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Background: The Commander John Scott Hannon Veterans 
Mental Health Care Improvement Act of 2019 directs the US 
Department of Veterans Affairs Precision Medicine Initiative 
to identify and validate brain and mental health biomarkers 
related to the unique exposures and experiences of service 
members. Efforts are focused on individuals who served in 
combat to incorporate biopsychosocial factors into medical 
decision-making. At present, well-planned and reproducible 
data compilation, curation, and standardization are needed to 
harmonize data from varied sources. 
Observations: Harmonized data can facilitate precision care 
to improve veterans’ brain and mental health. Longitudinal 
cohort studies of service members and veterans with military 
combat and training exposure histories provide researchers 
with access to biopsychosocial data shown to impact adverse 
health risks. Precision medicine efforts that incorporate 
biopsychosocial variables require the combination of such 
datasets because of the large sample sizes necessary for 
adequately powered multivariable analyses. The Total Brain 

Diagnostics (TBD) research team is harmonizing variables 
from the Long-Term Impact of Military-Relevant Brain Injury 
Consortium–Chronic Effects of Neurotrauma Consortium 
and the Translational Research Center for TBI and Stress 
Disorders. Together, they contain prospective longitudinal 
data from > 4000 combat-exposed service members and 
veterans.
Conclusions: Military service often results in unique 
exposures associated with brain and mental health disorders 
and functional impairment. To address clinical needs, the 
TBD team is creating a unified longitudinal dataset that 
combines measures from existing longitudinal protocols. 
Work by the TBD team may lay the foundation for using of 
prospective longitudinal datasets and linked large datasets 
to generate generalizable, clinically relevant information 
to advance precision brain and mental health care among 
service members and veterans. These efforts may facilitate 
precision prognostics, diagnostics, and tailored interventions, 
with potential benefits for the general population as well.
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In leveraging existing, readily available 
evidence-based health care information 
(eg, systematic reviews, clinical practice 

guidelines), clinicians have historically 
made recommendations based on treatment 
responses of the average patient.1 Recently, 
this approach has been expanded into data-
driven, evidence-based precision medical 
care for individuals across a wide range of 
disciplines and care settings. These precision 
medicine approaches use information related 
to an individual’s genes, environment, and 
lifestyle to tailor recommendations regarding 
prevention, diagnosis, and treatment. 

Applying precision medicine approaches 
to the unique exposures and experiences of 
service members and veterans—particularly 
those who served in combat environments—
through the incorporation of biopsychoso-
cial factors into medical decision-making 
may be even more pertinent. This sentiment 
is reflected in Section 305 of the Commander 
John Scott Hannon Veterans Mental Health 
Care Improvement Act of 2019, which out-
lines the Precision Medicine Initiative of the 
US Department of Veterans Affairs (VA) to 
identify and validate brain and mental health 

biomarkers.2 Despite widespread consensus 
regarding the promise of precision medicine, 
large, rich datasets with elements pertaining 
to common military exposures such as trau-
matic brain injury (TBI) and posttraumatic 
stress disorder (PTSD) are limited.

Existing datasets, most of which are rela-
tively small or focus on specific cohorts (eg, 
older veterans, transitioning veterans), con-
tinue to create barriers to advancing preci-
sion medicine. For example, in classically 
designed clinical trials, analyses are generally 
conducted in a manner that may obfuscate 
efficacy among subcohorts of individuals, 
thereby underscoring the need to explore al-
ternative strategies to unify existing datas-
ets capable of revealing such heterogeneity.3 
The evidence base for precision medical care 
is limited, drawing from published trials with 
relatively small sample sizes and even larger 
cohort studies have limited biomarker data. 
Additionally, these models are often explor-
atory during development, and to avoid sta-
tistical overfitting of an exploratory model, 
validation in similar datasets is needed—an 
added burden when data sources are small or 
underpowered to begin with.
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A promising approach is to combine and 
harmonize the largest, most deeply charac-
terized data sources from similar samples. 
Although combining such datasets may ap-
pear to require minimal time and effort, 
harmonizing similar variables in an evi-
dence-based and replicable manner requires 
time and expertise, even when participant 
characteristics and outcomes are similar.4-7 

Challenges related to harmonization 
are related to the wide range of strategies 
(eg, self-report questionnaires, clinical in-
terviews, electronic health record review) 
used to measure common brain and mental 
health constructs, such as depression. Even 
when similar methods (eg, self-report mea-
sures) are implemented, challenges persist. 
For example, if a study used a depres-
sion measure that focused primarily on 
cognitive symptoms (eg, pessimism, self-
dislike, suicidal ideation) and another 
study used a depression measure com-
posed of items more heavily weighted 
towards somatic symptoms (eg, insom-
nia, loss of appetite, weight loss, decreased 
libido), combining their data could be 
challenging, particularly if researchers, cli-
nicians, or administrators are interested in 
more than dichotomous outcomes (eg, de-
pression vs no depression).8,9

To address this knowledge gap and 
harmonize multimodal data from varied 
sources, well-planned and reproducible cu-
ration is needed. Longitudinal cohort stud-
ies of service members and veterans with 
military combat and training exposure his-
tories provide researchers and other stake-
holders access to extant biopsychosocial 
data shown to affect risk for adverse health 
outcomes; however, efforts to facilitate in-
dividually tailored treatment or other pre-
cision medicine approaches would benefit 
from the synthesis of such datasets.10 

Members of the VA Total Brain Diagnos-
tics (TBD) team are engaged in harmoniz-
ing variables from the Long-Term Impact of 
Military-Relevant Brain Injury Consortium–
Chronic Effects of Neurotrauma Consortium 
(LIMBIC-CENC)11 and the Translational Re-
search Center for TBI and Stress Disorders 
(TRACTS).12-21 While there is overlap across 
LIMBIC-CENC and TRACTS with respect to 
data domains, considerable data harmoniza-
tion is needed to allow for future valid and 

meaningful analyses, particularly those in-
volving multivariable predictors.

DATA SOURCES
Both data sources for the TBD harmoniza-
tion project, LIMBIC-CENC and TRACTS, 
include extensive, longitudinal data col-
lected from relatively large cohorts of vet-
erans and service members with combat 
exposure. Both studies collect detailed data 
related to potential brain injury history and 
include participants with and without a 
history of TBI. Similarly, both include ex-
tensive collection of fluid biomarkers and 
imaging data, as well as measures of biopsy-
chosocial functioning. 

Data collection sites for LIMBIC-CENC 
include 16 recruitment sites, 9 at VA med-
ical centers (Richmond, Houston, Tampa, 
San Antonio, Portland, Minneapolis, Boston, 
Salisbury, San Diego) and 7 at military treat-
ment sites (Alexandria, San Diego, Tampa, 
Tacoma, Columbia, Coronado, Hinesville), 
in addition to 11 assessment sites (Rich-
mond, Houston, Tampa, San Antonio, 
Portland, Minneapolis, Boston, Salisbury, 
San Diego, Alexandria, Augusta). Data for 
TRACTS are collected at sites in Boston and 
Houston. 

LIMBIC-CENC is a 12-year, 17-site co-
hort of service members and veteran partic-
ipants with combat exposure who are well 
characterized at baseline and undergo an-
nual reassessments. As of December 2025, 
> 3100 participants have been recruited, and 

TABLE. Concept Schema: Traumatic Brain Injury Severity
Domain Subdomain

Injury history No. of previous traumatic brain injuries, time since last  
traumatic brain injury

Mechanism Mechanical, blast/explosion

Neuroimaging Structural abnormality, cortical thickness, white and grey  
matter volumes, microangiopathy, localized white matter  
hyperintensities, task-based functional imaging, hemorrhage

Clinical signs Loss of consciousness, posttraumatic amnesia, alteration  
of consciousness

Acute symptoms Dizziness, nausea, sensitivity to light/noise, irritability,  
difficulty concentrating

Laboratory and  
clinical findings

Blood biomarker, cognitive impairment, balance impairment 
oculomotor impairment

Glasgow coma scale Total score, item



Biomarkers

58 • FEDERAL PRACTITIONER  •   FEBRUARY 2026 mdedge.com/fedprac

nearly 90% remain in follow-up. Data collec-
tion includes > 6200 annual follow-up eval-
uations and > 1550 5-year re-evaluations, 
with 400 enrolled participants followed up 
annually. 

TRACTS is a 16-year, 2-site cohort of vet-
erans with combat exposure who complete 
comprehensive assessments at enrollment, 
undergo annual reassessments, and complete 
comprehensive reassessment every 5 years 
thereafter. As of December 2025, > 1075 par-
ticipants have completed baseline (Time 
1) assessments, > 600 have completed the 
2-year re-evaluation (Time 2), > 175 have 
completed the 5-year re-evaluation (Time 
3), and > 35 have completed 10-year evalu-
ations (Time 4), with about 50 new partici-
pants added and 100 enrolled participants 
followed up annually. More data on partic-
ipant characteristics are available for both 
LIMBIC-CENC and TRACTS in previous 
publications.11,22

These 2 ongoing, prospective, longi-
tudinal cohorts of service members and 
veterans offer access to a wide range of po-
tential risk factors that can affect response 
to care and outcomes, including demo-
graphics (eg, age, sex), injury character-
istics (eg, pre-exposure factors, exposure 
factors), biomarkers (eg, serum, saliva, brain 
imaging, evoked potentials), and functional 
measures (eg, computerized posturography, 
computerized eye tracking, sensory testing, 
clinical examination, neuropsychological as-
sessments, symptom questionnaires).

HARMONIZATION STRATEGY
Pooling and harmonizing data from large 
studies evaluating similar participant co-
horts and conditions involves numerous 

steps to appropriately handle a variety of 
measurements and disparate variable 
names. The TBD team adapted a model data 
harmonization system developed by O’Neil 
et al through initial work harmonizing the 
Federal Interagency Traumatic Brain Injury 
Research Informatics System (FITBIR).4-7 
This process was expanded and general-
ized by the research team to combine data 
from LIMBIC-CENC and TRACTS to create 
a single pooled dataset for analysis (Figure).

This approach was selected because it 
accommodates heterogeneous study de-
signs (eg, cross-sectional, longitudinal, 
case-control), data collection methods 
(eg, clinical assessment, self-reported, 
objective blood, and imaging biomark-
ers), and various assessments of the same 
construct (ie, different measures of brain 
injury). While exact matches for data col-
lection methods and measures may be 
easily harmonized, the timing of assess-
ment, number of assessments, assessment 
tool version, and other factors must be 
considered. The goal was to harmonize 
data from LIMBIC-CENC and TRACTS to 
allow additional data sources to be harmo-
nized and incorporated in the future.

Original data files from each study were 
reshaped to represent participant-level ob-
servations with 1 unique measurement per 
row. The measurement represents what infor-
mation was collected and the value recorded 
represents the unique observation. These 
data are linked to metadata from the original 
study, which includes the study’s definition of 
each measurement, how it was collected, and 
any available information regarding when 
it was collected in reference to study enroll-
ment or injury. Additional information on the 

FIGURE. Data pooling and harmonization system for the Federal Interagency Traumatic Brain 
Injury Research database.
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file source, row, and column position of each 
data point was added to enable recreation of 
the original data as needed. 

The resulting dataset was used to har-
monize measurements from LIMBIC-CENC 
and TRACTS into a priori-defined schemas 
for brain- and mental health-relevant con-
cepts, including TBI severity, PTSD, sub-
stance use, depression, suicidal ideation, 
and functioning (including cognitive, phys-
ical, and social functioning). This process 
was facilitated using natural language pro-
cessing (NLP). Each study uniquely defines 
all measurements and provides written def-
initions with the data. Measurement defini-
tions serve as records describing what was 
collected, how it was collected, and how 
the study may have uniquely defined in-
formation for its purposes. For example, 
definitions of exposure to brain injury and 
severity of brain injury may differ between 
studies, and the study-provided definition 
defines these differences.

Definitions were converted into numeric 
vectors through sentence embedding, a pro-
cess that preserves the semantic meaning of 
the definition.23 Cosine similarity was used 
as the primary metric to compare the se-
mantic textual similarity between pairs of 
measurement definitions. Cosine similar-
ity ranges from 0 to 1, where 0 indicates no 
meaningful similarity and 1 indicates they 
have identical meanings.24 This approach 
leverages the relationship between the defi-
nitions of each measurement provided by a 
study and enables quick comparison of all 
pairwise combinations of measurement def-
initions between studies. 

Subsets of similar measurements across 
studies were organized into a priori-defined 
schema. Clinical experts then reviewed 
each schema and further refined them into 
domains, (eg, mechanism of injury, clini-
cal signs, acute symptoms) and subdomains 
(children), such as loss of consciousness, 
amnesia, and alteration of consciousness. 
This approach allows efficient handling of 
2 specific cases that commonly occur when 
pooling and harmonizing datasets: (1) iden-
tifying the same measurement with differ-
ing names; and (2) identifying different 
measurements with definitions that each re-
late to the same domain. 

The Table provides a general example 

of the schema for TBI severity. This was an 
iterative process in which clinical experts 
reviewed study-defined measurement defi-
nitions to develop general harmonized do-
mains, and NLP techniques facilitated and 
accelerated identification and organization 
of measurements within these domains. 

EXPECTED IMPACT
Harmonization combining LIMBIC-CENC 
and TRACTS datasets is ongoing. Prelimi-
nary descriptive analyses of baseline cohort 
data indicate that harmonization across 
data sources is appropriate, given the lack 
of significant heterogeneity across sites and 
studies for most domains. Work by mem-
bers of the TBD team is expected to lay the 
foundation for the use of existing and on-
going prospective, longitudinal datasets 
(eg, LIMBIC-CENC, TRACTS) and linked 
large datasets (eg, VA Informatics and Com-
puting Infrastructure including electronic 
health records, VA Million Veteran Pro-
gram, DaVINCI [US Department of Defense 
and VA Infrastructure for Clinical Intelli-
gence]) to generate generalizable, clinically 
relevant information to advance precision 
brain and mental health care among service 
members and veterans.

By enhancing existing practice, this syn-
thesized dataset has the potential to inform 
tailored and personalized medicine ap-
proaches designed to meet the needs of vet-
erans and service members. These data will 
serve as the starting point for multivariable 
models examining the intersection of phys-
iologic, behavioral, and environmental fac-
tors. The goal of this data harmonization 
effort is to better elucidate how clinicians 
and researchers can select optimal ap-
proaches for veterans and service members 
with TBI histories by accounting for a com-
prehensive set of physiologic, behavioral, 
and environmental factors in an individu-
ally tailored manner. These data may further 
extend existing clinical practice guideline ap-
proaches, inform shared decision-making, 
and enhance functional outcomes beyond 
those currently available.

CONCLUSIONS
Individuals who have served in the military 
have unique biopsychosocial exposures that 
are associated with brain and mental health 
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disorders. To address these needs, the na-
tionwide TBD team has initiated the cre-
ation of a unified, longitudinal dataset that 
includes harmonized measures from exist-
ing LIMBIC-CENC and TRACTS protocols. 
Initial data harmonization efforts are required 
to facilitate precision prognostics, diagnos-
tics, and tailored interventions, with the goal 
of improving veterans’ brain and mental 
health and psychosocial functioning and en-
abling tailored and evidence-informed, indi-
vidualized clinical care.
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