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Aims: Gulf War Illness (GWI), a chronic debilitating disorder characterized by fatigue, joint pain, cognitive,
gastrointestinal, respiratory, and skin problems, is currently diagnosed by self-reported symptoms. The Boston
Biorepository, Recruitment, and Integrative Network (BBRAIN) is the collaborative effort of expert Gulf War
Illness (GWI) researchers who are creating objective diagnostic and pathobiological markers and recommend
common data elements for GWI research.
Main methods: BBRAIN is recruiting 300 GWI cases and 200 GW veteran controls for the prospective study. Key
data and biological samples from prior GWI studies are being merged and combined into retrospective datasets.

Abbreviations: BBRAIN, Boston Biorepository, Recruitment and Integrative Network for Gulf War Illness; GW, Gulf War; GWI, Gulf War Illness; GWIC, Gulf War
Illness Consortium; VA, Veterans Affairs.
* Corresponding author at: Boston University School of Public Health, 715 Albany Street, T4W, Boston, MA 02118, USA.
E-mail addresses: dmk13@bu.edu (D. Keating), cgzundel@bu.edu (C.G. Zundel), mabreu1@nova.edu (M. Abreu), mhk@bu.edu (M. Krengel), kaenlle@nova.edu
(K. Aenlle), toomey@bu.edu (R. Toomey), linda.chao@ucsf.edu (L.L. Chao), julia.golier@va.gov (J. Golier), labdullah@roskampinstitute.org (L. Abdullah), eq@bu.
edu (E. Quinn), tch@bu.edu (T. Heeren), jengroh@bu.edu (J.R. Groh), bbkoo@bu.edu (B.B. Koo), killiany@bu.edu (R. Killiany), marco.loggia@mgh.harvard.edu
(M.L. Loggia), younger@uab.edu (J. Younger), baraniuj@georgetown.edu (J. Baraniuk), paj@bu.edu (P. Janulewicz), ajamaj@bu.edu (J. Ajama), quaym@bu.edu
(M. Quay), pwb22@drexel.edu (P.W. Baas), lq24@drexel.edu (L. Qiang), lisa_conboy@hms.haravard.edu (L. Conboy), ekokkoto@bidmc.harvard.edu
(E. Kokkotou), jdo5@cdc.gov (J.P. O'Callaghan), Lea.Steele@bcm.edu (L. Steele), nklimas@bu.edu (N. Klimas), tty@bu.edu (K. Sullivan).
1
US Air Force retired.
https://doi.org/10.1016/j.lfs.2021.119903
Received 28 February 2021; Received in revised form 31 July 2021; Accepted 17 August 2021
Available online 26 August 2021
0024-3205/© 2021 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

D. Keating et al.

Life Sciences 284 (2021) 119903

They will be made available for data mining by the BBRAIN network and the GWI research community. Pro
spective questionnaire data include general health and chronic symptoms, demographics, measures of pain,
fatigue, medical conditions, deployment and exposure histories. Available repository biospecimens include
blood, plasma, serum, saliva, stool, urine, human induced pluripotent stem cells and cerebrospinal fluid.
Key findings: To date, multiple datasets have been merged and combined from 15 participating study sites. These
data and samples have been collated and an online request form for repository requests as well as recommended
common data elements have been created. Data and biospecimen sample requests are reviewed by the BBRAIN
steering committee members for approval as they are received.
Significance: The BBRAIN repository network serves as a much needed resource for GWI researchers to utilize for
identification and validation of objective diagnostic and pathobiological markers of the illness.

1. Introduction

CNS autoantibodys, and tau markers in clinical and preclinical trans
lational studies [7,11,17–43]. It also resulted in funding to establish two
additional consortia, including BBRAIN and the Gulf War Illness Clinical
Trials Consortium [14]. Since its inception in 2018, BBRAIN has built
upon this existing infrastructure at Boston University and 14 other
participating sample and data resource sites to establish a much-needed
resource for the GWI research community that is available for data and
sample sharing.

Gulf War Illness (GWI) is a debilitating, chronic, multi-symptom
disorder affecting nearly one-third of veterans in the 1991 Gulf War
(GW) [1,2]. The illness is characterized by debilitating fatigue, chronic
pain, cognitive dysfunction, headaches, respiratory problems, and
gastrointestinal disturbances [3–5]. Veterans suffering from GWI can
experience significant impairment in their daily activities and quality of
life. Despite promising recent research in correlating biomarkers to GWI
symptoms, GWI primarily remains diagnosed by self-report. The study of
potential diagnostic biomarkers to date has not been supported by larger
sample sizes and has not been validated in other cohorts [6–11]. Basing
diagnosis on self-reported symptoms makes treatment development and
access to care for GW veterans persistently difficult. There is a critical
need for an objective diagnostic test for GWI to alleviate GW veterans’
difficulties with obtaining service-related benefits and validation of
their symptoms and for use as primary outcome measures for treatment
trials.
“A biorepository is an entity that receives, processes, stores, and/or
disseminates biospecimens, their derivatives, and relevant data, as
needed [12]. It encompasses the physical location and the full range of
activities associated with its operation [12].” A recent review by Garcia
et al., showed that rare disease biobanks have the ability to identify and
validate genetic and omics biomarkers as well as inform treatment
development strategies for these rare disorders [13]. However, it was
also noted that many of these repositories lacked the corresponding
clinical outcomes data needed to make the biomarker samples most
useful for correlation with the disease symptoms.
Therefore, the need is clear for a biorepository network of freely
sharing biospecimens with corresponding comprehensive clinical out
comes data in the field of GWI research. There is also a need for retro
spective data mining from prior studies that are hard to replicate (i.e.,
cerebrospinal fluid, PET, and MRI brain imaging outcomes). These
clinical outcomes that are common (common data elements) among the
different prior studies provide power to document differences that might
not emerge in the smaller sample cohorts. These common data elements
are also needed to ensure comparability of study results, particularly for
treatment trial efficacy testing [14,15].
The Boston Biorepository, Recruitment and Integrative Network
(BBRAIN) for GWI was designed to serve as a resource for the GWI
research community to hasten biomarker discovery and validate prior
results in a well-characterized cohort of GW veterans. The BBRAIN study
was built upon and incorporates the already existing Boston GWI con
sortium [16]. The GWI consortium brought together leading experts
from different fields into the GWI research community. Since its
conception, the GWI consortium has established an extensive multi-site
data set with cognitive measures, brain imaging, health symptom data,
and biorepository blood and saliva specimens for several hundred GW
veterans. GWIC has greatly expanded the field's ability to explore and
identify specific ‘objective’ biomarkers and ‘personalized’ treatment
strategies for veterans with GWI by utilizing a small biorepository
shared with the GWI research community, resulting in 20 additional
federally funded studies. This lead to 34 biomarker publications of lip
idomic, proteomic, epigenetic, genetic susceptibility, mitochondrial,

2. Methods: BBRAIN structure
2.1. Leadership
The lead site of BBRAIN is at Boston University School of Public
Health and makes up the network coordinating center. The network
coordinating center staff members have diverse expertise in neuropsy
chology, brain imaging, exposure assessment, data management, sta
tistical programming and study operations. These skills are integral for
maintaining a multi-site biorepository and promoting collaboration
within the GWI research field.
2.2. Participating sites
The BBRAIN collaboration brings together leading investigators from
15 institutions to support participant recruitment, administrative ac
tivities, data management and biostatistics, and biorepository and
biomarker evaluation. The BBRAIN collaboration is composed of the
network coordinating center, steering committee, retrospective resource
sites and four prospective resource sites (Fig. 1). The four resource sites
where prospective subject recruitment is taking place include Boston
University School of Public Health, Miami VA Medical Center and Nova
Southeastern University, Bronx VA Medical Center and the San Fran
cisco VA Medical Center.
2.2.1. Steering committee
Oversight of the BBRAIN is coordinated by a Steering Committee
made up of the BBRAIN PI, the resource site PIs, the network coordi
nating directors, and the consumer advocate. The Steering Committee
monitors research site performance and determines individual study
performance. The Steering Committee is also responsible for establish
ing standard operating procedures, utilizing ISBER Best Practices for
Biorepositories, and utilizing BUSPH criteria templates for Data Use
Agreements across sites and institutions sharing samples and data [12].
Researchers interested in obtaining BBRAIN samples can apply to the
Steering Committee. The group will decide on the appropriateness (i.e.,
for GWI research and not redundant with ongoing research) and priority
of sharing samples on a case-by-case basis.
2.2.2. Network coordinating center
The network coordinating center for the biorepository is responsible
for overseeing IRB protocol and regulatory submissions and approvals,
establishing standard protocols across all sites, and conducting data
management and monitoring while ensuring study participant confi
dentiality. The center is led by the BBRAIN study PI at BUSPH and
2
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analyses. Currently, available samples include blood serum (n = 1100),
plasma (n = 1100), peripheral blood mononuclear cells (PBMCs n =
600), DNA (n = 600), human-induced pluripotent stem cells (n = 9),
cerebrospinal fluid (n = 150), cognitive data (n = 400), brain imaging
data (see Fig. 3 range n = 50-280) and corresponding demographic/
survey data from retrospective resource sites, including University of
Alabama at Birmingham, San Francisco VA, Harvard / Beth Israel
Deaconess Medical Center (BIDMC), Georgetown University, Boston
University and Drexel University (Fig. 2) [38]. Brain imaging data in
cludes MRI volumetric and diffusion tensor imaging, MR spectroscopy,
functional MRI and positron emission tomography (PET) imaging with
peripheral benzodiazepine receptor [11C]-PBR28 and fluorodeox
yglucose 18F-FDG tracers [7,10,11,44,45]. Although some of these
samples have been stored and processed differently, these details will be
made available to the requesting research investigators to meet their
study needs during a study consultation. In addition, preclinical animal
retrospective data and tissue samples are also available for sharing upon
request from the CDC/NIOSH and Roskamp Institute GWI animal
models. As previously mentioned, data collection for the biorepository is
coordinated and quality checked by the network coordinating center.

supported by faculty and administrative staff at BUSPH. The network
coordinating center provides support and coordination for prospective
data collection of demographic surveys, cognitive test data, serum,
plasma, saliva, stool, and urine samples from 500 GW veteran study
participants. Additionally, the network coordinating center serves as a
gatekeeper for requests for repository site sharing and coordinates ap
provals with the steering committee members in consultation with the
biorepository contributors. A virtual biorepository is established using
laboratory software LDMS (Frontier and/or FreezerPro for resource
sites). Resource sites send newly obtained biospecimens and data to
laboratory storage facilities at Nova Southeastern University and Boston
University Medical Campus (BUMC) as the prospective repository is
being created.
2.2.2.1. Subject Confidentiality. As in all human subject research, pro
tecting subject confidentiality is imperative. For retrospective data, all
samples and data are de-identified. For prospective data collection,
participants’ contact information is kept in a study-specific electronic
capture web-based platform on a secure server, including multiple
password protection layers that are only accessible by approved study
team members. All source documents are kept in a locked cabinet, and
all data is behind password-protected and encrypted devices. Samples
that are shipped are labeled with a unique identifier code for tracking
purposes within the biorepository. Participants are made aware of the
confidentiality measure taken at the time of the phone screener and
again during the consent process and are consented to share their coded
study samples and data for the repository and other future GWI related
studies. All data and samples that are shared from the repository are
coded with no individual identifiers.
2.2.3. Retrospective resource sites
One of the BBRAIN's primary objectives is to establish a retrospective
biorepository network by data mining from existing BBRAIN collabo
rators’ stored specimens, cognitive data, and brain imaging data from
study participants who have consented to share these data and samples
for future studies in a de-identified manner. Retrospective resource sites
have already provided some stored specimens from prior studies with
GW veterans cataloged and made available for within Network and
outside of Network investigators. Common data element datasets from
these prior studies are also being created to improve power for new

Fig. 2. Retrospective BBRAIN Samples and Data Repository.

Fig. 1. BBRAIN organizational structure.
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3.2. Inclusion/exclusion criteria
Study eligibility includes deployment to the Persian Gulf in the 19901991 Gulf War without any medical exclusions required for participa
tion. To meet case criteria, the individual needs to endorse symptoms in
three of six health symptom domains: pain, fatigue, neurological/
cognitive/mood, skin, gastrointestinal, and respiratory [4]. If an indi
vidual does not meet the Kansas criteria and has no exclusionary con
ditions, they are categorized as a control. The criteria for prospective
study participants is determined by using the Kansas GWI case definition
[4]. Veterans are excluded from being considered GWI cases or controls
for the Kansas criteria if they report being diagnosed by a physician with
medical or psychiatric conditions that would otherwise account for their
symptoms or interfere with their ability to report their symptoms. The
Kansas exclusion criteria encompass conditions such as diabetes, heart
disease other than hypertension, stroke, lupus, multiple sclerosis, can
cer, liver disease, chronic infection, or serious brain injury. Veterans are
also excluded if they report being diagnosed with schizophrenia or bi
polar disorder or if they have been hospitalized in the past 5 years for
alcohol/drug dependence, depression, or post-traumatic stress disorder
(PTSD). Potential participants are screened by telephone to determine
whether they meet inclusionary or exclusionary criteria for study
participation [4]. Additionally, during the phone screen eligible par
ticipants are categorized as a case or control based on the Kansas GWI
case criteria [4]. Although Kansas criteria are primarily used for
comparing study outcomes, the CDC chronic multi-symptom illness case
criteria are also obtained for all study participants [5]. These criteria
include symptoms in two out of three symptom domains including fa
tigue, mood-cognition and pain [5].

Fig. 3. BBRAIN MRI and PET Imaging Repository.

2.2.4. Prospective resource sites
Subject recruitment for the prospective study is conducted at four
prospective sites comprising of Boston University School of Public
Health (BUSPH), Miami VA Medical Center / Nova Southeastern Uni
versity (NSU), Bronx VA Medical Center and San Francisco VA Medical
Center (Fig. 1). These sites were chosen due to their access to established
GW veteran cohorts and important prior research contributions. Data
from the prospective resource sites is being added to the BBRAIN bio
repository as subject recruitment accrues.
3. Prospective study methods
3.1. Participants

3.3. Methods

This case-control study is recruiting 500 GW veterans encompassing
300 GWI cases and 200 GW veteran controls. GWI cases are determined
by the Kansas GWI criteria and the four recruitment sites are over
sampling women veterans from their prior cohorts [4]. Although not
exclusion criteria, smoking history, medication use, and other de
mographic and health outcomes are being collected and available to
requesting investigators.

The study protocol for the prospective resource site clinical casecontrol study consists of five components:
1) Neuropsychological testing: Measures from a previously validated
assessment of cognitive function and common data elements in GW
veterans are included to assess cognitive outcomes [15,35,46–48].
The neuropsychological test battery assesses the functional domains
of attention and executive abilities, psychomotor function,

Fig. 4. Blood and saliva aliquot scheme.
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visuospatial skills, memory, general intellectual abilities and mood.
The battery includes tests shown to have high specificity and sensi
tivity for detecting changes in neuropsychological functions between
veterans with and without GWI and which were recommended to be
used across studies as common data elements [35,47].
2) Surveys: The set of surveys administered were all included in the
GWI common data elements and collect data on health symptoms,
neurotoxicant exposures, mood and quality of life. Clinical assess
ments include the Pittsburgh Sleep Quality Index (PSQI), Visual
Analog Scale (VAS) for pain, Kansas Gulf War and Health Ques
tionnaire, Multidimensional Fatigue Inventory (MFI-20) question
naire, MOS Short Form 36-veteran version (SF-36V), and Profile of
Mood States (POMS), as well as the medical conditions checklist.
Additional surveys that were also included in the exposure assess
ment common data elements include the Kansas Gulf War Experi
ences and Exposures Questionnaire and the Structured
Neurotoxicant Assessment Checklist (SNAC) [49–54].
3) Blood draw: Approximately 79 mL of blood are drawn from the
participant for local lab clinical testing, immune biomarker lab
testing, and biorepository storage. Fasting blood samples are
collected by venipuncture by a trained phlebotomist in the morning.
A small amount of blood is analyzed at the local labs for complete
blood count, lipid panels, thyroid stimulating hormone, antinuclear
antibodies, and rheumatoid factor. The remaining blood samples for
each participant are shipped to Nova Southeastern University for
sample processing and storage in the biorepository. Blood samples
are analyzed to measure plasma cytokine levels, complete blood
count, and RNA extraction is performed from PBMCs collected.
PBMCs isolated from sodium heparin and EDTA tubes are stored in
liquid nitrogen for cryopreservation. RNA isolated from PBMCs is
aliquoted and stored at -80 ◦ C. All data from these analyses will be
made available as part of the biorepository. Whole blood and blood
derivatives such as serum, heparin and EDTA plasma are prepared at
various volume aliquots and frozen at -80 ◦ C for storage.
4) Saliva sample: Approximately 6 mL of saliva are collected
throughout the study visit. These samples are collected at four
different time points: after the participant consent form is signed,
after the blood draw and physical exam, after completion of surveys,
and at the end of the visit. Three of the collections are performed
when the participant is in a fasting state. These samples are used to
measure salivary cortisol levels and are stored in a -80 ◦ C freezer. An
OGR-600 tube for saliva sample collection is also performed upon
fasting for DNA analysis and stored at room temperature before
shipping to EM Papper Lab at NOVA Southeastern University. All
saliva samples are batch shipped to Nova Southeastern University for
planned assessment, cortisol analyses and DNA extraction. The
remaining saliva samples are also aliquoted down and frozen for
biorepository sample requests. Cortisol and DNA will be made
available in the biorepository.

coat, and red blood cell pellets. Aliquots will be created per the aliquot
scheme (see Fig. 4) and tracked for their temperature and location. Each
of these blood derivative type are stored at its optimal temperature per
standard protocol for the EM Papper laboratory at Nova Southeastern
University. Specific blood processing methods are listed below.
3.3.1.1. Separation of plasma from the cellular fraction. Whole blood
samples are processed as described below to obtain a buffy coat fraction
and plasma for cryopreservation. In the area designated for processing
blood, the whole blood (collected in tubes containing an anticoagulant
such as ethylene-diamineteraaceticacid-EDTA or Heparin) is fraction
ated by centrifuging at 2000 x g for 10 min at room temperature. This
separates the blood into three visible layers (Fig. 4). The upper layer, the
plasma layer, is generally clear or pale yellow in color. The second layer
is a narrow grayish white interface band representing the “buffy coat” or
leukocyte fraction. The third or bottom layer is dark red and consists of
the erythrocytes or red blood cells. Using an appropriate disposable
transfer pipette, the plasma layer is aspirated off down to approximately
1 mm from the buffy coat layer taking care not to disturb the leukocyte
or buffy coat layer. All plasma is expelled from the pipette into a plasma
collection tubes. Recovered plasma is aliquoted and placed into labeled
cryovials. The barcoded cryovials are placed in appropriate storage units
for long-term storage in -80 ◦ C freezers at the EM Papper laboratory at
Nova Southeastern University.
3.3.1.2. Recovery of white blood cells. After removing the plasma layer,
removal of buffy coat is performed. To isolate PBMCs, sufficient quantity
of PBS is added to bring blood back to its original whole blood volume
and mixed gently to continue PBMC processing. A transfer pipette is
used to transfer all of the blood into a 15 mL tube containing 3 mL FicollHypaque solution. The tube is centrifuged (without a brake) at 2250 x g
for 25 min at 25 ◦ C. Using a sterile serological or transfer pipet, all cells
are collected at the cloudy white interface taking care not to aspirate any
more separation medium solution than necessary. The collected cells are
transferred from one conical centrifuge tube to a single corresponding,
pre-labeled, sterile conical centrifuge tube. After centrifugation of the
wash step, cells are resuspended in 10 mL of PBS for cell count and
viability using the Beckman Coulter ViCell Counter. For this study, 5 ×
106 cells/ml per vial are aliquoted in final freezing solution of 70% RPMI
1640 with 20% fetal bovine serum and 10% dimethyl sulfoxide (DMSO)
as a cryoprotectant added. The cryovials are placed in the appropriate
storage units at -80 ◦ C for short-term storage. For long-term storage,
cells stored in freezing vials are transferred into the liquid nitrogen
cryopreservation tanks and their location is mapped and recorded.
3.3.1.3. Separation of serum from blood samples. Blood is drawn into BD
Vacutainer® SST™ Venous blood collection tube with separator gel.
This tube is spun down prior to shipping to the EM Papper laboratory.
Serum sample above the gel separator is collected and stored in bar
coded cryovials at various aliquot volumes at -80 ◦ C for long term
storage.
Quality Assurance and Assessment protocols take place before, dur
ing and after the samples are isolated from primary tubes and placed
into the biorepository. Samples for all four prospective resource sites are
processed with the same protocols.

3.3.1. Sample processing methods
Blood samples are shipped on the day of collection at room tem
perature overnight to the EM Papper laboratory at Nova Southeastern
University. As previously mentioned, saliva samples are batch shipped
on dry ice, from storage at each prospective site's local storage location.
Samples received by the biorepository laboratory at Nova Southeastern
University are processed within 2 h of delivery. This includes an im
mediate quality check of the condition of sample tubes, the outer and
inner packaging, and the associated chain of custody that accompanies
the sample. Acceptable samples are then accessioned by the bio
repository team and entered into the Laboratory Data Management
System. This allows for the tracking of barcoded aliquots from each
phase of the process, including storage conditions and requirements, and
will allow expeditious processing of sample requests. Primary tubes are
processed to isolate the blood derivatives: plasma, serum, PBMCs, buffy

3.3.2. Common issues of aliquot size
Biorepositories face a lack of predictability in future research di
rection, limited resources in space and maintenance manpower, as well
as new technology innovations, which makes planning a biorepository
difficult. It is imperative to create a versatile sample aliquot scheme in
order to combat these challenges. However, repositories commonly will
need to be flexible with remaining sample subsets should circumstances
change, while avoiding “freeze thaw cycles” that are potentially
damaging to certain proteins in serum or plasma. While large aliquots of
5
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2 mL or greater can reduce maintenance costs and space requirements,
small aliquots are the versatile option that allow for greater flexibility
when fulfilling sample requests. This laboratory takes a different
approach, setting up large numbers of small aliquots (0.5 and 0.25 mL)
while still creating a small number of large aliquots (1.0 mL) for longer
term storage (Fig. 4; Table 1).

Steering Committee. This committee then assesses the proposal for
feasibility (samples must be available, technology/assays must have a
reasonable chance of success), duplicative effort (avoids overlap from
funded portion of the grant or previously approved requests), and
sample volume requested (protects the integrity of the aliquot scheme, i.
e. requesting 1 mL when 200uL would suffice). Finally, the request is
reviewed by the Steering Committee for further consideration and final
approval or denial. There is no cost for the sharing of samples from the
repository except the cost of shipping the samples to the approved
requestors.

5) Home specimen and data collection
Home collection by study participants includes urine, stool samples,
and Fitbit data collection. Specific methods and details are listed below.

4.1. How to request samples and data

3.3.2.1. Fitbit data. Each participant is asked to wear a study-provided
Fitbit activity monitor for 7 consecutive days. On the eighth day, par
ticipants are expected to extract their sleep quality and heart rate vari
ability data and upload the results to the network coordinating center
through a secure link. An instructional manual is provided to the
participant for proper data extraction. All Fitbit data are made available
for sharing in the repository.

As previously described, the BBRAIN Repository Network provides
samples and data from newly collected whole blood, RNA, DNA, plasma,
serum, saliva, stool, and urine samples for 500 GW veterans (300 GWI
cases, 200 controls) in addition to demographic surveys and cognitive
test data. In addition, a repository of previously collected demographic
and health survey, clinical (cognitive testing, MRI data) and preclinical
data (animal tissue) has been compiled from the 15 participating GWI
investigators and made available to the BBRAIN repository for data
mining and sharing. 9 lines of hiPSCs collected from 5 GW-veterans with
GWI and 4 from those who did not develop GWI are available upon
request. As previously outlined, the Network Coordinating Center or
ganizes approvals with the steering committee members in consultation
with the biorepository contributor sites. The site for requesting pro
spective and retrospectives biospecimens, brain imaging and other
health symptom or cognitive data is available at https://wwwapp.bumc.
bu.edu/BEDAC_BBrainRetro.

3.3.2.2. Urine samples. Urine sample kits are provided to the partici
pant with comprehensible instructions during the in-person study visit
to complete at home and mail back in prepared pre-paid packaging.
Participants are expected to collect at least 20 mL urine during their first
morning void. Urine samples from all study sites are overnight shipped
with an ice pack to maintain cold chain transport to the Boston Uni
versity Medical Campus for aliquoting and storage. Once received, the
urine samples are aliquoted, frozen and stored in the repository for later
urinalysis, sharing and sample requests (Table 1).
3.3.2.3. Stool samples. Stool sample kits are provided to the participant
during the in-person visit with clear instructions to complete the at
home stool sample kit and mail it back in a prepared pre-paid packaging.
Participants are expected to collect two tubes of stool. Stool samples
from all study sites are overnight shipped to Boston University Medical
Center for storage. Samples are stable for 15 days at room temperature
and very well preserved over a long period of time at –4C. Samples will
be stored at the Boston University Medical Center Laboratory and
available for collaborative research and for requests through the
repository.

5. Discussion
The BBRAIN is the first GWI repository network designed to gather
and store samples, provide new data and to mine data from prior studies
of difficult to obtain samples (CSF, PET, MRI imaging). In doing so,
BBRAIN has grown, and continues to shape and fill the need for an easily
accessible biospecimen repository in the field of GWI research. An
additional primary objective of this biorepository network has been to
determine minimal data elements using a common data platform from
retrospective studies, thus creating centralized resource websites for
BBRAIN researchers and other interested GWI researchers seeking to
obtain repository samples and data for analyses. The task has been
completed, with common data elements for symptom and system do
mains now identified. To date, BBRAIN has published recommended
common data elements for neuropsychological and other outcomes
[15,47]. Importantly, the BBRAIN prospective sample and data collec
tion is consistent with the same elements of the common data recom
mendations and will therefore provide additional validation of nearly all
of the common data elements.
BBRAIN will build upon the initial progress of the Boston GWIC
biorepository. It has been stated that the success of a biorepository is not
in how many samples are collected but in how many samples are shared

4. Data sharing
The BBRAIN biorepository has a responsibility to provide access to
samples for pilot work and other initiatives to further the field. This is
accomplished by a three-stage approval process for any data or samples
that exist as part of this project and/or the biorepository. This process is
streamlined through a web-based data request platform created by the
network coordinating center. The first steps involve a potential inves
tigator contacting the project PI to determine validity of an idea. Once
initial conversations are considered positive, the potential investigator
submits a proposal, along with a sample or data request form, to the
Table 1
BBRAIN blood and saliva aliquot and storage procedures.
Sample
type

Blood
draw

Saliva

Tube type/color

#
tubes

Tube
volume (ml)

Total
volume (ml)

3

10

1

(2) Purple EDTA
(1) OGR-500
(4) Salimetrics’
Cryovials

(3) Green Na
Heparin
(2) Red Tiger Top
SST Tube

Product

Expected product
volume - biobank

Aliquot scheme

Test

30

Blood, PBMC,
Plasma

60 × 10^6 PBMC; 12
mL Plasma

PL2: 4 × 1 mL, 4 × .5 mL, 24 × .25
mL; CEL: 12 × 5 × 10^6/mL

8

16

Serum

3 mL

2 × 0.5 mL; 8 × 0.25 mL

2

10

20

Blood, Serum

6 mL

4 × .5 mL; 16 × .25 mL

1

2

2

Saliva

2 mL

N/A

4

2

8

Saliva

8 mL

2 × 1 mL; 12 × .5 mL

NKCC, NPY,
Nanostring
Hormone
specific TBD
CBC, Flow,
Cytokines
SNP, TBD
Salivary
Cortisol, TBD
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that lead to important new results [55–58]. To date, BBRAIN has shared
samples with five research investigators including cerebrospinal fluid,
serum and plasma samples, PET brain imaging, diffusion MRI brain
imaging data and cognitive outcomes [59]. Building on this strong
foundation, BBRAIN aims to provide the infrastructure, scientific
expertise, biological specimens and collaborative nature to vastly speed
up objective biomarker discovery and treatments for ailing veterans
with GWI. The robust infrastructure of the BBRAIN repository network
will serve as a key resource for the GWI research field.
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Brain Sci. Submitted.
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association with host bacteria regulate inflammatory phenotype and neuronal
immunotoxicity in experimental gulf war illness, Viruses 11 (2019).
[18] U. Joshi, A. Pearson, J.E. Evans, et al., A permethrin metabolite is associated with
adaptive immune responses in gulf war illness, Brain Behav. Immun. 81 (2019)
545–559.
[19] Seth Janulewicz, Carlson, The gut-microbiome in Gulf War veterans: a preliminary
report, Int. J. Environ. Res. Public Health 16 (2019) 3751.
[20] J. Belgrad, D.J. Dutta, S. Bromley-Coolidge, et al., Oligodendrocyte involvement in
gulf war illness, Glia 67 (2019) 2107–2124.
[21] D. Kimono, S. Sarkar, M. Albadrani, et al., Dysbiosis-associated enteric glial cell
immune-activation and redox imbalance modulate tight junction protein
expression in gulf war illness pathology, Front. Physiol. 10 (2019) 1229.
[22] J.J. Latimer, A. Alhamed, S. Sveiven, et al., Preliminary evidence for a hormetic
effect on DNA nucleotide excision repair in veterans with gulf war illness, Mil.
Med. 185 (2019) e47–e52.
[23] L.T. Michalovicz, K.A. Kelly, S. Vashishtha, et al., Astrocyte-specific transcriptome
analysis using the ALDH1L1 bacTRAP mouse reveals novel biomarkers of
astrogliosis in response to neurotoxicity, J. Neurochem. 150 (2019) 420–440.
[24] J.P. O'Callaghan, D.B. Miller, Neuroinflammation disorders exacerbated by
environmental stressors, Metabolism 100s (2019) 153951.
[25] L.T. Michalovicz, A.R. Locker, K.A. Kelly, et al., Corticosterone and
pyridostigmine/DEET exposure attenuate peripheral cytokine expression:
supporting a dominant role for neuroinflammation in a mouse model of gulf war
illness, NeuroToxicology 70 (2019) 26–32.
[26] P. Janulewicz, M. Krengel, E. Quinn, et al., The multiple hit hypothesis for gulf war
illness: self-reported chemical/biological weapons exposure and mild traumatic
brain injury, Brain Sci. 8 (2018).
[27] K.A. Kelly, L.T. Michalovicz, J.V. Miller, V. Castranova, D.B. Miller, J.
P. O’Callaghan, Prior exposure to corticosterone markedly enhances and prolongs
the neuroinflammatory response to systemic challenge with LPS, PLoS ONE 13
(2018), e0190546.
[28] B.-B. Koo, L.T. Michalovicz, S. Calderazzo, et al., Corticosterone potentiates DFPinduced neuroinflammation and affects high-order diffusion imaging in a rat model
of gulf war illness, Brain Behav. Immun. 67 (2018) 42–46.
[29] U. Joshi, J.E. Evans, R. Joseph, et al., Oleoylethanolamide treatment reduces
neurobehavioral deficits and brain pathology in a mouse model of gulf war illness,
Sci. Rep. 8 (2018) 12921.
[30] R.K. Seth, D. Kimono, F. Alhasson, et al., Increased butyrate priming in the gut
stalls microbiome associated-gastrointestinal inflammation and hepatic metabolic
reprogramming in a mouse model of gulf war illness, Toxicol. Appl. Pharmacol.
350 (2018) 64–77.
[31] A.N. Rao, A. Patil, Z.D. Brodnik, et al., Pharmacologically increasing microtubule
acetylation corrects stress-exacerbated effects of organophosphates on neurons,
Traffic 18 (2017) 433–441.
[32] M.B. Abou-Donia, L.A. Conboy, E. Kokkotou, et al., Screening for novel central
nervous system biomarkers in veterans with gulf war illness, Neurotoxicol. Teratol.
61 (2017) 36–46.
[33] T. Emmerich, Z. Zakirova, N. Klimas, et al., Phospholipid profiling of plasma from
GW veterans and rodent models to identify potential biomarkers of gulf war illness,
PLoS One 12 (2017), e0176634.
[34] R.D. Fields, D.J. Dutta, J. Belgrad, M. Robnett, Cholinergic signaling in
myelination, Glia 65 (2017) 687–698.
[35] P.A. Janulewicz, M.H. Krengel, A. Maule, et al., Neuropsychological characteristics
of gulf war illness: a meta-analysis, PLoS ONE 12 (2017), e0177121.
[36] A.R. Locker, L.T. Michalovicz, K.A. Kelly, J.V. Miller, D.B. Miller, J.P. O'Callaghan,
Corticosterone primes the neuroinflammatory response to gulf war illness-relevant
organophosphates independently of acetylcholinesterase inhibition, J. Neurochem.
142 (2017) 444–455.
[37] J.P. O'Callaghan, L.T. Michalovicz, K.A. Kelly, Supporting a neuroimmune basis of
gulf war illness, EBioMedicine 13 (2016) 5–6.
[38] L. Qiang, A.N. Rao, G. Mostoslavsky, et al., Reprogramming cells from gulf war
veterans into neurons to study gulf war illness, Neurology 88 (2017) 1968–1975.
[39] L. Abdullah, J.E. Evans, U. Joshi, et al., Translational potential of long-term
decreases in mitochondrial lipids in a mouse model of gulf war illness, Toxicology
372 (2016) 22–33.
[40] D. Bose, A. Mondal, P. Saha, et al., TLR antagonism by sparstolonin B alters
microbial signature and modulates gastrointestinal and neuronal inflammation in
gulf war illness preclinical model, Brain Sci. 10 (2020) 532.
[41] D. Kimono, D. Bose, R.K. Seth, et al., Host akkermansia muciniphila abundance
correlates with gulf war illness symptom persistence via NLRP3-mediated
neuroinflammation and decreased brain-derived neurotrophic factor, Neurosci.
Insights. 15 (2020), 2633105520942480.

6. Conclusion
BBRAIN, built from a strong foundation of collaboration and need for
a biorepository in the community of GWI research, aspires to provide the
scientific resources to identify more definitive biomarkers for GWI. The
team approach of sharing samples will lead to faster identification of
diagnostic tests for GWI and targeted personalized medicine treatments
for ill veterans. For veterans who have remained ill for over 30 years, the
importance of quickly identifying diagnostic tests and effective treat
ments for GWI cannot be overstated.
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