar needs are present in environmental health surveillance 
programs when integrating existing data. Recently, the 
United Kingdom completed pilot programs for data integration in 
communities with high-quality exposure data and paired this data 
with outcomes in their National Health System (4, 5). Also, current 
needs demand an expanded Environmental and Public Health 
Tracking (EPHT) system to emphasize the need of merging, 
integrating and interpreting exposure data and relating to health 
outcomes (6, 7). The proposed LEAD framework aims to support 
efforts to facilitate a unified exposure tracking methodology and help 
to further understand the exposome.

Linked Exposures Across Databases 
(LEAD) framework

The LEAD framework unifies diverse exposure sources using 
common data elements, addressing gaps in sourcing and 
characterization. Focusing on clinical utility, it develops health 
applications for siloed sources like military records and incident 
reports. The LEAD method calculates total exposure dosage as a 
function of intensity and duration. This method of dosage estimation 
is used across fields such as radiation exposure capture (8), toxicity 
research (9) and the military to calculate blast over-pressure as the 
product of pressure over a set period (10, 11). However, such 
applications typically focus on specific exposures. LEAD’s 
methodology employs general definitions of Exposure Common Data 
Elements (ExCDE), enabling comprehensive exposure 
characterization across various sources while utilizing existing 
methods and shaping new approaches. This integration facilitates the 
translation of individual and population-level exposure data for 
clinical purposes and fosters toxic exposure surveillance and 
research applications.

While quantitative measures of exposure intensity (e.g., Pascals 
for blast pressure, micrograms for chemical exposure) and time of 
exposure (measured in seconds) using sensors are the most 
objective and quantifiable form of measurement, such information 
is rarely available at the individual level for Veterans concerned 
about toxic military exposures. Therefore, the LEAD framework 
aims to expand the application of intensity and time-based dosage 

estimation to large sets of qualitative and subjective data. 
Additionally, potential moderating factors such as protective 
controls are considered since these factors could moderate 
exposure-related outcomes.

LEAD characterizes exposure using the following exposure 
common data elementsExCDEs:

 Exposure Dose f Intensity Time | Moderators~ ×( )

 Intensity f~ Route,Proximity,Symptoms( )

 Time f~ Duration,Frequency,Period( )

 Moderators f~ Environmental Controls, Personal Protective Conttrols( )

The LEAD framework allows for estimating aggregate exposure 
dosages using proxy measures of intensity and duration, along with 
factors that may influence these effects (Figure 1). The goal of the 
LEAD framework is to establish consistent parameters for 
characterizing exposures. However, like clinical practice where some 
features hold more weight due to their perceived impact on outcomes, 
the exposure variables also need to be  weighted when evaluating 
exposure dose. This report provides expert-informed weights for 
specific variables, demonstrating a practical example of exposure dose 
estimation. Future analysis with health outcomes data can employ 
risk-modeling methods (e.g., Cox-Proportion Hazards Model) to 
assign empirical weights.

To illustrate how the LEAD framework can be used to consolidate 
exposure data into a unifiable metric, this report will present 
information from three different exposure data sources relevant to a 
cohort of Explosive Ordnance Disposal (EOD) Veterans, a complex 
and very high environmental exposure military occupation. 
We provide sample data extraction of exposure information from 
multiple databases and their collation in Table 1. Further, examples of 
how the data can be used to compare high and low blast exposure 
using a common scoring methodology is provided in 
Supplementary Tables S1–S3.

Data sources include:

 • Explosive Ordnance Disposal Information Management System 
(EODIMS): The EODIMS System is an operations specific 
Classified and Unclassified program for record incident 
reporting with discoverable data managed by the Air Force 
supporting joint service EOD units. Focused use of these 
records for clinically relevant exposure data enables access to 
the immediate post-exposure reports that are less affected by 
recall bias and may represent direct evidence of a possible 
hazardous exposure.

 • Veteran Military Occupational and Environmental Exposure 
Assessment Tool (VMOAT): The VMOAT is a self-reported, 
structured, and lifespan-based comprehensive assessment of 
occupational exposures sustained during military service as well 
as during non-uniformed military and civilian work periods. The 
VMOAT includes a demographic information section, a lifespan-
based occupational and environmental history section, and a 
comprehensive exposures section based on evidence-based 
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FIGURE 1

The LEAD Framework defines exposure common data elements to enable exposure information collation from a wide range of different databases and 
obtain a consistent log of exposures. This unform representation of exposures facilitates easy and consistent interpretation to help guide clinical care 
and research.

TABLE 1 Using the LEAD framework, exposures are characterized according to its route, proximity and symptoms at the time of exposure which reflects 
exposure intensity as well as the duration, frequency and period of the exposure event which reflects the exposure’s temporal characteristics.

1. Exposure 
collation

Intensity Time Moderators

Source Exposure Route Proximity Symptoms Period Duration Frequency Protective 
controls

EODIMS Blast Impact 10 feet Lost consciousness
03/01/1999–

03/02/1999
4 h 1 event Suit

EODIMS
Blast/50lbs 

NEW
Impact >150 m None

07/01/2000–

07/02/2000
< 2 min 1 event Bunker

EODIMS
Blast/<5 lb. 

NEW
Impact < 15 m n/a

11/01/2000–

11/02/2000
4 h 1 event Safe area

VMOAT Blast Impact 10 feet Lost consciousness
03/01/1999–

03/02/1999
4 h Frequent Suit

ILER-

PDHA

Vehicle 

accident
Impact n/a

Neck/back injury; LOC 

<5 min; Disorientation

02/11/2000–

02/11/2000
n/a 1 event Seat belt

ILER-

PDHA

Doxycycline 

(Vibramycin®)
ingestion n/a n/a

02/01/2000–

11/01/2000
6 months daily n/a

ILER-

PDHR-A
Sand/Dust Inhalation n/a

Coughing, difficulty 

breathing

04/01/2000–

01/01/2001
10 months n/a n/a

ILER-EIR Fuel
Skin, 

inhalation
10 feet Rash

03/01/1999–

03/02/1999
3 h Less frequent Mask, ventilation

ILER-

POEMS

Food/water 

borne disease
Ingestion n/a

High risk: bacterial 

diarrhea, hepatitis A, 

typhoid fever

Moderate risk: diarrhea-

cholera, diarrhea-

protozoal, brucellosis and 

hepatitis E

04/01/2000–

01/01/2001
daily less frequent

Hepatitis A and 

typhoid vaccination

Food/water 

consumption only 

from approved 

sources

Additionally protective controls used at the time of exposure is also recorded which may moderate the effects of exposure on health outcomes. Transforming exposure information into a 
consistent format as demonstrated in this table enables faster parsing of exposure information and reduces context switching which is necessary when reviewing exposure data across different 
databases.
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exposure categories such as chemical, physical, injuries, 
biological, and psychological (12, 13).

 • Individual Longitudinal Exposure Record (ILER): The ILER is an 
individual, electronic record of exposures for each service 
member and Veteran. ILER contains information from other 
sources including deployment dates and locations, all-hazard 
occupation data, environmental hazards, objective monitoring, 
medical encounter information and medical concerns regarding 
possible exposures. ILER aims to deliver capabilities and 
improvements in health care, benefits, collaborations between 
VA, DoD, Congress, beneficiaries, and other stakeholders (such 
as Veterans Service Organizations), as well as research and 
integration of exposure data from VA’s environmental health 
registries (14).

Application of the LEAD to collate 
exposure variables across exposure 
databases

Integrating data into exposure variables to be  analyzed when 
determining exposure dose across various hazard categories is a 
primary function of LEAD. Exposures are categorized according to 
domains: chemical, biological, physical, ergonomic/injury, and 
psychological hazards, as defined by the Department of Labor’s 
Occupational Safety and Health Administration (15). A description of 
each of these variables is detailed, along with examples of exposure 
information available across EODIMS, VMOAT and ILER.

Intensity

Exposure intensity can be directly estimated by assessing the 
amount or concentration of hazardous substances that an individual 
comes into contact. In most cases, intensity exposure characterization 
occurs retrospectively with limited quantitative exposure data. In 
such cases, indirect measures of exposure or proxies for intensity 
such as routes of exposure, proximity to exposure source, and 
symptoms at the time of the exposure event are the only means of 
assessing intensity. Such indirect estimates supplement objective 
information that is often not available.

Route

The route of exposure refers to how a substance enters the body. 
The EODIMS database does not contain extensive documentation of 
exposures routes, but routes may be inferred from the incident type 
and specific exposures reported. For example, an incident report 
documenting post-blast aerosolized particulate matter may be inferred 
to have inhalation and skin contact as possible exposure routes. The 
VMOAT1.0 categorizes exposure routes into the following categories: 
inhalation, ingestion, skin/eye contact, injection. Psychological 
exposures routes are categorized as experiencing, seeing, and/or 
hearing. ILER contains location and group-level exposure records that 
may be probabilistically associated with chemical (e.g., burn pits) and 
biological (e.g., infections) exposures.

Proximity

The proximity to the exposure source is directly related to the 
intensity of exposure, as individuals who are closer to a hazard will 
generally experience higher exposure intensities and, subsequently, 
greater doses. Data from EODIMS can provide valuable information 
regarding proximity, including distances between safe areas and 
incident sites, as well as frequency of travel between these locations and 
others involved in the documented response. Although VMOAT1.0 
did not estimate proximity, VMOAT2.0 aims to assess proximity to 
exposure more effectively. Additionally, proximity estimates can 
be obtained from ILER sources such as VA registries; however, these 
data are limited in scope and depth of information collected.

Symptoms at the time of exposure

Presence of medical signs and symptoms following exposure may 
suggest higher exposure intensities. While the purpose of LEAD is not 
to assess health outcomes, assessing the presence of health changes 
immediately following exposure can be used as a proxy for estimating 
exposure intensity especially when objective exposure intensity data is 
unavailable. We note here that the absence of symptoms or the lack of 
documentation of symptoms should not be  interpreted as a lack of 
exposure, as devastating health consequences may occur years after 
exposures (e.g., mesothelioma in asbestos workers) (16–18). While 
EODIMS documents capture immediate health effects associated with 
each exposure incident, such capture is neither consistent nor uniformly 
documented. ILER does contain limited records that ask subjective 
deployment health questions through DoD’s Post Deployment Health 
Reassessment (PDHRA) such as: “Were you wounded, injured, assaulted 
or otherwise hurt during your deployment?”

Time

The timing of exposure is important and can be directly estimated 
with a variety of approaches, ranging from sensors with high sampling 
rates to subjective reports. Data at the individual level though is sparse 
and often requires interpreting subjective narratives of exposures that 
are incomplete and vary from person to person (for example, some 
individuals recall in detail the timing of an exposure whereas others 
will report a general time during a deployment). Duration and 
frequency of an exposure can be used to estimate exposure timing.

Duration and frequency

The duration of exposure refers to how long someone is exposed 
to a substance or hazard. The longer the duration, such as noise (19), 
or long-term bio accumulation of Polyfluoroalkyl substances (20, 
21), generally the greater the total dose and risk of adverse 
outcomes. Similarly, frequent repeated exposures even at smaller 
intensities, such as repeated blast exposures, can lead to chronic 
health effects (22). The assessment of duration and frequency in 
databases can be  inconsistent due to the lack of standardized 
measures. Databases like EODIMS provide detailed time and 
frequency estimates such as start and completion times, while 
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others like VMOAT measure ‘duration’ in terms of hours per day 
and ‘frequency’ in events within a specific time frame. ILER does 
not have distinct duration and frequency estimates for most cases, 
but some exposure Registry assessments consider the number of 
hours or days an individual may have been exposed in a typical day 
or month (e.g., airborne hazards including burn pits, fumes, dust, 
or other similar exposures).

Period or the time of exposure

The exposure period is associated with occupational history or 
military deployments. The start and end dates for occupational 
periods are assessed either by asking for the start and end times for 
exposures in questionnaires, as done in VMOAT, or through 
administrative records contained in the ILER or EODIMS. Time of 
exposure and date of birth can be combined to estimate (i) age at 
exposure, (ii) time since exposure, and (iii) cohort effects across 
military eras which are key exposure factors that may affect 
health outcomes.

Moderators

Hazard controls play an important role in moderating health risks 
associated with occupational exposure (23). While individual factors 
that affect exposure tolerance (24), are important moderating factors, 
they are not assessed broadly. Given the growing body of literature on 
the exposome and potential health outcomes (25, 26) it is important 
that exposure assessments incorporate these contributing factors as 
exposure science develops.

Environmental and personal protective 
controls

The National Institute of Occupational Safety and Health 
(NIOSH) hierarchy of controls (27) has been developed to control 
worker exposures, reduce or remove hazards, and reduce risk of illness 
or injury. When elimination or substitution (i.e., most effective on the 
hierarchy) of the hazard is not possible, engineering controls such as 
ventilation systems, administrative controls of rotating work schedules 
and Personal Protective Equipment (PPE) may reduce cumulative 
exposures (28). The EODIMS records hazard data, personnel hours, 
equipment, disposition, and protective controls for many operational 
and training events. The VMOAT also asks hierarchy of control and 
PPE questions on its subjective exposure questionnaire. ILER 
documents Hazard Controls in Defense Occupational and 
Environmental Health Readiness System (DOEHRS) Industrial 
Hygiene (IH) reports, but these reports are usually done on a cohort 
level as opposed to the individual level.

Sample LEAD framework exposure 
aggregation process

Drawing from the components of the LEAD framework, Table 1 
illustrates the process of collating these exposure components across 

multiple sources into a consistent format. Additionally, 
Supplementary Table S1 illustrates how blast information can 
be  compared to identify high- and low-level exposure using a 
simulated data based on typical EOD exposure concerns. Moreover, a 
translation layer can be used to reduce incompatible scoring between 
sources and improve consistency and interpretability when estimating 
exposure dose rates (Supplementary Tables S2, S3).

Discussion

The Existing exposure assessment tools have limited scope, are 
inconsistently used, and often do not capture metrics that result in 
meaningful data relevant to clinical and research care. The LEAD 
framework outlines a consistent method of exposure information 
aggregation with simplified, exposure common data elements. It aims 
to improve exposure profiles by offering a standardized template for 
integrating exposure information across various sources to formulate 
exposure risk metrics that are easier for clinicians and researchers 
alike to understand, and integrate this information into Veterans’ 
care. Thus, the LEAD framework promotes consistency in exposure 
risk communication and interpretation of exposure-related health 
risks across clinical settings. These efforts aim to advance military 
exposure science and support exposure-informed clinical care for 
all Veterans.

Specifically, this framework provides the foundation to summarize 
exposures that are relevant for clinical care. Ongoing efforts are aimed 
at condensing detailed exposure records (over 100 exposure incidents) 
obtained through the LEAD framework into a single-page summary 
for clinicians, since in many cases, clinicians do not have time to 
review a Veteran’s entire military/exposure history to generate 
meaningful insights since treatment of acute outcomes like pain take 
priority. Thus, a systematic method to aggregate a Veteran’s prior 
exposure data and generate clinically relevant summaries will help 
keep the focus on the patient’s immediate clinical need while also 
considering their past exposures.

The three databases presented in this report are integral exposure 
resources for the reasons detailed in Table  1. However, there are 
limitations to each of these resources; for this reason, it is important 
to integrate and combine information from all three of these sources.

EODIMS records operational incidents with potential exposures, 
some immediate outcomes, occupational duties, and deployment data. 
However, due to the classified nature of the data, extensive redaction 
is necessary before exporting data for healthcare use in VA facilities. 
The LEAD framework streamlines extraction of non-operational 
health information for exposure assessment and care at VA clinics. 
While the examples provided here have a focus on EOD related 
exposures, the methods detailed in the report can generalize across 
exposures from other military occupations and civilian settings.

VMOAT is a detailed questionnaire that takes around 45 min to 
complete. It is not meant to be used as a screener but rather designed 
for Veterans with more complex exposure histories. While the 
VMOAT provides valuable data on exposures, it is a subjective 
questionnaire subject to the limitations of recall biases. Integrating 
VMOAT information with other VA and DoD records into a cohesive 
format also requires extensive exposure training. The LEAD offers a 
potential solution for incorporating VMOAT findings with existing 
exposure databases.
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ILER integrates individual and population-level exposure data 
from VA and DoD databases. However, its reports are extensive 
which makes it difficult for non-occupational medicine 
professionals to understand. Information prioritization is not a key 
focus area, making clinically relevant information extraction time 
consuming. Additionally, most of the information in ILER is 
population-level data which may not reflect individual service 
members’ exposures. Therefore, other sources like EODIMS and 
VMOAT are needed to identify potential individual level exposures. 
LEAD enables a holistic framework for how to merge exposure data 
from multiple sources.

While an expert-informed weighted scoring method can 
estimate dose, empirical weight assignment using health outcomes 
is needed for evidence-based risk estimation. It is important to note 
while interpreting exposures, that exposure-based metrics typically 
reflects exposure-dose, whereas outcome-based risk estimates 
reflect exposure toxicity. Additionally, self-report service dates may 
not reflect official service records (DD214 form). We  hope to 
mitigate this issue by adding both records when available and 
prioritizing self-reports where available since Veterans many face a 
variety of barriers to go the appropriate administrative processes to 
update records. Another inherent limitation is that exposure data 
can vary across military branches given the unique mandates 
specific to each branch. To address this aspect, aggregate statistics 
and sparsity information based on post-hoc analysis specific to each 
branch of service or units could be reported to help provide context 
to the exposure profile. Future iterations of LEAD will aim to 
integrate VA and DoD health records to provide data-driven risk 
scores to include exposure toxicity in addition to exposure dosage.

Conclusion

To address Veteran exposure concerns, the VA should collaborate 
with the DoD and other partners to improve models of how military 
occupational exposures impact health. This can be achieved by using 
subject matter expertise and reviewing literature in occupational and 
environmental medicine. The LEAD framework defines exposure 
common data elements for collecting and extracting exposure 
information from various databases to create consistent, succinct, 
insightful, comprehensive, and clinically relevant exposure profiles. 
Incorporating these elements in future studies ensures consistency, 
comparability, and robustness in data collection and analysis. 
Additionally, the LEAD framework aligns with the PACT ACT directives 
to understand how hazardous exposures affect Veteran health and helps 
identify new presumptive conditions for care and benefits. The long-term 
goal of the LEAD framework is to inform clinically relevant exposure 
summaries utilizing multiple data sources to optimize clinical and 
research processes associated with exposure data acquisition and use.
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