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RESEARCH PERSPECTIVES

Traumatic Brain Injury Imaging Research Roadmap

M. Wintermark, L. Coombs, T.J. Druzgal, A.S. Field, C.G. Filippi, R. Hicks, R. Horton, Y.W. Lui, M. Law, P. Mukherjee, A. Norbash,
G. Riedy, P.C. Sanelli, J.R. Stone, G. Sze, M. Tilkin, C.T. Whitlow, E.A. Wilde, G. York, and J.M. Provenzale;
on behalf of the American College of Radiology Head Injury Institute

ABSTRACT

SUMMARY: The past decade has seen impressive advances in the types of neuroimaging information that can be acquired in patients with
traumatic brain injury. However, despite this increase in information, understanding of the contribution of this information to prognostic
accuracy and treatment pathways for patients is limited. Available techniques often allow us to infer the presence of microscopic changes
indicative of alterations in physiology and function in brain tissue. However, because histologic confirmation is typically lacking, conclu-
sions reached by using these techniques remain solely inferential in almost all cases. Hence, a need exists for validation of these techniques
by using data from large population samples that are obtained in a uniform manner, analyzed according to well-accepted procedures, and
correlated with closely monitored clinical outcomes. At present, many of these approaches remain confined to population-based research
rather than diagnosis at an individual level, particularly with regard to traumatic brain injury that is mild or moderate in degree. A need and
a priority exist for patient-centered tools that will allow advanced neuroimaging tools to be brought into clinical settings. One barrier to
developing these tools is a lack of an age-, sex-, and comorbidities-stratified, sequence-specific, reference imaging data base that could
provide a clear understanding of normal variations across populations. Such a data base would provide researchers and clinicians with the
information necessary to develop computational tools for the patient-based interpretation of advanced neuroimaging studies in the
clinical setting.

The recent “Joint ASNR-ACR HII-ASFNR TBI Workshop: Bringing Advanced Neuroimaging for Traumatic Brain Injury into the Clinic” on
May 23, 2014, in Montreal, Quebec, Canada, brought together neuroradiologists, neurologists, psychiatrists, neuropsychologists, neuroim-
aging scientists, members of the National Institute of Neurologic Disorders and Stroke, industry representatives, and other traumatic brain
injury stakeholders to attempt to reach consensus on issues related to and develop consensus recommendations in terms of creating both
a well-characterized normative data base of comprehensive imaging and ancillary data to serve as a reference for tools that will allow
interpretation of advanced neuroimaging tests at an individual level of a patient with traumatic brain injury. The workshop involved
discussions concerning the following: 1) designation of the policies and infrastructure needed for a normative data base, 2) principles for
characterizing normal control subjects, and 3) standardizing research neuroimaging protocols for traumatic brain injury. The present article
summarizes these recommendations and examines practical steps to achieve them.

ABBREVIATIONS: ABIDE = Autism Brain Imaging Data Exchange; ACR = American College of Radiology; ADNI = Alzheimer Disease Neuroimaging Initiative;
AFSNR = American Society of Functional Neuroradiology; ASNR = American Society of Neuroradiology; CDE = Common Data Element; DART = Data Archive and
Research Toolkit; DKI = diffusional kurtosis imaging; FITBIR = Federal Interagency TBI Research; LONI = Laboratory of Neuroimaging; LORIS = Longitudinal On-line Research
and Imaging System; NIH = National Institutes of Health; NITRC = Neuroinformatics Tools and Resources; TBI = traumatic brain injury; TRIAD = Translational Research
Informatics and Data Management Grid
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Traumatic brain injury (TBI) is an important, common cause
of morbidity and mortality, with approximately 275,000 hos-
pitalizations and 52,000 deaths each year." Among the leading
causes of TBI in the civilian population are falls, motor vehicle
collisions, assaults, and sports-related injuries.l’2 In addition, a
particularly high incidence of TBI is seen in the military popula-
tion. Among individuals with long-term sequelae of TBI, symp-
toms can range from subtle mild cognitive impairment to severe
disability. In many cases, the diagnosis is clear when a patient
presents with physical findings of intracranial injury, and neuro-
imaging findings indicate injuries that may require emergent sur-
gical intervention and medical therapy. Examples of such injuries
include (but are not limited to) intraparenchymal and extra-axial
hematomas, which can result in life-threatening mass effect and
brain herniation. Imaging soon after the time of injury can also
give information regarding future prognostic parameters, includ-
ing early mortality and late morbidity.” Commonly used neuro-
imaging methods for the clinical evaluation of TBI include head
CT and certain brain MR imaging sequences (eg, T1-weighted,
T2-weighted, FLAIR, diffusion-weighted, and some type of T2*
imaging including gradient-echo imaging or susceptibility-
weighted imaging), which can detect acute intracranial sequelae
as well as the more chronic effects of TBI, such as encephaloma-
lacia or prior hemorrhage.

Neuroimaging methods beyond those used in conventional
imaging (so-called “advanced” techniques) show promise in as-
sessing mild TBI but do not yet play a central standardized role in
diagnosis and management of mild TBI because they require fur-
ther validation. Such techniques include quantitative diffusion
imaging methods, such as diffusion tensor imaging (as opposed to
the diffusion-weighted imaging listed earlier) and diffusional kur-
tosis imaging (DKI). These advanced neuroimaging methods al-
low one to infer tissue microstructural information based on di-
rectionality of microscopic water diffusion. DTI is an imaging
technique used in a number of brain applications, most notably in
fiber tracking for surgical planning. DKI is an extension of DTI
and enables the calculation of all the usual DTT metrics. The po-
tential advantage of DKI over DTT is the added metrics quantify-
ing non-Gaussian diffusion, which may supply new information
to better characterize brain tissue. This feature may be particularly
important in assessment of gray matter, because gray matter water
diffusion is nearly isotropic, which limits the value of fractional
anisotropy and other metrics of diffusional anisotropy obtainable
with DTI. DKI is only now being investigated in application to
mild TBI.

Other “advanced” neuroimaging methods also include ce-
rebral perfusion/permeability MR imaging, MR spectroscopy,
resting-state functional MR imaging, positron-emission to-
mography, and magnetoencephalography. Although the afore-
mentioned have yet to be established in clinical practice for TBI
diagnosis, many studies have demonstrated the ability of these
methods to identify statistically significant effects of mild TBI by
using, specifically, group data.**° In particular, when comparing
groups of individuals having mild TBI with normal control sub-
jects (as opposed to diagnosing mild TBI in an individual), these
techniques have shown quantitative abnormalities in the brain
related to subacute and long-term traumatic sequelae (eg, cogni-

tive dysfunction), frequently in the absence of intracranial abnor-
malities detected by nonquantitative visual inspection alone on
conventional neuroimaging methods.'*?>*'***> Such intriguing
data suggest a potentially important clinical role for advanced
imaging methods, especially in the large population of patients
with mild TBI who are symptomatic but whose conventional neu-
roimaging examination shows no visible abnormality. In these
cases, advanced neuroimaging techniques may hold the most
promise as sensitive diagnostic and prognostic tools for identify-
ing clinically relevant abnormalities that are otherwise impercep-
tible on conventional imaging. Until such a time, however, these
advanced structural and functional neuroimaging methods do
not play a role in clinical practice for the diagnosis of mild TBI in
individual patients.

The current method for interpreting neuroimaging studies in
the patient care setting relies on a qualitative (ie, solely visual)
assessment of acquired imaging information by radiologists or
subspecialty-trained neuroradiologists with the generation of a
narrative report that is placed into the patient’s medical record.
These assessments are geared toward the detection and character-
ization of macroscopically visible lesions and often include a sum-
mary differential diagnosis provided for any detected abnormali-
ties. However, advanced neuroimaging approaches such as DTI,
blood oxygen level-dependent, and magnetoencephalography
generate data that are best assessed through quantitative ap-
proaches rather than subjective visual observation of altered in-
tensity within a given brain structure or region. Various types of
computational tools are available for analysis of these data for
population-based research. However, well-characterized meth-
ods for quantitative analysis of advanced imaging data in an indi-
vidual subject or patient do not exist. Thus, the quantitative data
obtained from advanced imaging techniques represent a real de-
parture from the imaging information radiologists interpret in
standard clinical care. Therefore, a careful approach is needed
before bringing these techniques into routine diagnostic use. The
lack of well-accepted, uniform, cross-platform, and user-friendly
analysis tools and the fact that these imaging techniques so far
have shown promise solely for comparing groups of subjects (as
opposed to diagnosis of a single individual) are additional barriers
for bringing these potentially informative techniques into the
clinic.

One feature that has hampered even more widespread use of
advanced imaging techniques in TBI research has been the lack of
alarge data base of normal individuals to which patients with mild
TBI could be compared. Such a data base would allow determina-
tion of the range of normal variation in a large population, which
is needed before data in a different (eg, diseased) individual or
population can be reliably considered to be normal or abnormal.
Examples of other diagnostic tests in current clinical practice
serve to emphasize this point. Just as one could not use important
laboratory tests, such as measurement of hematocrit values and
troponin values, without having first established the variations of
normal, so we must first determine the operating parameters of
advanced imaging tests before more widespread utilization in a
research setting, let alone a clinical setting. Instead, at present,
many TBI research studies are based on relatively small groups of
normal subjects that are unlikely to represent the range of vari-
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FIGURE. Hypothetic distribution of an advanced neuroimaging-de-
pendent measure for TBI (red) and non-TBI (blue) groups. A, Idealized
separation of distributions between the TBI and non-TBI groups due
to a very selective “normal” non-TBI control group (ie, supernormal,
with no history of TBI, and no neurologic, psychiatric, or other detect-
able abnormalities), which would be amenable to conventional statis-
tical analyses based on the general linear model. B, Marked overlap of
distributions between the TBI and non-TBI groups due to a non-TBI
control group comprising subjects with pre-existing abnormalities
present in the general population, which would be unlikely to yield a
statistically significant differentiation by using the general linear
model. Despite relatively marked overlap between distributions, clas-
sification approaches may be able to identify features unique to each
group and therefore discriminate whether an individual belongs in the
TBI or non-TBI group. To pursue implementation of such a binary
classification, it will be necessary to characterize the variability asso-
ciated with neuroimaging methods expected from the general pop-
ulation in the absence of TBI, which can be facilitated by constructing
a large comprehensive normative data base.

ability present in the general population at large. Hence, the need
exists for construction of large-scale data bases that contain infor-
mation indicating the standard variation of normal values in an
age-stratified fashion and sufficient representations of abnormal
to generate a library of key features that possess both diagnostic
and prognostic value. Constructing a large comprehensive nor-
mative data base has a number of challenges, including the fol-
lowing: 1) defining normality; 2) distinguishing acute findings
from chronic abnormalities in patients with pre-existing condi-
tions (Figure); 3) creating image-acquisition protocols that are
robust across multiple vendor platforms, methodologies, and in-
stitutions; and 4) constructing accessible repositories for data
sharing and applying the necessary informatics tools to identify
the critical features most sensitive and specific for characterizing
the effects of mild TBL

The purpose of this review is to provide consensus recommen-
dations regarding the creation of such neuroimaging data repos-
itories and associated metadata. This data base would serve as a
reference for more uniform interpretation of data across re-
search sites and will, ultimately, aid in clinical translation. A
comprehensive, well-characterized, and widely accessible nor-
mative neuroimaging data base will provide the best chance of
resolving important mild TBI-associated abnormalities that
are occult to conventional imaging. This multifaceted ap-
proach is expected to play an important role in eventually un-
derstanding the importance of findings in individual patients
and transforming the care of those who suffer from the effects
of mild TBI.
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Optimal Data Base Approach

A number of repositories and informatics systems currently exist
that provide an excellent opportunity for advancing knowledge
about ways to diagnose, classify, and monitor TBI. These reposi-
tories and toolsets use different sharing models and have different
focuses and strengths. Characteristics of strong repositories in-
clude not just ease of input of data and sophisticated, intuitive
retrieval engines; the expectations of a durable future data base
now include extensibility and sophisticated informatics and data-
mining tools to increase both relevance and fidelity. A registry
listing such National Institutes of Health (NIH) data bases is
available at http://www.nlm.nih.gov/NIHbmic/nih_data_sharing
repositories.html. A list of the processing tools made available by
these informatics systems should be added to this registry listing,
or it should be linked to other resources such as the Neuroinfor-
matics Tools and Resources (NITRC) (http://www.nitrc.org/)
and Neuroimaging Informatics Technology Initiative (http://
nifti.nimh.nih.gov/). These include (Table 1), but are not limited
to, the following:

1) The National Database for Autism Research (http://ndar.nih.
gov) is an NIH-based research data repository that aims at accel-
erating progress in autism spectrum disorders research through
data sharing, data harmonization, and the reporting of research
results. The National Database for Autism Research also aims to
provide a platform and portal to other research repositories, al-
lowing for aggregation and secondary analysis of data. Interested
researchers must complete dedicated forms and then obtain in-
stitutional-level approval to either deposit data or access the data
base contents.*> The NIH considers the National Database for
Autism Research as the prime example of a disease-specific data
base supporting the concept of Research Domain Criteria. The
NIH is examining the use of the National Database for Autism
Research model for data bases for mental health disorders as well
as other neurologic conditions (eg, TBI).

2) The Federal Interagency TBI Research (FITBIR) Informatics
System (https:/fitbir.nih.gov/) is the result of a collaboration
which began in 2011 between the NIH and the US Department
of Defense. It is among the first instances of applying the Na-
tional Database for Autism Research model to other disease
types. Its purpose is to create a national resource for archiving
and sharing clinical data from research studies on TBI, along
with appropriate control data. The ultimate goals are to sup-
port data sharing across the entire TBI research field, facilitate
collaboration between laboratories, and promote intercon-
nectivity with other informatics platforms. FITBIR uses the
National Institute of Neurologic Disorders and Stroke Com-
mon Data Elements (CDEs) (http://www.commondata
elements.ninds.nih.gov/tbi.aspx#tab=Data_Standards) for a
data dictionary but also permits use of unique data ele-
ments, as needed. The FITBIR data-sharing policy allows
for controlled access to contributing, as well as noncontrib-
uting, scientific investigators. All FITBIR technologic mod-
ules are open-source except for the Global Unique Identi-
fier, which is restricted to ensure subject de-identification.

3) The Longitudinal On-line Research and Imaging System
(LORIS) for Neuroinformatics (https://cbrain.mcgill.ca/
collaborative-platform/loris) is an open-source informatics
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4)

5)

E16

system with 3 major components: a data repository for ar-
chiving data, tools for data-acquisition management, and a
pipeline for analyzing data. It has been in existence for over 10
years and was previously supported by the NIH/National In-
stitute of Mental Health to develop an imaging resource for
normal brain development. It is a modular and extensible
Web-based data-management system which seeks to collect all
aspects of data from a multicenter study. A subject-centric
internal organization allows researchers to capture and subse-
quently extract all information (whether longitudinal or
cross-sectional) from any subset of a study cohort. It has error-
checking and quality-control procedures, security, data man-
agement, data querying, and administrative functions. LORIS
aims to provide the following: 1) continuous project coordi-
nation and monitoring of data acquisition, 2) data storage/
cleaning/querying, and 3) an interface with arbitrary external
data processing. LORIS has only been formally available for a
few years but is working to become a complete solution and is
now being used in numerous international neurodevelop-
mental and neurodegenerative research projects.*’ It now
contains data from numerous other research projects, which
can be accessed through the CBRAIN portal (http://mcin-
cnim.ca/neuroimagingtechnologies/cbrain/).

The Laboratory of Neuroimaging (LONI) Image and Data Ar-
chive (http://ida.loni.usc.edu) uses a centralized model for
working with “Big Data.” LONI, which was established in
1983, focuses on the construction of brain atlases based on
detailed representations of anatomy in a standardized 3D co-
ordinate system. The Image and Data Archive contains neu-
roimaging datasets (eg, T1-weighted, T2-weighted, fMRI,
DTI, and so forth) from tens of thousands of subjects. It also
contains demographic, phenomic, and genetic data from most
enrolled subjects. It is by far the largest data base of its kind and
has been specifically constructed to serve as a repository for
large-scale, multisite neuroimaging projects. Such projects in-
clude the Alzheimer Disease Neuroimaging Initiative (ADNI),
data from the Michael J. Fox Foundation work on Parkinson
Disease, the Parkinson’s Progressive Measures Initiative, and
many other multisite projects. Data in the Image and Data
Archive is not “controlled” by LONI per se but is subject to
user-specified access policies by which various levels of access
are possible and determined by the data collectors. Data are
easily searched by using a user-specified data dictionary. Users
can create query-specific data collections that can then be eas-
ily retrieved. Collections made in the Image and Data Archive
can also be accessed directly from within the LONI Pipeline
workflow processing environment, which simplifies access
and avoids movement of large collections of data. Several articles
have been published which discuss the Image and Data Archive
and its interactivity with the LONI Pipeline. In addition to pro-
viding an advanced statistical analysis method, LONT has devel-
oped sophisticated visualizations to enable effective communica-
tion of the results. The NIH-funded study of 3000 children and
adults with TBI includes LONT investigators and will be able to
take advantage of the LONI Pipeline and other tools.

The Alzheimer Disease Neuroimaging Initiative (http://
www.adni-info.org/) project is directed by Dr Michael Weiner
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6)

7)

from University of California, San Francisco, and represents a
major success for neuroimaging data basing, sharing, and re-
use. ADNI comprises at least 10 different institutions, all per-
forming standardized imaging and acquiring phenotypic and
genetic data on patients with Alzheimer disease, subjects with
mild cognitive impairment, and age-matched normal control
subjects. ADNI 1.0 had more than 900 subjects in its collec-
tion. The current ADNI 2.0 seeks to substantially increase that
total with an enhanced protocol (including DTI) as well as
full-scale genetic sequencing. All ADNI data are stored in the
Laboratory of Neuroimaging Image Data Archive. The data
have been included in hundreds of peer-reviewed research
articles.

The Human Connectome Project is an NIH-funded effort to
use advanced DTI and fMRI methods at field strengths of 3T
and 7T. There are 2 components: 1) the Washington Univer-
sity—University of Minnesota consortium, and 2) the Massa-
chusetts General Hospital-University of Southern California
consortium. The Washington University Consortium focuses
on large-scale but commodity-level imaging of functional im-
aging in twins, whereas the Massachusetts General Hospital—
University of Southern California initiative is devoted to ad-
vanced technologic development of DTI acquisition. Data
from Washington University are stored using a customized
version of the Extensible Neuroimaging Archive Toolkit
(http://www.xnat.org/), whereas the Massachusetts General
Hospital-University of Southern California datasets are stored
in the Laboratory of Neuroimaging Image Data Archive.

The American College of Radiology’s (ACR’s) Translational
Research Informatics and Data Management Grid (TRIAD)
and Data Archive and Research Toolkit (DART) are an end-
to-end informatics framework for research data submission,
processing, archiving, and analysis. TRIAD is a standards-
based workflow and transfer engine for the incorporation of
images and data. It has been in use for clinical trials and related
data-acquisition functions (eg, data registries and quality pro-
grams such as accreditation) for approximately a decade.
Workflow features include automatic de-identification, pre-
submission automated validation, and distributed workflow
for preanalytic review and quality control. DART is the latest
version of the data warehouse and archiving functionality pro-
vided within the TRIAD informatics environment. The data
warehouse has collected DICOM studies and related clinical
data for archival and ongoing analysis across a wide array of
clinical domains. DART has expanded the ACR archive to
include flexible tools for analysis and algorithm develop-
ment, the ability to support diverse data types (including dig-
ital pathology images, biospecimen/biorepository informa-
tion, and operational research reports), and the ability to
ergonomically and rapidly search and query the data. The plat-
form is flexible and designed to provide a low barrier of entry
to data input and a high degree of interoperability with other
repositories. As a result, DART serves as an independent re-
pository and analytic platform for research but also serves as
part of a larger national ecosystem where data can either be
accessible via federated means or staged, refined, and submit-
ted for input into more controlled platforms such as FITBIR,



where conformance to standards such as TBI CDEs is a pre-
requisite for inclusion.

8) The Autism Brain Imaging Data Exchange (ABIDE) (http://
fcon_1000.projects.nitrc.org/indi/abide/) is a grassroots ini-
tiative that aims to address the complexity of autism by curat-
ing previously collected data for the purpose of data sharing in
the broader scientific community. One of the subprojects is
the “1000 Functional Connectome Project,” which currently
has resting-state fMRI and phenotypic data from more than
500 individuals with autism spectrum disorders and equiva-
lent numbers of typically developing children. ABIDE has re-
ceived data from more than 16 international sites. This is a
decentralized process with few restrictions, but it does require
curation of the data. The complete collection actually exists in
several locations (LONI, LORIS, and NITRC).

Because of the excellent existing data bases and informatics
systems, there does not appear to be a compelling rationale for
creating a new platform at this time. Rather, it seems appropriate
that the existing systems should be leveraged and utilized by the
TBI community. Harmonization of imaging, phenotypic, and
outcome data to enable data sharing and queries across platforms
so that they can be federated by using tools such as Mica-Opal
(http://wiki.obiba.org/pages/viewpage.action?pageld=22544438)
will be an important step toward encouraging the use of such data
bases for TBI imaging research purposes. Furthermore, federa-
tion of data bases and data pooling will be greatly facilitated
through the systematic use of the National Institute of Neurologic

44-17 which have

Disorders and Stroke Common Data Flements,
been developed by more than 200 scientific experts and include
more than 1000 CDEs for TBI and another 8000 for other neuro-
logic disorders (http://www.commondataelements.ninds.nih.
gov/tbi.aspx#tab=Data_Standards). Importantly, for prospective
data collection, consultation of both the Federal Interagency
Traumatic Brain Injury Research informatics system and the Na-
tional Institute of Neurologic Disorders and Stroke Web site is
recommended to ensure that data conform to the guidelines and
specification of these variables. For data that were collected before
the formation of these reccommended elements, attempts to recat-
egorize or adjust data to fit the recommended elements are en-
couraged when possible, by using tools such as those available in
ACR DART to map data to the CDEs.

For a uniform approach toward TBI data sharing to succeed, it
is important that issues regarding data policies be addressed and
synchronization of data sharing policies across systems be per-
formed. While it will often be important to establish embargo
periods before data can be shared beyond the principal investiga-
tors, those periods should be minimized to facilitate use of data by
other investigators. The data sharing policy employed by FITBIR
is an example of the complexity that can be found in such policies.
On the one hand, FITBIR has a staged an embargo period by
which core Common Data Elements are accessible on an ongoing
basis as data are collected. However, the FITBIR data-sharing pol-
icy also allows the principal investigators to control access to the
data needed for the primary analyses as described by them in their
original application until completion of the study, when it be-
comes available 6 months after the grant has ended for investiga-
tors who have also contributed data to the FITBIR and 12 months

later for other investigators. Thus, substantial delays in data access
may be experienced unless collaboration is agreed on by the prin-
cipal investigators, which could limit research advances across the
field of inquiry. Finally, serious consideration should be given to
providing limited access to industry partners (possibly in ex-
change for a fee) for the sole purpose of promotion of develop-
ment of analysis programs.

The informed consent of the patients whose data are incorpo-
rated in these data bases should include the language required to
accommodate the above-discussed sharing policies. Specifically,
informed consent documents (and Health Insurance Portability
and Accountability Act authorization documents) should explic-
itly include a statement as to whether data will be contributed to
an existing (or future) data repository. Template institutional re-
view board applications for retrospective and prospective data
collection (including consent forms for prospective data collec-
tions) should be prepared and made widely available to the TBI
community, especially to junior investigators. These documents
should explicitly indicate whether research scans will be reviewed
for incidental findings (and by whom) and the method of report-
ing critical findings to the study’s primary investigator or data
safety officer/medical monitor.

The development of better interfaces to streamline the process
of uploading imaging and other data is recommended. Uploading
imaging processes should include automated anonymization to
erase personal health information as well as, ideally, a defacing
algorithm to remove subject facial features. Adequate quality con-
trol should also be implemented, either by the data submitter or
by the data base manager. The granularity of this quality control
should be defined on the basis of the characteristics, purpose, and
complexity of the studies but should, at least, ensure that the
appropriate imaging protocols have been used and that the core
CDEs have been collected.

Considerations for a Data Base of Normal Control
Subjects

A comprehensive understanding of control groups is essential to
providing a context against which the presumed effects of mild
TBI can be interpreted. Normative standards may need to be con-
sidered across the range of ages, genders, and a broad range of
otherwise unsuspected individual and related population identifiers.
Recommendations regarding collection of certain data elements are
provided below along with a brief rationale behind the recommen-
dation. Specific selection of inclusion/exclusion criteria will vary by
study and the question being addressed. Furthermore, some studies
may benefit from more than 1 comparison group.

Consistent with the CDEs initiative,*®*° the recommenda-
tions consist of a 2-tiered system, with core elements that studies
should collect under most circumstances (Table 2) and preferred
elements for studies that permit more detailed data collection.
Core recommendations should be easily obtainable, with mini-
mal cost or effort. Toolboxes such as the NIH toolbox (http://
www.nihtoolbox.org/Pages/default.aspx) and Immediate Post-
Concussion Assessment and Cognitive Testing (IMPACT)
testing®® have been designed and developed to facilitate the col-
lection of neurologic, cognitive, and psychological variables rele-
vant to mild TBIL.
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The following core (ie, required) CDEs for demographic vari-
ables should be collected in all studies, based on supporting evi-
dence in the literature that they influence imaging results in 1 or
more imaging modalities: age, sex, and handedness. For handed-
ness, the preferred recommendation is the use of a measure de-
signed to measure hand preference, such as the Edinburgh Hand-
edness Inventory.

Medical and psychiatric history screening for inclusion in nor-
mative data bases should routinely involve questions related to
the following conditions. For adults, core recommendations are
listed in Table 2 in addition to other information on medical
illnesses, such as hypertension, cardiovascular risk factors, and
pain syndromes. For children, it is reccommended to record the
following information: estimated gestational age at the time of
birth, presence or absence of eventful or high-risk pregnancy,
maternal substance abuse during pregnancy, type of delivery (eg,
vaginal, cesarean delivery, and/or vacuum/forceps birth), hospi-
talization after birth for more than 3 days, history of developmen-
tal disorder, presence or absence of attention deficit/hyperactivity
disorder, learning disorder or autistic spectrum disorder, system-
atic exposure to a contact sport, history of physical trauma, spe-
cific questioning of previous concussions, presence of childhood
obesity, presence of CNS or non-CNS tumor, presence of neuro-
logic disorders (eg, tics, seizures, febrile seizures), history of ex-
posure to general anesthesia, history of toxic exposure (eg, lead
ingestion, smoke inhalation), medication history, history of dia-
betes, asthma, substance use, and sleep disorder. These criteria are
not necessarily exclusion criteria, but collection of these data
points is important in understanding the degree to which the data
base is homogeneous and for understanding what factors could,
in theory, be implicated in affecting test results.

General level of intelligence function or academic achieve-
ment is considered an important factor in studies utilizing control
participants to ensure general comparability between groups. Al-
though screening with standardized measures may not be practi-
cal in all situations, we recommend collection of at least limited
information to ensure group comparability, which may also be
used as a factor in later analysis. Level of education attainment
should be considered a core requirement. Furthermore, collec-
tion of standardized measures is highly reccommended because it
may enhance participant screening and group characterization
for general cognitive functioning (or intelligence quotient). The
selection of specific measures will depend on the age group under
assessment and population being studied. If used, a screening
measure such as the Wechsler Abbreviated Scale of Intelligence,
Version II, may be used in both children and adults (for general
intelligence). The Wechsler Test of Adult Reading or another
reading test may also be used in adults. The mean and distribution
of the subject group and control group should be comparable.
Depending on the study, investigators may wish to consider a
lower limit exclusion of 2 SDs below the mean for such tests as the
Wechsler Abbreviated Scale of Intelligence, Version II, and the
Wechsler Test of Adult Reading for the specific metric under con-
sideration, because this is generally consistent with definitions of
“impairment” and would be unusual in a population of typically
developing individuals.

Level of psychological functioning (including the presence of

psychiatric disorders or substance abuse) may also contribute to
brain integrity, and several psychiatric disorders have been shown
to be associated with altered brain structure or function.”" Major
psychiatric disorders, including major mood, anxiety, and
thought disorders, may require exclusion from normative popu-
lations. Other disorders may have an increased representation in
studies of TBI, including attention deficit/hyperactivity disorder
(in children) and posttraumatic stress disorder (in military stud-
ies); these may require measurement of severity to use in later
analysis and to ensure group comparability. The Child Behavior
Checklist screener (behavioral) is recommended for use as a
screening tool. Finally, the presence of substance abuse disorders
in normal subjects (as well as in study patients) requires consid-
eration because it can produce both behavioral and structural
changes.

At present, insufficient evidence exists to determine the effect
of the following factors on imaging variables: race, ethnicity, and
socioeconomic status (ie, level of education, primary caregiver’s
level of education, job classification, and family income range;
Table 2). Nonetheless, further evaluation of these demographic
variables is warranted; thus, continued collection of such data is
recommended until evaluation is complete.

Evidence and guidelines regarding appropriate comparison
groups for military and sports-related concussion are lacking, and
agreat need exists for further research in this area. Our knowledge
regarding the effect of numerous variables, the size of the effects,
and which control group or groups are most ideal is still incom-
plete. Therefore, studies involving combat-related TBI in either
active duty service members or veterans or studies involving
sports-related concussion may require additional special consid-
eration for control participants, and proposed guidelines may re-
quire some flexibility based on the study question.

Imaging Protocols

The choice of advanced imaging protocols is very important both
when considering a method of obtaining meaningful data and
developing a means of data sharing across sites. A wide variety of
users exists for such data, including individuals interested in de-
fining characteristics that distinguish the mild TBI population
from normal subjects, investigators concerned with assessment of
treatment effect, and researchers involved with designating the
means by which imaging techniques can, after sufficient valida-
tion among a wide group of investigators, eventually be used for
diagnosis. These various forms of use require that technologic
features of advanced imaging protocols have, on the one hand,
qualities such as excellent test performance characteristics (eg,
reproducibility and accuracy) and, on the other hand, features
that allow them to be used on multiple types of scanners and in
various scanning environments.

We now provide recommendations in terms of imaging pro-
tocols for TBI research. Please note that these recommendations
are intended for TBI research and are not meant to provide guide-
lines for clinical use in TBI. The recommendations have been
designed as a core imaging protocol that will allow imaging of a
sufficient number of normal control subjects for a normative data
base. However, a wider, more inclusive population, including pa-
tients with TBI, could be generated by using documented variants
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Table 3: “Core” and “preferred” imaging protocols for diffusion-weighted imaging

“Preferred” No. 1

“Preferred” No. 2

Parameter “Core” (High Angular Resolution) (More b-Values)
Orientation Axial Axial Axial
Coil Any Phased array =8 channels Phased array =8 channels
Readout EPI EPI EPI
TR (ms) ~9000 ~9000 ~9000
TE (ms) Min Min (<100) Min (<100)
FOV (mm?) 256 X 256 or 350 (66% phase) 256 X 256 or 350 (66% phase) 256 X 256 or 350 (66% phase)
Matrix size 128 X 128 128 X 128 128 X 128
Sections/thickness (mm) Any/=3 59/2.7 59/2.7
Section gap (mm) 0 0 0
Voxel size (mm) =3 in all dimensions Isotropic 2.7 Isotropic 2.7
Directions =12 64 =12
Dual-echo Any No No
Fat-suppression Any Yes Yes
Phase-encode direction AtoP AtoP AtoP
BW (Hz/pixel) 1346 1346 1346
Parallel imaging factor Any 2 2
b-value (s/mm?) 2 (0, ~1000) 2(0,1300) =3 (eg, 0, ~1000, ~2000)
No. b=0 images 1 1 per 8 directions if allowed 1 per 8 directions if allowed

Note:—Min indicates minimum; A to P, anterior to posterior; BW, bandwidth.

of this core imaging protocol and tailored to fit more closely the
research question posed by each study. For an initial, normative
data base, homogeneity of the data is essential, and acquisition of
the imaging data on 3T MR imaging scanners is strongly
recommended.

One condition for meaningful use of a data base is a high level
of quality control in selection of data before deposition in the data
base. For a normal subject data base, such quality control would
consist of the following: 1) determination of whether adherence
to the recommended imaging protocol has been performed, 2)
recording of specific details of advanced imaging sequences (eg,
features such as gradient table, number of diffusion directions,
number of channels in the head coil, and voxel dimensions), and
3) evaluation of the quality of images obtained in both conven-
tional and advanced imaging sequences. Because these factors are
critical to success, we recommend that a skilled neuroradiologist
currently certified by the American Board of Radiology and
having a Certificate of Added Qualification in Neuroradiology
review all imaging studies before their entry into the normative
data base. Ideally, this neuroradiologist should have worked
for several years at a center treating a high volume of patients
with TBI and also have an understanding of the image features
needed for high-quality DTT and resting-state fMRI data. Be-
sides a review before the data uploading, the imaging data
should also be reviewed by a team of qualified referees after
submission to the data base.

The recommended imaging protocol for the normative data
base should include routine (conventional) MR imaging pulse
sequences and advanced MR imaging pulse sequences. The rec-
ommended routine, conventional MR imaging pulse sequences
include the following:

e High-resolution 3D T1 (eg, 3D MPRAGE or echo-spoiled gra-
dient echo)

e High-resolution thin-section (3D) T2

e High-resolution 3D T2 FLAIR

o 3D T2* (eg, SWI).

E20 Wintermark  Mar 2015  www.ajnr.org

Recommended advanced MR imaging pulse sequences in-
clude diffusion tensor imaging and resting-state functional MR
imaging. Details for each are listed below.

For DTI (Institute of Medicine’s Forum on Neuroscience and
Nervous System Disorders, Health Arm of the National Academy
of Science; Developing Standards for Diffusion Tensor Imaging
and Diffusion Spectrum Imaging through Public-Private Partner-
ships, 2013), we recommend a 2-tiered protocol set that allows
flexibility in imaging, depending on the specific DTT information
sought (Table 3). A so-called “Core” protocol is specified that
consists of a basic, “bare-bones” DTI acquisition that should be
readily available on virtually all scanners and will be maximally
inclusive of TBI investigators across sites. A “Preferred” protocol
is then specified with 2 variations to allow for time trade-offs in
DTI imaging, which often mean balancing the number of diffu-
sion gradients, the voxel size, number of sections, and number of
acquisitions to complete imaging in a reasonable time. Specifi-
cally, the 2 variations of “Preferred” protocol allow investigators
to use either a protocol with a very high number of diffusion
gradient directions (at least 30, ideally 64 directions recom-
mended) or one that provides a means to measure non-Gaussian
diffusion (ie, diffusional kurtosis imaging), which requires at least
3 b-values (DKI protocols are available at http://www.musc.edu/
cbi/dki/). Use of DKI may become more widespread once multi-
band echo-planar and compressed sensing techniques become
more readily available. The DTI (or DKI) protocol used should be
recorded when resultant imaging data are expected to be included
in a data base. For all DTI protocols, we recommend a head coil
with at least 8 channels, a scanner gradient strength of at least
40-50 mT/m, a slew rate of at least 150—-200 T/m/s, and voxel
dimensions as close as possible to being isotropic (eg, ~2- to
3-mm thickness in the z-axis). Source images should be inspected
for quality assurance before fitting the tensor model. Recommen-
dations for postprocessing are beyond the scope of this roadmap.

For resting-state functional MR imaging, standard gradient
echo echo-planar imaging—based blood oxygen level-dependent



fMRI is recommended by using a dedicated head coil having at
least 8 channels to allow for parallel imaging. Whole-brain cover-
age (including the cerebellum) should be standard, and the con-
comitant acquisition of a high-resolution T1-weighted gradient-
echo sequence for anatomic coregistration is needed. An isotropic
voxel resolution of 3 mm is satisfactory with current standard
scanning tools to attempt to simultaneously maximize SNR and
resolution. Generally, an axial acquisition should be performed
parallel to the anterior/posterior commissure line. Acquisition
should be obtained with the subject awake and in a restful state,
wearing some method of head-movement constraint. Both eyes-
open and eyes-closed imaging techniques have been successfully
performed; evidence suggests that the eyes-open imaging method
more readily ensures that subjects remain awake.

Mandatory steps for preprocessing of fMRI data include the
following: quality assessment for motion, spatial Gaussian
smoothing, temporal bandpass filtering, and a regression model
to remove physiologic nuisance covariates and allow coregistra-
tion of anatomic and functional data and realignment of the func-
tional data. Spatial transformation to a common brain space will
often be necessary to accomplish group analyses. A variety of rea-
sonable approaches are available, including the Functional MR
Imaging of the Brain Nonlinear Image Registration Tool (http://
www.fmrib.ox.ac.uk//fsl), Diffeomorphic Anatomical Registra-
tion Through Exponentiated Lie Algebra (http://nipy.source
forge.net/nipype/users/examples/fmri_spm_dartel.html),
and Advanced Normalization Tools (http://stnava.github.io/
ANTSs/). Individuals interested in pursuing resting-state fMRI in
this population are referred to some commonly used and readily
available software packages (including but not limited to the
Functional MR Imaging of the Brain Software Library, http://
www.fmrib.ox.ac.uk/fsl; Analysis of Functional Neuroimages,
http://afni.nimh.nih.gov/afni/; and Statistical Parametric Map-
ping, http://www.fil.ion.ucl.ac.uk/spm/) for preprocessing of
data. A few tools that can be used for connectivity analyses include
fMRI of the Brain Software Library (http://www.fmrib.ox.ac.uk/
fsl), Conn (http://www.nitrc.org/projects/conn/), and Data Pro-
cessing Assistant for Resting-State fMRI (http://www.nitrc.org/
projects/conn/). The Human Connectome project has a suite of
resting-state functional MR imaging-related sources available for
use (http://www.humanconnectome.org/about/project/resting-
fmri.html).

Phantom calibration of the MR imaging scanners should be
performed on at least a weekly basis. A variety of standardized
phantom and measurement protocols is now available. These in-
clude the ADNI or ACR phantom for conventional, structural
MR imaging sequences (http://www.acr.org/~/media/ACR/
Documents/Accreditation/MRI/LargePhantomGuidance.pdf),
the National Institute of Standards and Technology (NIST) dif-
fusion phantom for DWI data, and the Biomedical Informatics
Research Network phantom for functional MR imaging data
(http://www.birncommunity.org/tools-catalog/function-
birn-stability-phantom-qa-procedures/). The results of phantom
scanning can be compared and contrasted across sites to ensure
that multisite consortia remain in agreement in terms of basic

scanner and image quality control metrics.

CONCLUSIONS

The “Joint ASNR-ACR HII-ASFNR TBI Workshop: Bringing Ad-
vanced Neuroimaging for TBI into the Clinic,” on May 23, 2014,
in Montreal, Quebec, Canada, identified a number of excellent
already-existing data bases and informatics systems, which obvi-
ates the need to create a new platform at this time. Rather, to
facilitate the creation of a normative data base, we make recom-
mendations to harmonize collection of imaging, phenotypic, and
outcomes data. Such a process would enable data sharing and
queries across platforms to allow the data bases to be federated.
Federation of data bases and data pooling will be greatly facilitated
through the systematic use of the National Institute of Neurologic
Disorders and Stroke Common Data Elements and through har-
monization of data-sharing policies. Better interfaces to stream-
line the process of uploading imaging and other data should be
developed.

In terms of the demographic variables to be collected for the
normative data base, a 2-tier system is recommended, with core
elements that studies should collect under most circumstances
and preferred guidelines for more detailed data collection for
studies that permit this. These core recommendations are gener-
ally easily obtainable, with minimal cost or effort. Studies involv-
ing combat-related TBI in either active duty service members or
veterans or from studies involving sports-related concussion may
require additional special consideration for control participants,
and proposed guidelines may require some flexibility based on the
study question being asked.

The recommended conventional imaging sequences include
high-resolution 3D T1 (3D MPRAGE), high-resolution thin-sec-
tion T2, high-resolution 3D T2 FLAIR, and 3D T2* (for instance
SWI); and the recommended advanced imaging sequences in-
clude high-quality DTI (or DKI) and resting-state fMRI (ie, in
conformance with the image acquisition parameters outlined ear-
lier). Image acquisition on 3T scanners is recommended, along
with (atleast) monthly calibration of the MR imaging scanners by
using a phantom. A skilled neuroradiologist should review all the
imaging data (including review for incidental findings) before
deposition of the data in the normative data base, and the imaging
data should also be reviewed once within the data base by a team
of qualified referees.

We did not specifically discuss imaging-processing tools and
pipelines or ways to share them across institutions and platforms.
We intend for these issues to be the topic of a future workshop.

APPENDIX

American College of Radiology Head Injury Institute Contribu-
tors: Trevor Andrews, PhD, Philips Healthcare and University of
Vermont, College of Medicine, Burlington, Vermont; Sylvain
Bouix, PhD, Brigham and Women’s Hospital and Harvard Med-
ical School, Boston, Massachusetts; Michael Brant-Zawadzki,
MD, FACR, Hoag Hospital, Newport Beach, California; Asim
Choudhri, MD, University of Tennessee Health Science Center,
Memphis, Tennessee; Cameron Craddock, PhD, Center for the
Developing Brain, Child Mind Institute, New York, New York;
Alan Evans, PhD, McConnell Brain Imaging Centre, Montreal
Neurological Institute, McGill University, Montreal, Quebec,
Canada; Damien Galanaud, MD, PhD, Hoépital de la Pitié Sal-
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pétriere, Paris, France; Alisa Gean, MD, University of California,
San Francisco, and San Francisco General Hospital, San Fran-
cisco, California; Jam Ghajar, MD, PhD, FACS, Stanford Univer-
sity, Stanford, California; Rajiv Gupta, MD, PhD, Massachusetts
General Hospital and Harvard Medical School, Boston, Massa-
chusetts; E. Michael Harned, MD, Indiana University School of
Medicine, Indianapolis, Indiana; Joseph A. Helpern, PhD, Medi-
cal University of South Carolina, Charleston, South Carolina;
Nadja Kadom, MD, Boston Medical Center and Boston University,
Boston, Massachusetts; Inga Koerte, MD, Ludwig-Maximilian-
University, Munich, Germany, and Brigham and Women’s Hos-
pital and Harvard Medical School, Boston, Massachusetts;
Roland Lee, MD, FACR, University of California, San Diego, San
Diego, California; Joseph Maldjian, MD, PhD, Wake Forest
School of Medicine, Winston-Salem, North Carolina; Srini
Mukundan, MD, PhD, Brigham and Women’s Hospital and Harvard
Medical School, Boston, Massachusetts; Sumit N. Niogi, MD,
PhD, NY Presbyterian Hospital-Weill Cornell Medical College,
New York, New York; Ofer Pasternak, PhD, Brigham and Wom-
en’s Hospital and Harvard Medical School, Boston, Massachu-
setts; Cyrus Raji, MD, PhD, University of California, Los Angeles,
Medical Center, Los Angeles, California; Dan Rettmann, PhD, GE
Healthcare, Milwaukee, Wisconsin; Michael I. Rothman, MD,
Bethlehem, Pennsylvania; Martha Shenton, PhD, Brigham and
Women’s Hospital and Harvard Medical School, Boston, Massa-
chusetts; Tamar D. Shirman, PhD, Philips Healthcare, Best, the
Netherlands; Jeannette Soderberg, PhD, International Neuroin-
formatics Coordinating Facility, Karolinska Institutet, Stock-
holm, Sweden; Kenneth A. Spero, MD, Northwest Community
Hospital, Arlington Heights, Illinois; Jack Darrell Van Horn,
MEng, PhD, The Institute for Neuroimaging and Informatics and
Laboratory of Neuro Imaging, Keck School of Medicine of Uni-
versity of Southern California, Los Angeles, California; Michael
D. Wirt, MD, PhD, COL, MC, FS Commander, USAISROTSG
Radiology Consultant JBSA, Fort Sam Houston, Houston, Texas;
David W. Wright, MD, FACEP, Emory University School of Med-
icine, Atlanta, Georgia; Lyubomir Zagorchev, PhD, Philips
Healthcare, Best, the Netherlands.
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