',\' frontiers
in Neurology

REVIEW
published: 28 September 2017
doi: 10.3389/fneur.2017.00513

OPEN ACCESS

Edited by:

Kenneth Curley,

latrikos Research and Development
Solutions, LLC, United States

Reviewed by:

Paul Rapp,

Uniformed Services University of the
Health Sciences, United States
David F. Tate,

University of Missouri-St. Louis,
United States

*Correspondence:
Erin S. Kenzie
erin.kenzie@pdx.edu

Specialty section:

This article was submitted to
Neurotrauma,

a section of the journal
Frontiers in Neurology

Received: 271 June 2017
Accepted: 13 September 2017
Published: 28 September 2017

Citation:

Kenzie ES, Parks EL, Bigler ED,

Lim MM, Chesnutt JC and
Wakeland W (2017) Concussion As a
Multi-Scale Complex System: An
Interdisciplinary Synthesis of Current
Knowledge.

Front. Neurol. 8:513.

doi: 10.3389/fneur.2017.00513

Check for
updates

Concussion As a Multi-Scale
Complex System: An Interdisciplinary
Synthesis of Current Knowledge

Erin S. Kenzie', Elle L. Parks', Erin D. Bigler?, Miranda M. Lim?®#*, James C. Chesnutt® and
Wayne Wakeland’

1Systems Science Program, Portland State University, Portland, OR, United States, 2Department of Psychology and
Neuroscience Center, Brigham Young University, Provo, UT, United States, °Sleep Disorders Clinic, Division of Hospital and
Specialty Medicine, Veterans Affairs Portland Health Care System, Portland, OR, United States, “Departments of Neurology,
Medicine, and Behavioral Neuroscience, and Oregon Institute of Occupational Health Sciences, Oregon Health & Science
University, Portland, OR, United States, ° TBl/Concussion Program, Orthopedics & Rehabilitation and Family Medicine,
Oregon Health & Science University, Portland, OR, United States

Traumatic brain injury (TBI) has been called “the most complicated disease of the most
complex organ of the body” and is an increasingly high-profile public health issue. Many
patients report long-term impairments following even “mild” injuries, but reliable criteria
for diagnosis and prognosis are lacking. Every clinical trial for TBI treatment to date
has failed to demonstrate reliable and safe improvement in outcomes, and the existing
body of literature is insufficient to support the creation of a new classification system.
Concussion, or mild TBI, is a highly heterogeneous phenomenon, and numerous factors
interact dynamically to influence an individual’s recovery trajectory. Many of the obstacles
faced in research and clinical practice related to TBI and concussion, including observed
heterogeneity, arguably stem from the complexity of the condition itself. To improve
understanding of this complexity, we review the current state of research through the lens
provided by the interdisciplinary field of systems science, which has been increasingly
applied to biomedical issues. The review was conducted iteratively, through multiple
phases of literature review, expert interviews, and systems diagramming and represents
the first phase in an effort to develop systems models of concussion. The primary focus of
this work was to examine concepts and ways of thinking about concussion that currently
impede research design and block advancements in care of TBI. Results are presented
in the form of a multi-scale conceptual framework intended to synthesize knowledge
across disciplines, improve research design, and provide a broader, multi-scale model
for understanding concussion pathophysiology, classification, and treatment.
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INTRODUCTION

Traumatic brain injury (TBI) is a significant public health concern. The United States alone sees
an estimated 2.5-3.8 million cases per year (1-4), approximately 70-90% of which are mild TBI
(mTBI), also called concussion (5, 6)." A recent National Public Radio poll found that one in four
Americans report having suffered a concussion at some point in their lives (8). Because many of

"The extent to which mTBI and concussion can be used synonymously is debated in the literature (7). Here, we use them
interchangeably. We primarily use the term concussion because although uncertainty exists regarding its definition, it is flexible
enough to allow for a new classification system [whereas mTBI is tied to the Glasgow Coma Scale (GCS)].
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those affected do not seek medical treatment, concussion is vastly
underreported (4); one study estimated that at least 88% of cases
might go unrecognized (9).

Despite increased awareness of TBI—and particularly concus-
sion—in recent years, we still lack effective means of diagnosis,
prognosis, and treatment (10-12). Over 30 clinical trials of phar-
maceutical products to treat TBI have failed, and the U.S. Food
and Drug Administration has yet to approve a single diagnostic
test or therapy for the condition (13). The total cost of these failed
clinical trials is estimated at 1.1 billion dollars (14). Research is
hampered by imprecise classification, methodological inconsist-
encies, measurement issues, and uncertainty about underlying
pathophysiology.

It is estimated that somewhere between 5 and 43% of concus-
sion patients experience prolonged somatic, emotional, or cogni-
tive impairments lasting longer than 3 months, a state referred to
as post-concussive syndrome (PCS) (15-20). A recent longitu-
dinal study found that only 27% of PCS sufferers meeting strict
inclusion criteria at 3 months post-injury eventually made a full
recovery (21). Accordingly, persistent post-concussive symptoms
comprise a significant health burden in modern society (15).
Moreover, the reasons why some patients recover quickly and
others do not remain poorly understood (21-24). Factors such as
genetics, health status, biomechanics, and myriad premorbid and
environmental factors all likely come into play (20). In addition,
the mode of injury, clinical features, and patient experience are all
highly heterogenous (18, 21, 23, 25-27). These differing recovery
trajectories form the primary motivation for the current project.

Traumatic brain injury has been called “the most complicated
disease of the most complex organ of the body” (28). The field
of systems science offers methods for understanding such com-
plexity, as seen in the growing field of systems medicine (29-31).
In this review, we survey the concussion literature through a sys-
tems lens, highlighting the complex nature of injury and recovery;,
as well as limitations in the existing literature. As a first step toward
building a comprehensive systems understanding of concussion,
we present the current state of knowledge about concussion
pathophysiology using a series of multi-scale systems diagrams
and discuss how this initial effort might inform clinical practice,
future research, and further development of systems models.

This project has been led by a team of systems scientists in
collaboration with TBI experts from the fields of neurology, neu-
rosurgery, psychiatry, sports medicine, rehabilitation, neuropsy-
chology, neuroscience, and others. This non-traditional review
was done iteratively through multiple phases of literature review,
expert interviews,” and systems diagramming. It is presented here
as an example of how systems methods can enrich understand-
ing of a complex medical issue and as the first phase of an effort
to develop systems models of concussion (a future publication
will present a more formalized model based on this research).

*The authors conducted 26 semi-structured interviews, each lasting 1.5-2 h, with
researchers and clinicians in the field of TBI. Nearly all of the interviews were con-
ducted by two interviewers, recorded, transcribed, and analyzed to identify claims
useful to the development of the systems diagrams. Data from these interviews
provided background knowledge for the current publication and will be used in
the development of future systems models.

It should be noted that this review does not include a systematic
assessment of study quality [see Ref. (32) for such a review]. The
small number of high-quality studies in this field is insufficient
for understanding the big picture of concussion recovery. Systems
science methods have the flexibility to incorporate various types
of information, including expert opinion. This big-tent approach
allows for the construction of a hypothesis model that reflects a
simplified vision of how a system is thought to work. The value
of such a working model is that it enables a holistic perspective
and discussion at the level of whole systems and subsystems—a
potentially transformative perspective for complex issues such as
concussion.

STATE OF THE RESEARCH

A 2004 World Health Organization review notes the “variable
quality” of mTBI studies (33), while Cassidy (34) argues that
before 2002, study quality was “poor” In an evidence-based
systematic review of the literature on prevalent indicators of
concussion, Carney et al. (32) found that only 26 of 5,437 studies
met their criteria for analysis. Common shortcomings found in
the review include lack of a comparison group, measurement and
reporting inconsistencies, and potential for bias or confound.
Bigler et al. (35) argue that some neuropsychological metrics used
in TBI research are not suitable for detecting mild impairment,
and that type II statistical error is common. Moreover, several
recent systematic reviews focusing on mTBI specifically have
noted a lack of a shared methodological framework within the
research community (18, 36, 37).

While many of the shortcomings identified in these reviews
could be addressed by more robust research methodology, progress
is also hindered by more fundamental uncertainties regarding
pathophysiology and measurement of TBI. These ontological and
epistemological uncertainties are compounded by heterogeneity
and non-linear interactions between variables—concerns com-
mon to complex problems.

Unknown Pathophysiology

The pathophysiology of concussion is largely unknown, although
several hypotheses have emerged. Giza and Hovda (38, 39)
have identified a neurometabolic cascade in the acute stage fol-
lowing injurious impact in animal models, and some of these
neurometabolic alterations have been confirmed in humans with
H1-MR spectroscopy techniques (40, 41). Diffuse axonal injury
(DAI) has also been identified in animal studies and proposed as
an explanatory model (36, 37, 42). Other researchers, however,
suggest that DAI is more likely involved in moderate to severe
TBI cases, while traumatic axonal injury, which is more capable of
repair, is likely to be prevalent in concussion (43). Complicating
matters further is a significant literature demonstrating that the
biomechanics and neurophysiology of impact injuries differ sig-
nificantly from those underlying blast or penetrating concussive
injuries, leading many researchers and clinicians to treat them
as separate conditions (44-46). A growing body of literature
examines alterations in functional connectivity networks in
concussion, and how network changes over time might influence
recovery trajectories and outcomes (47-52).
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Cellular metabolic dysfunction immediately following injury
initiates a vulnerability window; if a second concussion occurs
within this window, significant further damage can occur, a
phenomenon described as second impact syndrome (38, 53, 54).
Questions about prognosis and post-injury vulnerability are of
particular concern in military and athletic contexts, where social
pressure exists to return to combat or play (55, 56).

No single definition of concussion is accepted across disci-
plines, although several are available (7, 32, 57-59). The consensus
NIH definition of TBI as “an alteration in brain function, or other
evidence of brain pathology, caused by an external force” (60)
lacks specificity for concussion. Other definitions tend to focus
on mode of injury or clinical parameters, and in sports are closely
linked with guidelines for return to play (61, 62). Disagreement
and uncertainty also exist about the threshold for diagnosis, or
how to examine the outcome of multiple subconcussive blows to
the head (63-65). However, research does support that chronic
cellular dysfunction and repeated head injury can cause chronic
traumatic encephalopathy, a disease often present in athletes as
well as combat military personnel (66, 67).

Heterogeneity
Many of the research shortcomings mentioned earlier can be
traced to inadequate accounting for patient and injury hetero-
geneity and variability in clinical identification and diagnosis,
which is found in several aspects of concussion (13, 23, 27).
First, the mode of injury is highly heterogeneous. Traumatic
biomechanical forces in the brain can occur from direct (to the
head) or indirect (to the body) impact (e.g., sports, workplace
accidents, and violent trauma), fast acceleration or deceleration
forces (e.g., whiplash and motor vehicle accidents), or intense
changes in pressure (e.g., blast exposure) (68), each inducing
distinct parameters of parenchymal displacement (45, 46, 65).
Biomechanics and other injury characteristics further interact
with individual variation in physiology (particularly idiosyn-
crasies in brain topography and connectivity), along with other
personal characteristics such as age (69), sex (70-72), pre-injury
diseases and medications (73), and genetics (74, 75).
Concussion patients suffer myriad complaints—headache,
disorientation, language impairments, loss of consciousness,
mood disruptions, cognitive deficits, sleep disorders, sensitivity
to light and sound, and problems with balance or gait, among
others—although not all symptoms may be present in every case
(18,32,76). Indeed, no impairment is common across all cases or
all modes of injury. Loss of consciousness, once widely thought
of as characteristic and diagnostic of concussion, is now under-
stood to be present in only 1-14% of cases [(32); see Ref. (77) for
discussion]. The severity and duration of each of these impair-
ments varies and is largely unpredictable. Function in school,
work, and social relationships can also be compromised, ranging
from stress to disability. In addition to heterogeneity in signs,
symptoms, and deficits, the factors influencing recovery—such
as adherence to treatment, amount of social support, behavioral
adaptation, cognitive reserve, and psychological resilience—also
vary widely between individuals (27, 78, 79). Due to the hetero-
geneity and complexity seen within concussion, it is likely that a
wide variety of destructive and restorative processes are at work

following injury, some at the cellular level and others at larger
scales.

At all levels of severity, TBI is increasingly recognized to be a
chronic condition or ongoing disability, rather than an isolated
event or fixed injury, further complicating definition and classifi-
cation (7, 18, 80). Identification of any specific fixed pathophysi-
ology therefore needs to account for dynamic evolving changes
occurring over days, weeks, months, or even years. Indeed, the
question of how to identify proper time points for diagnosis,
measurement, or recovery trajectory has been a recurring theme
among reviewers of failed clinical trials (12, 13, 58).

The types and extent of injuries currently included under the
umbrella of concussion are so different from one another that a
diagnosis of “concussion” alone is not very useful for informing
treatment (27). Patient and injury heterogeneity, along with the
lack of a common known pathophysiological explanation, raises
the question of whether multiple distinct etiologies are in fact
present. Sequential neuroimaging or other metrics may eventu-
ally enable characterization of subgroups defined by disease
etiology, although this remains to be seen (81-83).

Even when promising avenues of research have been identified,
translation to classification and treatment have fallen short, and
disagreement continues over appropriate inclusion and exclusion
criteria for concussion (13, 35, 84). For example, questions remain
as to whether the mechanism of injury (e.g., blast or impact) or
context of injury (e.g., football game, car accident, or fall) should
be stratified in trials (22). Overly narrow inclusion criteria—such
as only including individuals who have had a loss of conscious-
ness, for example—artificially reduce heterogeneity (32), while
overly broad criteria risk the inclusion of non-concussed or more
severely injured persons. Highly variable subject groupings and
lack of control groups also make studies incomparable, which sig-
nificantly hinders meta-analysis and systematic review. Synthesis
projects in turn are critical for creating an evidence-based defini-
tion of concussion and classification of TBI, creating a mutually
dependent scenario that hinders further progress.

Measurement
Uncertainty about the nature of concussion is compounded by
problems with measurement and classification. When a TBI is
suspected, classification is determined by the Glasgow Coma
Scale (GCS) (85), which categorizes all TBI—from concussion
to coma—on a single spectrum of mild/moderate/severe (86).
This ordinal scale is based solely on measures of arousal, while
assessments used to measure recovery in the clinic are diverse and
often continuous. Although the acute clinical care of moderate to
severe TBI patients has benefited from use of this scale, the same
is not true for concussion (87), for which arousal is less informa-
tive and the GCS fails to predict recoveries or outcomes. Hack and
others have argued that categorizing TBI using the GCS is “the
equivalent of describing cancer as mild, moderate, and severe and
then expecting that one treatment will cure all cancer” (13).
Currently, clinically practical in vivo neuroimaging tests sensi-
tive to the type of structural tissue damage present in concussion
remain lacking. When TBI is suspected in acute clinical settings,
computed tomography and conventional magnetic resonance
imaging (MRI) may be performed to identify trauma-related
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abnormalities such as skull fracture, brain edema, or intracranial
hemorrhage. However, in concussion, such abnormalities are
uncommon, and positive neuroimaging findings fail to predict
long-term outcomes (43, 48, 88).

While diffusion tensor imaging (DTI) has been widely used as
a measure of in vivo white matter integrity (66, 89), DTI metrics
are also influenced by and reflect various neuropathological
changes including neuroinflammation and dynamic variation,
depending on time post-injury and potential reparative influ-
ences during recovery (90, 91). Two recent systematic reviews
of DTI studies of concussion in humans, with inferences about
in vivo axonal injury and integrity in human subjects, empha-
sized a lack of high-quality data, missing control groups, and
discrepant analytic techniques in the existing literature (36, 37).
Few studies met all inclusion criteria for either analysis. Asken
et al. (36) concluded that while DTI is sensitive to a wide range
of group differences, it currently lacks the specificity necessary
for meaningful clinical application in concussion. To address
these limitations, more recent studies have included larger and
more diverse sample sizes and controls not meeting criteria for
mTBI but with either neuropsychiatric diagnoses or other health/
injury-related problems (92-94). Accordingly, future DTI studies
hold considerable promise in overcoming the limitations men-
tioned earlier and providing objective neuroimaging correlates
of brain injury and outcome.

Other methods have been used in attempt to measure and clas-
sify concussion. Event-related potentials (ERP) and quantitative
EEG (QEEG) provide a direct window into the neurophysiology of
the injured brain. Advantages compared to neuroimaging include
portability, and high temporal and reasonable spatial resolution.
QEEG has long been proposed as a potential means to aid in the
diagnosis and prognosis of TBI of all severity grades (95-98). ERP,
in particular somatosensory-evoked potentials, have also been
investigated in both animal models and human subjects with TBI,
but its clinical utility is still controversial (99, 100).

Considerable effort has been devoted to identifying serum
biomarkers to identify methods for diagnosis, vulnerability,
recovery, and outcome, but the clinical utility of these measures
also remains limited at present (101). In particular, promis-
ing research into glial fibrillary acidic protein and ubiquitin
C-terminal hydrolase-L1 is being conducted, but so far neither
marker have been shown to reliably predict concussion recovery
(102, 103).

Toward New Approaches

Rosenbaum and Lipton (27) suggest that “ultimately, outcome
will probably be most reliably predicted based on a complex
system of clinical, pathological, and imaging variables” Some
have thus turned toward “big data” approaches. New attempts
are underway to assemble large TBI data sets, both through
multisite studies (104) and the compilation of existing data into
shared repositories (105). For example, a recent collaboration
between the National Collegiate Athletic Association and the US
Department of Defense uses the Federal Interagency Traumatic
Brain Injury Research (FITBIR) database to compare clinical
and neurobiological recovery after concussion in student ath-
letes and military personnel (106). These efforts are still in the

early stages and face obstacles—including inherited and even
amplified problems with constituent data sets—and are further
complicated by the diverse perspectives of the many stakehold-
ers involved, which include athletic and military organizations,
universities, and others. Progress has also been made in estab-
lishing common data elements (107) to increase compatibility
of data sets.

Group collaboration is complicated by the fact that concussion
crosses multiple domains and contexts and does not fall within
one medical specialty. Disparate specialties offer alternative per-
spectives and hypotheses about pathophysiological mechanisms,
what constitutes recovery, and how to measure progress.

These concerns indicate a lack of a shared explanatory model,
or idea of how concussion “works.” At issue is how we understand
the full spectrum of brain injury (if it is indeed a spectrum), and
how uncertainty and heterogeneity interact at various points.
Many of the obstacles faced in research and clinical practice
related to concussion, and TBI more broadly, ultimately stem
from the complexity and heterogeneity of the condition itself.
A systems perspective therefore could facilitate the creation of a
shared explanatory framework—known in the systems literature
as a mental model (108).

SYSTEMS APPROACHES TO MEDICINE

In the past decade, systems approaches to medicine have
emerged to address the complexity seen in conditions such as
diabetes, cancer, and heart disease (29-31, 109). Although
several approaches exist, they all distinguish themselves from
reductionist methods. While reductionist science is critical for
answering well-defined empirical questions, it is less equipped
to address questions involving greater uncertainty, complexity,
and heterogeneity. In contrast, systems approaches to medicine
seek to incorporate—rather than control for—the dimensions of
context, space, and time (29). They emphasize the inclusion of
all relevant factors to understand the function of the whole and
recognize that system behavior is strongly influenced by causal
structure (110, 111).

The application of systems biology to medicine has resulted
in a growing area of research based on the “biology as informa-
tion science” paradigm (31). This research—referred to as P4
medicine, personalized medicine, precision medicine, systems
medicine, or systems biology—uses large amounts of high-
throughput data (often genomic, proteomic, and other “omic”
data) about an individual to develop personalized diagnosis and
treatment. This approach has been used successfully for cancer
and other diseases (112) and works best for diseases with strong
intrinsic causal factors or known pathophysiological mechanisms
(113). Other data-driven approaches, such as machine learning
(114) and reconstructability analysis (115), are currently being
used to identify complex, non-linear, and multivariate correla-
tions in concussion. However, all of these approaches depend on
the availability of large high-quality data sets, which are currently
lacking.

Methods from the field of systems science are also increas-
ingly applied to medicine. Systems science methods “enable
investigators to examine the dynamic interrelationships of
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system components which may span multiple levels of analysis
(e.g., from cells to society), while simultaneously studying the
behavior of the system as a whole over time” (116). Rather than
creating models directly from clinical data, this approach identi-
fies model structure and parameters based on primary sources
(e.g., published literature and expert interviews). Models are
constructed qualitatively and then validated against clinical
data. Models produced in this way have the advantage of offering
a coherent hypothesis for how a system functions. As such, this
approach “opens the black box” of a system and introduces a
common discussion platform for diverse disciplines or stake-
holders. In a medical context, these models can offer hypotheses
for the behavior of populations (useful in public health), or for
pathophysiological processes. Consequently, systems models
can provide an approach to address the lack of a shared mental
model for concussion. These models are also well suited for iden-
tifying points of leverage or intervention in complex systems.
Systems science has been used in various contexts in public
health (117), such as cardiovascular disease (118), obesity (119),
and drug diversion and abuse (120). Recently, system dynamics
modeling was used to better understand the drivers and dynam-
ics of depression (121).

A systems focus has also begun to emerge from within disci-
plines. Systems neuroscience, for example, examines how neural
circuits form whole systems and subsystems within the brain that
relate to function and behavior (122). A recent series of articles in
this journal calls attention to ways in which TBI can be studied
from this perspective (123). A review by Bigler (124) in this series
discusses a systems approach for examining the TBI spectrum,
with a particular focus on how neuroimaging may inform mul-
tiple levels of inquiry. Here, we apply systems science methods
to better understand injury pathophysiology and recovery in
concussion.

TAKING A SYSTEMS VIEW OF
CONCUSSION

We assert that many of the difficulties in concussion prognosis
ultimately stem from the complex nature of the condition. While
definitions of complex system vary, the term is widely understood
to refer to systems in which the behavior of the whole is not entirely
explained by the behavior of parts or subsystems (116). Complex
systems often have many interrelated components at multiple
scales and demonstrate non-linearity, feedback, dynamic change
over time, and emergent properties (125). Rather than reducing
or controlling for aspects of complexity in an issue like concus-
sion, systems methods seek to incorporate them as properties of
the system.

To take a systems approach, one must identify all relevant
factors or variables in a system, articulate the relationships
between those variables, and acknowledge system boundaries.
Variables, relationships, and boundaries together constitute sys-
tem structure, which in turn determines system behavior. This
determination is not always straightforward; indeed, in com-
plex systems, certain causal structures result in counterintuitive
non-linear feedback and emergent behavior. Examining how
behavior changes dynamically over time in turn gives insight

into system structure and provides utility to stakeholders—
particularly researchers and clinicians in the case of concussion.
Choices regarding indicator variables and system boundaries
are determined by the problem or question that drives the
modeling effort and are therefore to some degree value-laden
and influenced by the perspective of the modeler. As such, it
is good practice to include experts and stakeholders in the
modeling process.

Building a model of a complex system often requires a consi-
derable amount of information. The modeler needs to know which
variables to include and how to measure them, how to quantify
the relationships between those variables, and how best to
describe system behavior over time. Also required is data against
which to verify the model. For systems with known variables,
undisputed structure, and good reference data, models can be
built with solid empirical support. Missing data or uncertainty or
disagreement about system structure, however, limits one’s ability
to build such a model. In these cases, understanding the complex-
ity of the system also entails acknowledging and incorporating
this uncertainty through qualitative approaches. Being able to
incorporate expert judgment into a model of hypothesized causal
structure allows for the examination of system-scale behavior
even if variable-level data is sparse. It also allows us to examine
the extent of agreement and identify gaps in existing knowledge
and inconsistencies in mental models.

Here, we provide a conceptual framework that identifies sys-
tem boundaries and variables influential to concussion recovery.
This is a preliminary step in the modeling process and is intended
to guide further inquiry into the complex nature of concussion
recovery, including the construction of formal models. The lack
of a shared mental model for the pathophysiology of concussion,
disagreement over definition, diagnosis and recovery, failed
clinical trials, and unavoidable patient and injury heterogeneity
all support the need for a common conceptual framework. Such
a conceptual framework should be flexible enough to account
for individual differences while providing enough structure to
enhance understanding, and may serve as a useful decision sup-
port tool in clinical and research settings.

CONCUSSION AT MULTIPLE SCALES

Systems approaches conceptualize complex biological systems
as consisting of elements at multiple nested scales (126, 127).
Figure 1 shows key aspects of concussion injury and recovery
mapped across four scales: cellular, network, experiential, and
social. Factors endogenous to the system—those that affect
and are affected by other factors in the system—are included
inside the scale boxes. Exogenous factors that drive the system
from the outside are indicated at the margins, including those
present at the time of injury (injury phenomena and biome-
chanics, personal characteristics, and injury context), as well
as interventions that take place during recovery. Aspects of the
ongoing environment influence factors at every scale and can
themselves be affected. It should be noted that Figure 1 is a static
representation of a dynamic, interconnected system and as such
does not capture the full complexity of the system over time.
It also does not capture the full extent of variables relevant to
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FIGURE 1 | Multi-scale framework for concussion. Factors influencing concussion pathophysiology and recovery are shown across four nested emergent scales:
cellular, network, experiential, and social. Endogenous factors—those that affect and are affected by other factors in the system—are included inside the scale
boxes. Exogenous system drivers that act upon the system are shown at the perimeter. On the left are exogenous factors present at the time of injury (e.g., injury
phenomena and biomechanics, personal characteristics, and injury context), while interventions on the right and top margins impact the system dynamically during
the recovery process. Aspects of the ongoing environment influence factors at all scales. Feedback exists within and also between scales. Medium gray arrows
indicate cross-scale interactions. Factors show emergence, increasing size, and longer time-scale moving up from the cellular to social levels. A team of systems
scientists produced this diagram based on literature review, interviews with researchers and clinicians, and iterative review by subject matter experts.

concussion recovery, nor the individual heterogeneity seen for
these variables.

Cellular Scale

This scale includes cellular processes (along with molecular
subprocesses) most critical to concussion. Ionic flux leads to
metabolic dysfunction and energy imbalances, which in turn
contribute to additional neuroinflammatory responses to injury
(38, 39). This cascade impairs neurotransmission in individual
neurons. An additional cause of impaired neurotransmission is
axonal injury caused by mechanical shearing and stretching forces
(128, 129). Also impacted at the cellular scale are vascular integ-
rity and glial cell function, which exacerbate existing damage and
further increase neuroinflammation (68). A recently described
gliovascular pathway for clearance of toxic proteins and metabolic
wastes, the glymphatic system, may also be impaired in TBI and
be exacerbated by sleep disturbances (130, 131).

Multiple feedback loops exist within the cellular level. For
example, axonal injury increases further neuroinflammation via
microglial activation (43, 132, 133). These variables and their
interrelationships may be caught in cycles of regeneration and
repair, or degeneration and dysfunction (128). Note that effects
at this scale are not limited to the acute phase of injury; rather,
biochemical and cellular changes can occur days and even years
after a traumatic event, even after clinical symptoms resolve (134).

Figure 1 shows that injury characteristics—particularly
injury biomechanics—directly impact the cellular level. Injury

biomechanics include the objective measures of force, direction,
and physics of impact as they are transferred through the skull
into the brain. Personal characteristics such as genetics, age, and
sex can also influence cellular-scale processes. For example, sex
differences in neck stability render female athletes significantly
more likely to experience a concussion compared to male athletes
in the same sport (71, 72, 135). Pharmacological interventions
(e.g., medications to address headache or comorbid muscle pain
and tension) can also modulate the cellular state on an ongoing
basis during the recovery process.

Overall, well-functioning processes at the cellular scale allow
for communication between individual neurons. The net effect
of the cellular level constitutes effective neurotransmission—the
unified orchestration of cells in a particular cellular microenvi-
ronment, including not only individual neurons but also their
associated microvasculature, glial cells, and various cytostruc-
tural matrix proteins in the intracellular and extracellular space.
At the cellular level, successful neurotransmission is what allows
for a neuron to communicate with other neurons and function in
modular neuronal assemblies (136-138).

Network Scale

Neurotransmission leads to the emergence of neuronal networks
from the synchronized activity of many neurons either simul-
taneously or in patterned sequences. These neurons may send
information via direct electrical or molecular signaling (struc-
tural connectivity networks) or through temporally synchronized
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activations or deactivations (functional connectivity networks).
Since there is often no relation between the location or extent of
visible focal injuries and symptoms, performance, or outcome in
concussion (139), and individual cellular processes cannot yet be
easily examined non-invasively in humans in vivo, an examina-
tion of networks may provide the missing link between overt
behavior and individual molecular or cellular trauma (47, 48).

By merging structural connectivity analyses (e.g., DTT) with
functional measures (e.g., fMRI), researchers have been able to
reliably identify intrinsic connectivity networks—specific groups
of brain areas that temporally synchronize to support given
functions that may be close or far apart and may be activated
or deactivated as individual nuclei or entire regions (137, 138,
140-142).

An emerging literature demonstrates structural and functional
reorganization in network connectivity within and between
networks in concussion, particularly in the acute to early time-
frame (36, 37, 48, 140, 143-150). Evidence suggests that network
alterations are particularly prominent in frontoparietal regions
following concussion (48-50, 151-153), which may directly
slow information processing (154). Electrophysiological find-
ings demonstrate slowed information processing and changes in
neuronal encoding and function over time as a result of brain
injury (155). Notably, several studies have now identified altera-
tions in resting state networks, a global interhemispheric and
intrahemispheric network of brain regions that are consistently

turned off during task-related activities while remaining more
active during rest (142, 156). In concussed patients, these resting
state networks are disrupted and unable to completely turn off,
thereby affecting self-awareness, working memory, attention and
performance (26, 49, 146, 147, 157-159). For a more thorough
review of neuroimaging and concussion see Bigler et al. (48) and
Hayes et al. (144).

The neurobehavioral and neurocognitive sequelae of concus-
sion relate to how and at what levels networks become affected
(see Figure 2). In the concussed patient, damage to a major
neuronal hub—which plays a central role in connectivity and
information processing—can have a significant impact. But if the
injury impacts a peripheral small node there may potentially be
only a minimal disruption in function, especially if functional
connectivity is restored by rerouting information through
another intact pathway. The brain’s ability to reroute will depend
on neuroplasticity, neural reserve, and other network properties
of structural and functional connectivity [see Ref. (136, 138) for
a description of cortical communication dynamics].

Neural reserve reflects the amount of brain damage that can
be sustained before reaching a threshold for clinical expression;
it is a passive measure correlating with early childhood education
and socioeconomic status and may be represented by brain size
or overall synapse count (78). If a person has high neural reserve,
information signals may bypass areas of tissue damage easily to
find another route to their intended destination, thereby reducing

| superior parietal

Provincial hub

Connector
hub

Between-module

Within-module connection

connection

Severe TBI

Mild TBI

FIGURE 2 | Concussion at the network scale. When investigating how information passes through a network (A,B), a node may represent neuronal activations, or
network properties of gray or white matter in a given location. Connections between nodes may represent structural white matter tracts (i.e., groups of axons),
temporal synchronization, or other functional relationships. Major hubs [shown in panel (B)] refer to regions that play a central role in connectivity and information
processing. For any given structural or functional connectivity network, major hubs may be contrasted with less important hubs and peripheral nodes and edges.
Comparison of magnetic resonance imaging scans from mild and severe TBI patients is shown in panel (C). The smaller the site of injury, the less likely the damage
is to significantly interrupt information processing within a given network. In the concussed patient, if the injury impacts a peripheral small node, there might only be
a minimal disruption in function, especially if the functional connectivity needed for recovery is restored via rerouting. In the severe TBI case, such workarounds will
not be possible as the damage is too extensive. A network approach illustrates the possibility that severity or prognosis may be based on extent of network
damage. Panels (A,B) were borrowed from Ref. (138), and panel (C) was borrowed from Ref. (124). Used with permission.
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or even preventing any noticeable functional impairment. The
smaller the site of injury, the less likely it is that the damage will
significantly interrupt information processing within a given net-
work. MRI scans from mild and severe TBI patients (Figure 2C)
illustrate the possibility when taking this approach that severity
or prognosis may be based on extent of network damage.

Significant alterations in timing or neuronal synchroniza-
tion at the neuronal population level may impede activation or
deactivation of entire brain regions, or disrupt global processing.
Even the slightest change in timing can significantly disrupt
network coordination of cognition (160), attention (152), and
even the sleep/wake cycle (161, 162). It is important to note
that the effects of brain injury are not solely determined by the
area of damage; rather, subtle changes in timing or processing
speed can have large effects downstream (160). For example,
networks underlying postural control and gait require constant
updating and integration of current sensorimotor and vestibular
information for normal balance and walking to occur (163).
In the concussed patient, these networks might not be damaged
per se but instead are simply functioning at slower processing
speeds, leading to inaccurate updating and therefore functional
impairments in gait. Indeed, mapping and understanding the
complexity of temporal synchronization in the brain is critical to
defining damage and predicting recovery.

Further study of temporal network dynamics will be critical
for understanding the heterogenous symptoms and impair-
ments that arise in response to concussion [see Ref. (160) for a
review]. Since networks provide the link between cellular insult
and the felt experience of concussion, focus on specific types of
network damage may help clinicians guide treatment. For exam-
ple, Ghajar and Ivry (152, 164) have argued that TBI selectively
impairs attentional networks in the cerebellum, frontal lobe,
and parietal lobes involved in the generation, maintenance, and
precise timing of predictive eye movements. These distributed
networks are hypothesized to allow the brain to be predictive
(as opposed to reactive) with regards to external visual stimuli.
In the injured brain, disrupted timing in this network may shift
the brain into a reactive mode, causing impairments in visual
smooth pursuit (or predictive eye tracking), which one day
may be used as a diagnostic marker for concussion. Indeed,
examination of networks underlying automatic eye movements
is a promising area of TBI research (165-167).

However, it should be noted that despite widespread optimism
that network science will identify neuroimaging biomarkers
for concussion (47, 48, 50), this research still faces many of the
obstacles of uncertainty and heterogeneity outlined earlier, as
well as its own methodological challenges. Networks are dynamic
and constantly changing, which complicates determinations of
baseline. Moreover, researchers are only beginning to understand
the relative contributions of particular networks to individual
conscious experiences. Even seemingly singular experiential
events (e.g., pain) involve the coordination of multiple networks
(168). Delineating how to categorize and compare networks
(e.g., unimodal versus crossmodal and inter- versus intra-
hemispheric), as well as connectivity between networks (i.e.,
hyperconnectivity versus hypoconnectivity) will be critical to
understanding network changes associated with concussion.

Experiential Scale

Networks working in concert with one another enable the emer-
gence of consciousness, which introduces variables at the experi-
ential scale. This is the level at which an individual experiences the
concussion as it plays out in time and awareness, through symp-
toms such as headache or disorientation. Dysfunction of networks
in concussion influences psychological, emotional, and cognitive
states, causing such problems as memory and language impair-
ments, mood disruptions, and gait/balance issues (37, 47, 124).
For example, changes in networks subserving the sleep/wake
cycle manifest in felt experience as noticeable disturbances in
attention, cognition or mood, as reflected in the hypothetical
case examples shown later in Figure 3. Temporal asynchronies in
neuronal communication lead to disruptions within and between
brain networks that manifest experientially as cognitive dysfunc-
tion (136, 160). For example, changes in neuronal timing brought
on by concussion have been shown to disrupt networks underly-
ing smooth pursuit eye movements, disturbing perception and
leading to self-reported feelings of being “out of sync” (152).

Impairment in self-awareness is common after TBI and may
occur due to decreased functional connectivity within frontopa-
rietal control networks that are also associated with deficits in
attention and performance monitoring (49, 164). This disruption
in self-awareness can impact a persons ability to successfully
report on her own symptoms and can influence how she perceives
and interacts with her environment. These disturbances are influ-
enced by the individual’s premorbid emotional and psychological
functioning (169, 170). In patients with comorbid injuries or a
history of chronic pain, comorbid pain or muscle tension can
disturb perception further, increasing psychological distress and
interfering with daily function. Several experts interviewed in
the course of our research emphasized how perception of one’s
injury and expectations for recovery can profoundly shape expe-
rience. Also influential is how a person copes with or adapts to
their symptoms and deficits. Coping and adaptation skills may
be learned but can also be facilitated at the neuronal level by
cognitive reserve. Influenced by neural reserve, cognitive reserve
impacts one’s ability to adjust to brain injury through various
compensatory mechanisms or adaptations [see Ref. (78) for a
review].

Personal characteristics such as psychiatric history (e.g., mood
disorders or PTSD) and personal resilience also influence
how people experience concussion (79). These factors are also
thought to influence the brain and body’s response to injury at
the cellular and network levels (171). The injury context—the
setting in which the injury took place—may impact one’s
perception of the injury, as well as determine how quickly they
are evaluated, receive treatment, and return to play or work.
In addition, the demands of the environment shape recovery in
an ongoing way, particularly in the presentation of symptoms and
efficacy of interventions. For example, a person living in a combat
zone or other high-stress situation might not be able to take as
much time for cognitive rest as a person in a low-stress home
environment. Tasks required to obtain medical care or pursue
litigation can also be stressors. Physical or sensory aspects of the
immediate physical environment greatly influence certain symp-
toms, such as headache and cognitive fatigue. Individuals with
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FIGURE 3 | Multi-scale map of factors influencing recovery from concussion in two cases. In this comparative hypothetical example, two individuals present with
sleep disruption of the same magnitude at the same time point after injury. Additional variables differentiate the cases. Factors are mapped across four nested scales
and are linked with arrows indicating causal influence. The minus sign in the diagram for person A signifies a reduction in depression. While both persons show the
same symptom (i.e., sleep disturbance), outcomes differ between the two cases according to distinct profiles of feedback relationships with other variables.
Disrupted sleep will result in clinical depression for person A if left untreated, placing her at increased risk of dementia, given her medical history and age. Person B
might develop persistent post-concussive symptoms if the compounding effects of stress and headache are not addressed. Default mode network is abbreviated
DMN. This example illustrates the utility of considering scale and feedback in the clinical care of concussion.
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light sensitivity may only experience their symptoms in lighted
environments, but not when they are sitting in a dark room. Thus,
to understand the heterogeneity, uncertainty, and complexity in
the conscious, felt experience of concussion, we must understand
how these variables appear, disappear, and are modulated by
personal characteristics, history, and context.

Social Scale
A comprehensive map of concussion necessarily includes the
social level of the system. This scale encompasses the manner in
which relationships and interactions with other people impact
an individual’s injury or recovery, and acknowledges that many
aspects of concussive symptoms are determined intersubjectively.
While these factors exist externally to the individual, they are
included here as endogenous to the system of injury because they
substantively influence—and are influenced by—properties of
the individual. The robustness of social relationships with family
and friends, as well as the support provided by these relation-
ships, can play a significant role in recovery from TBI (172, 173).
Support is needed to meet logistical needs (e.g., transportation
and household tasks), as well as emotional needs, which may be
elevated due to the psychological and emotional toll of migraine,
sleep disruption, and cognitive or language impairments.
Quality of social relationships has been shown to strongly influ-
ence prognosis and recovery in cancer (174) and is likely to have
similar effects in TBI. Similarly, research in cancer populations

has repeatedly demonstrated that social factors, particularly
physician communication styles, are powerful determinants of
outcome and symptom expression (175-178). Given the complex-
ity of concussion as an oftentimes “invisible” injury (179), it stands
to reason that social norms, expressions, and communication
styles surrounding the condition likely contribute to its observed
heterogeneity and should not be ignored. Indeed, patient-directed
educational materials about concussion, including pamphlets and
information sheets received at medical discharge, may profoundly
impact symptoms and deficits (181).

A person’s engagement in group settings such as work or
school can also play a role (positively or negatively), as can broad
social factors such as community and norms. Lack of support
and pressure to perform or meet social demands can negatively
influence recovery. In parallel with neural and cognitive reserve,
we use the term social reserve to indicate the extent to which an
individual’s social relationships serve to buffer the negative effects
of the injury and promote coping and healing. The larger social
context of the injury also shapes social dynamics. For example,
a playoftf game and a motor vehicle accident are contexts with
different social demands. During recovery, the ongoing environ-
ment continually shapes social contexts and social expression.

The feedback from the experiential scale to the social scale is
significant; a person experiencing post-concussive impairments
in cognitive functioning, mood, and working memory may be
compromised in his ability to function successfully in social
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environments, which can weaken social relationships and reduce
engagement in group settings (181). Headache and the need to
avoid overstimulating environments provide further obstacles
to maintenance of social relationships. When a concussion is
sustained in sports or military contexts, dynamics of inclusion
and duty may alter when and how symptoms are expressed.

Emergence across Scales

These scales show emergence in the sense that the interaction
between elements at one scale gives rise to entities at a larger
scale (182). Definitions of emergence vary widely. In a commonly
cited definition, Goldstein refers to emergence as “the arising of
novel and coherent structures, patterns and properties during the
process of self-organization in complex systems” (183). Networks
have distinct emergent properties of their own, but cannot exist
without functioning individual neurons and circuits. Likewise,
a person’s conscious experience depends on the functioning of
underlying brain networks. When damage to networks results
in loss of consciousness, for example, all phenomena above the
network scale are temporarily suspended.

When functionality is compromised but not completely sus-
pended, the effects might only be evident at higher levels. While
slight disruptions in network timing would not be sufficient for
networks to go offline, they could, for example, cause a person
to feel “out of sync” or experience balance problems. In a similar
vein, certain psychological impairments might not be noticed by
the concussed individual but are evident to others close to him.
The scales are nested in the sense that smaller-scale phenomena
take place within the context of phenomena at larger scales. From
bottom to top, the size of the elements at each scale increases, as
does the relevant time frame at which action is observed.

Feedback between Scales

Importantly, these scales do not exist in isolation, nor are their
interactions limited to upward linear emergence. Factors influ-
encing concussion recovery are highly interconnected and can
show feedback, which is evident when the output or outcomes
influenced by a variable ultimately return to and influence that
variable. For example, headaches can cause increased stress,
which can cause additional headaches (184). This kind of feedback
results in non-linear system dynamics. Such system behavior
can be counterintuitive and difficult to predict. Most statistical
analysis methods cannot easily account for non-linearity, which
may partly explain why TBI research has yet to discover measures
that accurately predict outcome (124).

Figure 3 shows how one symptom—disrupted sleep—exists
within a constellation of factors influencing the recovery of two
hypothetical individuals. Both individuals suffered concus-
sions and experienced post-concussive symptoms at 3 months
post-injury. In both cases, disrupted sleep is at the center of two
feedback loops: one in which sleep disruption causes fatigue and
mood disturbance, which further impacts sleep, and another in
which decreased glymphatic clearance results in toxic cellular
buildup, exacerbating fatigue. The other factors at play in each
case are different: for person A, an elderly woman who suffered
a concussion from a fall in her home, a history of depression as
well as additional network damage to the default mode network

and limbic systems put her at risk for acute mood disruption,
and lead to clinical depression. Tendency toward depression in
this case is reduced, however, by strong social support and social
reserve. Person As advanced age also reduces the efficiency of
glymphatic clearing, which puts her at increased risk for demen-
tia via amyloid plaque deposition. Person B, a young man injured
during football practice, experiences stress and headaches, which
compound one another and worsen in environments with loud
noises, bright lights, or prolonged screen time. These symptoms
combined with vestibular-ocular network dysfunction prevent
him from fully returning to play and school. A recent prior
concussion caused residual hypometabolism, which increased
the amount of axonal damage he suffered during the second
injury. Because he is away from home and may not have many
supportive relationships outside of football, he is considered to
have low social reserve which, combined with social pressure
to return to play, creates a negative social environment that
increases his stress. Outcomes for both patients are potentially
negative without early intervention, but the unique constellation
of factors in both cases produces differing profiles of symptoms
and deficits.

The feedback relationships formed by these interlinkages exert
influences that persist over time. Articulating these dynamics can
aid in understanding an individual’s trajectory of recovery and
help to identify possible leverage points and interventions in a
clinical setting. By considering system drivers, an astute clinician
might determine that for person A, sleep disturbance and a his-
tory of depression puts her at greater risk for acute mood disrup-
tion to turn into full-blown depression and should therefore be
more aggressively treated. A clinician treating person B, whose
vestibulo-ocular and headache symptoms might typically be
treated with medication, could be inspired by a systems perspec-
tive to also look into improving social support for his patient,
or provide education about how to deal with overstimulating
environments.

Measurement and Limitations to
Knowledge

Ontological differences at each scale lead to epistemological dif-
ferences. Because dysfunction can happen at any scale, a wide
variety of measures are used in research and clinical practice to
assess injury and impairment (see Table 1). Measures at each
scale often have common challenges, which are shaped by the
types of knowledge obtainable at that level and methodological
constraints.

Uncertainty in measurement is compounded by a more funda-
mental uncertainty about exactly what is being measured in the
first place. Without a shared understanding of the etiology (or
etiologies) of concussion, decisions about what to measure—and
when and how to measure it—vary widely. This diversity in
assessment presents obstacles for secondary analysis.

MAPPING THE LANDSCAPE OF
CONCUSSION

A multi-scale systems model of concussion can serve as a frame-
work for synthesizing data and knowledge about correlations

Frontiers in Neurology | www.frontiersin.org

September 2017 | Volume 8 | Article 513


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive

Kenzie et al.

Concussion As a Multi-Scale Complex System

TABLE 1 | Assessment of concussion across scales.

Level What is measured? Assessment methods Challenges
Cellular Structure and function of Proteomics (e.g., glial fibrillary acidic protein); blood serum Limited translation from animal models; lack of
neurons, glia, vasculature, and biomarkers (e.g., hemosiderin and SB-100); animal models non-invasive in vivo human data; and no successful
cytoarchitecture; biomarkers of for brain injury (e.g., LFPI and various impact models); and Phase 3 clinical trials
tissue damage postmortem histological analyses
Network Connectivity, timing, and Neuroimaging (e.qg., diffusion tensor imaging, magnetic Neurodiagnostic limitations (feasibility and resource
functioning of brain networks resonance imaging, fMRI, MRS PET, MEG, event-related requirements; prohibitive cost in clinical settings);
potentials, and quantitative EEG); eye tracking; reaction lack of baseline or matched control scans
time measures; balance and gait measures; neurological
assessments; and sleep assessments
Experiential Symptoms; deficits in cognitive, Neuropsychological assessments; self-reported symptom Reliability and accuracy of self-report; current
psychological, and emotional logs and health history; gait and balance tests; and neuropsychological assessments not designed for
functioning psychophysics (light or sound sensitivity) concussion; and variability in self-awareness and
symptom expression
Social Signs; strength of social Medical evaluations; informant reports; and information Detection accuracy; reliability of informant reports;

relationships and social
functioning

about context of injury

and differential access to health care

between variables to visualize a “landscape” of factors, within
which patterns or subgroups might be identified (Figure 4).
These subgroups might differ in etiology or presentation and
ideally would be distinguished using one or more biomarkers.
But because it is presently unknown whether heterogeneity in
signs, symptoms, and deficits is intrinsic to concussion or simply
an artifact of data collection or improper patient groupings, a
multi-scale framework can be a first step to navigating what is
observed. Organizing the “black box™ of concussion into scales
can allow for the identification of methodological constraints and
knowledge limitations at each scale, and then aid in the refine-
ment of research questions and implementation.

While emerging research on imaging and serum biomarkers
is promising, we cannot presuppose that a single “silver bullet”
biomarker will be identified. Indeed, in systems medicine, disease
heterogeneity is seen as necessitating multiple markers (185).
An expanded conceptual framework for concussion provides a
way to contextualize possible biomarkers and see how the vari-
ables they measure are interconnected with other relevant factors.

Informed by data-driven efforts, existing clinical studies, and
expert opinion, the TBI community could use this initial frame-
work to help develop a shared hypothesis of the pathophysiology
and factors influencing concussion recovery. Big data approaches
can contribute to this mapping and use the framework to help
interpret results. Indeed, iteration between predictive and explan-
atory models can be beneficial to both endeavors (186). Given
the present failure of multisite clinical trials, this framework may
also be used to compare data sets from multiple research sites,
or contrast data from distinct modes of injury (e.g., military,
athletics, and auto accidents) or time periods within recovery.
Similarly, one may compare cases of better and worse prognosis
to help identify variables most critical to recovery outcomes, and
tailor treatments or interventions at that level.

In addition to increasing our overall understanding of this
complex, traumatic syndrome, the framework may also contrib-
ute to clarifying the definition of concussion and to help develop
a more nuanced classification of concussion to better facilitate
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FIGURE 4 | Identifying patterns of variables across multiple scales in
concussion. Three subgroups are shown using dashed, solid, and dotted
lines to indicate relationships between variables in concussion, mapped
across four nested scales. This framework can be utilized for synthesizing
existing data and knowledge in concussion, based on systematic review or
big data analytics. Relationships between variables can be organized to
visualize a “landscape” of factors, within which patterns or subgroups might
be identified. This subgrouping would allow better phenotyping for the
design, recruitment, and analysis of clinical trials and might enable reanalysis
of failed drug trials to distinguish responders from non-responders. The
ultimate goal of such a model is better clinical prognostication of outcomes
following concussion and therefore more personalized treatments.

personalization of treatment and to sharpen clinical trials.
A systems model cannot replace a classification system, as the
identification of subtypes or patterns with which to classify patient
populations is necessary for clinical and research applications. But
by providing a way to articulate hypothesized causal relationships
in concussion, it can serve as a decision support tool for the TBI
community. Because a systems model reflects the ontological
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structure of the phenomenon, it can serve as a foundation for
future inquiry, including more sophisticated modeling efforts.

DECISION SUPPORT FOR RESEARCH
AND PRACTICE

Systems models can serve as powerful tools for synthesizing
information, which can provide decision support to research-
ers and clinicians by encouraging whole-systems thinking,
facilitating communication across specialties, and supporting the
development of shared hypotheses to identify potential treatment
interventions. A student with sound sensitivity, for example,
could be offered a solitary work space that would be quieter but
more socially isolated, or she could be given earplugs and remain
in the regular classroom. Both situations allow for more focus and
fewer headaches, but the setting with more social interaction may
be better for recovery. For an athlete with post-concussive con-
centration or attention deficits, the clinician might probe deeper
about aspects of the patient’s ongoing environment to see if the
deficits are due to cognitive deficits, altered sleep, distracting pain,
or stress. Attempts to improve sleep hygiene, reduce pressure for
return to play, manage pain, or increase cognitive rest might be
helpful before or conjunction with prescribing attention-related
medication.

A systems approach can also help identify unintended
consequences. Suppose a patient has difficulty concentrating,
headache pain, and a preexisting sleep disorder that is worsened
after suffering a concussion. The physician has prescribed cogni-
tive rest to help with concentration and exposure to stimulating
environments but has not considered that reduced movement
and increased downtime can exacerbate sleep problems and
disrupt nocturnal rhythms. According to the above framework,
the clinician has responded to symptoms at the experiential
level without considering underlying processes related to sleep
disruption and glymphatic clearing at the network and cellular
levels. A more comprehensive approach incorporating physical
exercise, cognitive rest, and behavioral sleep hygiene may be
needed.

An awareness of the multi-scale nature of concussion and the
key variables at each scale may help researchers identify gaps in
the literature and better appreciate how individual investigations
fit within the larger picture. Considering effects between levels,
and drawing attention to understudied relationships, may help to
sharpen inclusion and exclusion criteria for clinical trials.

Systems models—particularly diagrams—can facilitate dis-
cussion between health-care providers from different medical
disciplines. Neurosurgeons and psychologists have different
lexicons and research practices, for example, but both may be able
communicate their knowledge using a diagram format organized
according to causal or ontological structure. This kind of object—
known as a boundary object in the science studies literature—can
be used to identify research gaps and questions, synthesize a
body of knowledge, and communicate with stakeholders (187).
Systems models also encourage the identification of constructs
that would be important to understand the system but might not
be well defined in the literature. For example, in our research, the
concept of bandwidth was repeatedly identified by clinicians as

important to their patients but is not well defined in the literature.
Further analysis could investigate the mechanisms behind this
concept.

FUTURE DIRECTIONS

The multi-scale framework presented in this article is the first part
of a larger project applying systems science approaches to concus-
sion. The next step will be to construct a causal-loop diagram, a
more precise conceptual model in which relationships between
specific system variables and feedback dynamics are made explicit
(manuscript in preparation). This diagram will serve as a map of
the current knowledge about concussion pathophysiology and
recovery. Future work could involve developing a computational
system dynamics model, which would introduce the dimension of
time and allow for a closer examination of recovery trajectories.

CONCLUSION

Accurate diagnosis, prognosis, and effective treatment of TBI—
particularly concussion—are hindered by an imprecise clas-
sification system, a dearth of high-quality clinical trials, and
lack of a shared, evidence-based working model of concussion
pathophysiology and recovery within the medical community.
A shared conceptual framework for concussion is needed to
facilitate interdisciplinary communication and understanding
of concussion, identify patterns and gaps in existing knowledge,
and contribute to ongoing efforts to develop a new classification
system for TBI that is more suitable for concussion diagnosis
and treatment. Ultimately, our understanding of concussion will
depend on the ability to account for patient and injury hetero-
geneity, dynamic non-linear feedback, and emergent properties
intrinsic to consciousness. Systems science approaches can pro-
vide novel and useful contributions to the study of TBI and may
provide a starting point for a paradigm shift in our conceptual
grasp of concussion in all its complexity.

AUTHOR CONTRIBUTIONS

EK was the lead author for the article (text and diagrams), co-lead
for conception and design, and conducted expert interviews and
literature review. EP was the lead for literature review, co-lead for
conception and design, contributed substantially to the article,
and conducted expert interviews. EB, ML, JC, and WW provided
critical review and revision of the article and contributed to
conception and design. WW also conducted expert interviews
and review of the literature.

ACKNOWLEDGMENTS

The authors would like to thank the Brain Trauma Foundation,
the Brain Trauma Evidence-based Consortium, and the associ-
ated team of expert clinicians and researchers for iterative
feedback and support during this multiyear collaboration. The
authors would also like to thank the TBI experts they interviewed,
as well as Nancy Carney for initiating this project and for leading
a paradigm shift in the study of TBI.

Frontiers in Neurology | www.frontiersin.org

September 2017 | Volume 8 | Article 513


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive

Kenzie et al.

Concussion As a Multi-Scale Complex System

FUNDING

This material is based on work supported by the US Army
Contracting Command, Aberdeen Proving Ground, Natick
Contracting Division, through a contract awarded to Stanford
University (W911QY-14-C-0086), and a subcontract awarded to
the Brain Trauma Foundation. This material is in part the result
of work supported with resources and the use of facilities at the
VA Portland Health Care System, the VA Career Development
Award #IK2 BX002712, and Portland VA Research Foundation
(ML). In part, the Brain Imaging and Behavior Lab that EB directs

REFERENCES

1. Arbogast KB, Curry AE, Pfeiffer MR, Zonfrillo MR, Haarbauer-Krupa J,
Breiding MJ, et al. Point of health care entry for youth with concussion within
alarge pediatric care network. JAMA Pediatr (2016) 170:¢160294. doi:10.1001/
jamapediatrics.2016.0294

2. Bazarian JJ, McClung J, Shah MN, Cheng YT, Flesher W, Kraus J. Mild trau-
matic brain injury in the United States, 1998-2000. Brain Inj (2005) 19:85-91.
doi:10.1080/02699050410001720158

3. CDC. Injury Prevention & Control: Traumatic Brain Injury & Concussion. (2016).
Available from: http://www.cdc.gov/traumaticbraininjury/basics.html

4. Faul M, Xu L, Wald MM, Coronado VG. Traumatic Brain Injury in the
United States: Emergency Department Visits, Hospitalizations and Deaths
2002-2006. Atlanta, GA: Centers for Disease Control and Prevention
(2010). Available from: https://www.cdc.gov/traumaticbraininjury/pdf/
blue_book.pdf

5. Cassidy JD, Carroll L, Peloso P, Borg ], von Holst H, Holm L, et al. Incidence,
risk factors and prevention of mild traumatic brain injury: results of the WHO
collaborating centre task force on mild traumatic brain injury. ] Rehabil Med
(2004) 36:28-60. doi:10.1080/16501960410023732

6. Numminen HJ. The incidence of traumatic brain injury in an adult
population - how to classify mild cases? Eur ] Neurol (2011) 18:460-4.
doi:10.1111/j.1468-1331.2010.03179.x

7. McCrory P, Meeuwisse WH, Aubry M, Cantu B, Dvorak J, Echemendia R],
et al. Consensus statement on concussion in sport: the 4th International
Conference on Concussion in Sport held in Zurich, November 2012. Br
J Sports Med (2013) 47:250-8. doi:10.1136/bjsports-2013-092313

8. NPR. Poll: Nearly 1 in 4 Americans Reports Having Had a Concussion. (2016).
Available from: http://www.npr.org/sections/health-shots/2016/05/31/
479750268/poll-nearly-1-in-4-americans-report-having-had-a-concussion

9. DelaneyJS, Abuzeyad F, Correa JA, Foxford R. Recognition and characteristics
of concussions in the emergency department population. J Emerg Med (2005)
29:189-97. doi:10.1016/j.jemermed.2005.01.020

10. Margulies S, Hicks R. Combination therapies for traumatic brain injury:
prospective considerations. ] Neurotrauma (2009) 26:925-39. doi:10.1089/
neu.2008-0794

11. Mayer AR, Quinn DK, Master CL. The spectrum of mild traumatic brain injury:
a review. Neurology (2017) 89:1-10. doi:10.1212/WNL.0000000000004214

12. Stein DG. Embracing failure: what the phase III progesterone studies can teach
about TBI clinical trials. Brain Inj (2015) 29:1259-72. doi:10.3109/02699052.
2015.1065344

13. Hack D. TBI clinical trials: past, present, and future. Bridge Natl Acad Eng
(2016) 46:34-8.

14. ASPE. Examination of Clinical Trial Costs and Barriers for Drug Development.
(2014). Available from: https://aspe.hhs.gov/report/examination-clinical-
trial-costs-and-barriers-drug-development

15. Bigler ED. Neuropsychology and clinical neuroscience of persistent post-
concussive syndrome. ] Int Neuropsychol Soc (2008) 14:1-22. doi:10.1017/
S135561770808017X

16. Hall RCW, Hall RCW, Chapman M]J. Definition, diagnosis, and forensic impli-
cations of postconcussional syndrome. Psychosomatics (2005) 46:195-202.
doi:10.1176/appi.psy.46.3.195

17. Iverson GL. Outcome from mild traumatic brain injury. Curr Opin Psychiatry
(2005) 18:301-17. doi:10.1097/01.yc0.0000165601.29047 .ae

was supported by the Army Medical Research and Material
Command under Award No. W81XWH-13-2-0095 (Chronic
Effects of Neurotrauma Consortium). Also, EB co-directs the
Neuropsychological Assessment and Research Laboratory at
Brigham Young University, which includes forensic consultation.
Any opinions, findings and conclusions, or recommendations
expressed in this material are those of the author(s) and do
not necessarily reflect the views of the US Army Contracting
Command, Aberdeen Proving Ground, Natick Contracting
Division, Stanford University, the Brain Trauma Foundation, U.S.
Department of Veterans Affairs, or the United States Government.

18. Mclnnes K, Friesen CL, MacKenzie DE, Westwood DA, Boe SG. Mild
traumatic brain injury (mTBI) and chronic cognitive impairment: a scoping
review. PLoS One (2017) 12:€0174847. doi:10.1371/journal.pone.0174847

19. McMahon P, Hricik A, Yue JK, Puccio AM, Inoue T, Lingsma HEF, et al.
Symptomatology and functional outcome in mild traumatic brain injury:
results from the prospective TRACK-TBI study. ] Neurotrauma (2014)
31:26-33. doi:10.1089/neu.2013.2984

20. Tator C, Davis H, Dufort P, Tartaglia M, Davis K, Abraheem A, et al.
Postconcussion syndrome: demographics and predictors in 221 patients.
J Neurosurg (2016) 125:1206-16. doi:10.3171/2015.6.JNS15664

21. Hiploylee C, Dufort PA, Davis HS, Wennberg RA, Tartaglia MC, Mikulis D,
et al. Longitudinal study of postconcussion syndrome: not everyone recovers.
J Neurotrauma (2017) 34:1511-23. doi:10.1089/neu.2016.4677

22. Hawryluk GWJ, Bullock MR. Design of acute neuroprotection studies. Handb
Clin Neurol (2015) 128:761-78. doi:10.1016/B978-0-444-63521-1.00047-9

23. Lingsma HEF Roozenbeek B, Steyerberg EW, Murray GD, Maas Al Early
prognosis in traumatic brain injury: from prophecies to predictions. Lancet
Neurol (2010) 9:543-54. doi:10.1016/S1474-4422(10)70065-X

24. Maas AIR, Lingsma HE Roozenbeek B. Predicting outcome after trau-
matic brain injury. Handb Clin Neurol (2015) 128:455-74. doi:10.1016/
B978-0-444-63521-1.00029-7

25. Dikmen S, Machamer ], Temkin N. Mild traumatic brain injury: longitu-
dinal study of cognition, functional status, and post-traumatic symptoms.
J Neurotrauma (2016) 34:1524-30. do0i:10.1089/neu.2016.4618

26. Palacios EM, Yuh EL, Chang Y-S, Yue JK, Schnyer DM, Okonkwo DO, et al.
Resting-state functional connectivity alterations associated with six-month
outcomes in mild traumatic brain injury. ] Neurotrauma (2017) 34:1546-57.
doi:10.1089/neu.2016.4752

27. Rosenbaum SB, Lipton ML. Embracing chaos: the scope and importance of
clinical and pathological heterogeneity in mTBI. Brain Imaging Behav (2012)
6:255-82. d0i:10.1007/s11682-012-9162-7

28. Marklund N, Hillered L. Animal modelling of traumatic brain injury in
preclinical drug development: where do we go from here? Br ] Pharmacol
(2011) 164:1207-29. doi:10.1111/j.1476-5381.2010.01163.x

29. Ahn AC, Tewari M, Poon C-S, Phillips RS. The clinical applications
of a systems approach. PLoS Med (2006) 3:e209. doi:10.1371/journal.
pmed.0030209

30. Ahn AC, Tewari M, Poon C-S, Phillips RS. The limits of reductionism in
medicine: could systems biology offer an alternative? PLoS Med (2006)
3:€208. doi:10.1371/journal.pmed.0030208

31. Hood L. Systems biology and P4 medicine: past, present, and future. Rambam
Maimonides Med ] (2013) 4:e0012. doi:10.5041/RMM]J.10112

32. Carney N, Ghajar ], Jagoda A, Bedrick S, Davis-O’Reilly C, duCoudray H,
et al. Executive summary of concussion guidelines step 1: systematic
review of prevalent indicators. Neurosurgery (2014) 75:51-2. doi:10.1227/
NEU.0000000000000434

33. Carroll L], Cassidy JD, Holm L, Kraus J, Coronado VG; WHO Collaborating
Centre Task Force on Mild Traumatic Brain Injury. Methodological issues
and research recommendations for mild traumatic brain injury: the WHO
Collaborating Centre Task Force on Mild Traumatic Brain Injury. J Rehabil
Med (2004) 36(43 Suppl):113-25. doi:10.1080/16501960410023877

34. Cassidy JD. Epidemiology of mild brain injury: quality of the scientific
evidence. J Neurol Neurosurg Psychiatry (2010) 81l:el2. doi:10.1136/
jnnp.2010.217554.28

Frontiers in Neurology | www.frontiersin.org

September 2017 | Volume 8 | Article 513


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1001/jamapediatrics.2016.0294
https://doi.org/10.1001/jamapediatrics.2016.0294
https://doi.org/10.1080/02699050410001720158
http://www.cdc.gov/traumaticbraininjury/basics.html
https://www.cdc.gov/traumaticbraininjury/pdf/blue_book.pdf
https://www.cdc.gov/traumaticbraininjury/pdf/blue_book.pdf
https://doi.org/10.1080/16501960410023732
https://doi.org/10.1111/j.1468-1331.2010.03179.x
https://doi.org/10.1136/bjsports-2013-092313
http://www.npr.org/sections/health-shots/2016/05/31/479750268/poll-nearly-1-in-4-americans-report-having-had-a-concussion
http://www.npr.org/sections/health-shots/2016/05/31/479750268/poll-nearly-1-in-4-americans-report-having-had-a-concussion
https://doi.org/10.1016/j.jemermed.2005.01.020
https://doi.org/10.1089/neu.2008-0794
https://doi.org/10.1089/neu.2008-0794
https://doi.org/10.1212/WNL.0000000000004214
https://doi.org/10.3109/02699052.
2015.1065344
https://doi.org/10.3109/02699052.
2015.1065344
https://aspe.hhs.gov/report/examination-clinical-trial-costs-and-barriers-drug-development
https://aspe.hhs.gov/report/examination-clinical-trial-costs-and-barriers-drug-development
https://doi.org/10.1017/S135561770808017X
https://doi.org/10.1017/S135561770808017X
https://doi.org/10.1176/appi.psy.46.3.195
https://doi.org/10.1097/01.yco.0000165601.29047.ae
https://doi.org/10.1371/journal.pone.0174847
https://doi.org/10.1089/neu.2013.2984
https://doi.org/10.3171/2015.6.JNS15664
https://doi.org/10.1089/neu.2016.4677
https://doi.org/10.1016/B978-0-444-63521-1.00047-9
https://doi.org/10.1016/S1474-4422(10)70065-X
https://doi.org/10.1016/B978-0-444-63521-1.00029-7
https://doi.org/10.1016/B978-0-444-63521-1.00029-7
https://doi.org/10.1089/neu.2016.4618
https://doi.org/10.1089/neu.2016.4752
https://doi.org/10.1007/s11682-012-9162-7
https://doi.org/10.1111/j.1476-5381.2010.01163.x
https://doi.org/10.1371/journal.pmed.0030209
https://doi.org/10.1371/journal.pmed.0030209
https://doi.org/10.1371/journal.pmed.0030208
https://doi.org/10.5041/RMMJ.10112
https://doi.org/10.1227/NEU.0000000000000434
https://doi.org/10.1227/NEU.0000000000000434
https://doi.org/10.1080/16501960410023877
https://doi.org/10.1136/jnnp.2010.217554.28
https://doi.org/10.1136/jnnp.2010.217554.28

Kenzie et al.

Concussion As a Multi-Scale Complex System

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

Bigler ED, Farrer TJ, Pertab JL, James K, Petrie JA, Hedges DW. Reaffirmed
limitations of meta-analytic methods in the study of mild traumatic brain
injury: a response to Rohling et al. Clin Neuropsychol (2013) 27:176-214.
doi:10.1080/13854046.2012.693950

Asken BM, DeKosky ST, Clugston JR, Jaffee MS, Bauer RM. Diffusion tensor
imaging (DTI) findings in adult civilian, military, and sport-related mild
traumatic brain injury (mTBI): a systematic critical review. Brain Imaging
Behav (2017) 1-28. doi:10.1007/s11682-017-9708-9

Oehr L, Anderson J. Diffusion-tensor imaging findings and cognitive
function following hospitalised mixed-mechanism mild traumatic brain
injury: a systematic review and meta-analysis. Arch Phys Med Rehabil (2017).
doi:10.1016/j.apmr.2017.03.019

Giza CC, Hovda DA. The neurometabolic cascade of concussion. ] Athl Train
(2001) 36(3):228-35.

Giza CC, Hovda DA. The new neurometabolic cascade of concussion.
Neurosurgery (2014) 75:524-33. doi:10.1227/NEU.0000000000000505
Gardner A, Iverson GL, Stanwell P. A systematic review of proton magnetic
resonance spectroscopy findings in sport-related concussion. ] Neurotrauma
(2014) 31:1-18. doi:10.1089/neu.2013.3079

Henry LC, Tremblay S, Boulanger Y, Ellemberg D, Lassonde M.
Neurometabolic changes in the acute phase after sports concussions cor-
relate with symptom severity. ] Neurotrauma (2010) 27:65-76. doi:10.1089/
neu.2009.0962

Smith DH, Johnson VE, Stewart W. Chronic neuropathologies of single and
repetitive TBI: substrates of dementia? Nat Rev Neurol (2013) 9:211-21.
doi:10.1038/nrneurol.2013.29

Bigler ED, Maxwell WL. Neuropathology of mild traumatic brain injury:
relationship to neuroimaging findings. Brain Imaging Behav (2012) 6:108-36.
doi:10.1007/s11682-011-9145-0

Bandak FA, Ling G, Bandak A, De Lanerolle NC. Injury biomechanics,
neuropathology, and simplified physics of explosive blast and impact mild
traumatic brain injury. Handb Clin Neurol (2015) 127:89-104. doi:10.1016/
B978-0-444-52892-6.00006-4

Chen Y, Huang W, Constantini S. The differences between blast-induced
and sports-related brain injuries. Front Neurol (2013) 4:119. doi:10.3389/
fneur.2013.00119

Ling G, Ecklund JM, Bandak FA. Brain injury from explosive blast: descrip-
tion and clinical management. Handb Clin Neurol (2015) 127:173-80.
doi:10.1016/B978-0-444-52892-6.00011-8

Barbey AK, Belli A, Logan A, Rubin R, Zamroziewicz M, Operskalski JT.
Network topology and dynamics in traumatic brain injury. Curr Opin Behav
Sci (2015) 4:92-102. doi:10.1016/j.cobeha.2015.04.002

Bigler ED, Abildskov TJ], Goodrich-Hunsaker NJ, Black G, Christensen
7P, Huff BS, et al. Structural neuroimaging findings in mild traumatic
brain injury. Sports Med Arthrosc (2016) 24:e42-52. doi:10.1097/JSA.
0000000000000119

Han K, Mac Donald CL, Johnson AM, Barnes Y, Wierzechowski L,
Zonies D, et al. Disrupted modular organization of resting-state cortical
functional connectivity in U.S. military personnel following concussive
“mild” blast-related traumatic brain injury. Neuroimage (2014) 84:76-96.
doi:10.1016/j.neuroimage.2013.08.017

Mondello S, Hayes RL. Biomarkers. Handb Clin Neurol (2015) 127:245-65.
doi:10.1016/B978-0-444-52892-6.00016-7

Robinson ME, Lindemer ER, Fonda JR, Milberg WP, McGlinchey RE,
Salat DH. Close-range blast exposure is associated with altered func-
tional connectivity in Veterans independent of concussion symptoms
at time of exposure. Hum Brain Mapp (2015) 36:911-22. d0i:10.1002/
hbm.22675

Shin SS, Bales JW, Dixon CE, Hwang M. Structural imaging of mild traumatic
brain injury may not be enough: overview of functional and metabolic imag-
ing of mild traumatic brain injury. Brain Imaging Behav (2017) 11:591-610.
doi:10.1007/s11682-017-9684-0

Collins MW, Lovell MR, Iverson GL, Cantu RC, Maroon JC, Field MM.
Cumulative effects of concussion in high school athletes. Neurosurgery (2002)
51:1175-81. d0i:10.1097/00006123-200211000-00011

Guskiewicz KM, McCrea M, Marshall SW, Cantu RC, Randolph C, Barr W,
et al. Cumulative effects associated with recurrent concussion in collegiate
football players: the NCAA concussion study. JAMA (2003) 290:2549-55.
doi:10.1001/jama.290.19.2549

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

LaRoche AA, Nelson LD, Connelly PK, Walter KD, McCrea MA. Sport-
related concussion reporting and state legislative effects. Clin ] Sport Med
(2016) 26:33-9. doi:10.1097/JSM.0000000000000192

McCrea M, Prichep L, Powell MR, Chabot R, Barr WB. Acute effects and
recovery after sport-related concussion: a neurocognitive and quantitative
brain electrical activity study. ] Head Trauma Rehabil (2010) 25:283-92.
doi:10.1097/HTR.0b013e3181e67923

Comper P, Bisschop SM, Carnide N, Tricco A. A systematic review of
treatments for mild traumatic brain injury. Brain Inj (2005) 19:863-80.
doi:10.1080/02699050400025042

Hawryluk GWJ, Manley GT. Classification of traumatic brain injury: past,
present, and future. Handb Clin Neurol (2015) 127:15-21. doi:10.1016/
B978-0-444-52892-6.00002-7

Slobounov S, Bazarian ], Bigler E, Cantu R, Hallett M, Harbaugh R, et al.
Sports-related concussion: ongoing debate. Br J Sports Med (2014) 48:75-6.
doi:10.1136/bjsports-2013-092362

Menon V. Large-scale brain networks and psychopathology: a unifying
triple network model. Trends Cogn Sci (2011) 15:483-506. doi:10.1016/j.
tics.2011.08.003

Cantu RC. Posttraumatic retrograde and anterograde amnesia: pathophysi-
ology and implications in grading and safe return to play. ] Athl Train (2001)
36:244-8.

Harmon KG. Assessment and management of concussion in sports. Am Fam
Physician (1999) 60:887-92.

Abbas K, Shenk TE, Poole VN, Breedlove EL, Leverenz L], Nauman EA, et al.
Alteration of default mode network in high school football athletes due to
repetitive subconcussive mild traumatic brain injury: a resting-state func-
tional magnetic resonance imaging study. Brain Connect (2014) 5:91-101.
doi:10.1089/brain.2014.0279

Blennow K, Hardy J, Zetterberg H. The neuropathology and neurobiol-
ogy of traumatic brain injury. Neuron (2012) 76:886-99. doi:10.1016/j.
neuron.2012.11.021

Budinger TE. An overview of concussion: history and needed research. Bridge
Natl Acad Eng (2016) 46:5-22.

Koerte IK, Lin AP, Willems A, Muehlmann M, Hufschmidt J, Coleman M]J,
et al. A review of neuroimaging findings in repetitive brain trauma. Brain
Pathol (2015) 25:318-49. doi:10.1111/bpa.12249

Omalu B. Chronic traumatic encephalopathy. Prog Neurol Surg (2014)
28:38-49. doi:10.1159/000358761

Patterson ZR, Holahan MR. Understanding the neuroinflammatory response
following concussion to develop treatment strategies. Front Cell Neurosci
(2012) 6:58. doi:10.3389/fncel.2012.00058

Duhaime A-C, Rindler RS. Special considerations in infants and chil-
dren. Handb Clin Neurol (2015) 127:219-42. doi:10.1016/B978-0-444-
52892-6.00015-5

Cancelliere C, Donovan J, Cassidy JD. Is sex an indicator of prognosis after
mild traumatic brain injury: a systematic analysis of the findings of the World
Health Organization Collaborating Centre Task Force on Mild Traumatic
Brain Injury and the International Collaboration on Mild Traumatic Brain
Injury Prognosis. Arch Phys Med Rehabil (2016) 97:S5-18. doi:10.1016/j.
apmr.2014.11.028

Dick RW. Is there a gender difference in concussion incidence and outcomes?
Br ] Sports Med (2009) 43(Suppl 1):i46-50. doi:10.1136/bjsm.2009.058172
Munivenkatappa A, Agrawal A, Shukla DP, Kumaraswamy D, Devi BIL
Traumatic brain injury: does gender influence outcomes? Int J Crit Illn Inj
Sci (2016) 6:70. doi:10.4103/2229-5151.183024

Isokuortti H, Iverson GL, Kataja A, Brander A, Ohman J, Luoto TM. Who
gets head trauma or recruited in mild traumatic brain injury research?
J Neurotrauma (2015) 33:232-41. d0i:10.1089/neu.2015.3888

Davidson ], Cusimano MD, Bendena WG. Post-traumatic brain injury
genetic susceptibility to outcome. Neuroscientist (2015) 21:424-41.
doi:10.1177/1073858414543150

Lipsky RH, Lin M. Genetic predictors of outcome following traumatic brain
injury. Handb Clin Neurol (2015) 127:23-41. doi:10.1016/B978-0-444-
52892-6.00003-9

Katz DI, Cohen SI, Alexander MP. Mild traumatic brain injury. Handb Clin
Neurol (2015) 127:131-56. doi:10.1016/B978-0-444-52892-6.00009-X

Kelly JP. Loss of consciousness: pathophysiology and implications in grading
and safe return to play. J Athl Train (2001) 36:249-52.

Frontiers in Neurology | www.frontiersin.org

14

September 2017 | Volume 8 | Article 513


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1080/13854046.2012.693950
https://doi.org/10.1007/s11682-017-9708-9
https://doi.org/10.1016/j.apmr.2017.03.019
https://doi.org/10.1227/NEU.0000000000000505
https://doi.org/10.1089/neu.2013.3079
https://doi.org/10.1089/neu.2009.0962
https://doi.org/10.1089/neu.2009.0962
https://doi.org/10.1038/nrneurol.2013.29
https://doi.org/10.1007/s11682-011-9145-0
https://doi.org/10.1016/B978-0-444-52892-6.00006-4
https://doi.org/10.1016/B978-0-444-52892-6.00006-4
https://doi.org/10.3389/fneur.2013.00119
https://doi.org/10.3389/fneur.2013.00119
https://doi.org/10.1016/B978-0-444-52892-6.00011-8
https://doi.org/10.1016/j.cobeha.2015.04.002
https://doi.org/10.1097/JSA.0000000000000119
https://doi.org/10.1097/JSA.0000000000000119
https://doi.org/10.1016/j.neuroimage.2013.08.017
https://doi.org/10.1016/B978-0-444-52892-6.00016-7
https://doi.org/10.1002/hbm.22675
https://doi.org/10.1002/hbm.22675
https://doi.org/10.1007/s11682-017-9684-0
https://doi.org/10.1097/00006123-200211000-00011
https://doi.org/10.1001/jama.290.19.2549
https://doi.org/10.1097/JSM.0000000000000192
https://doi.org/10.1097/HTR.0b013e3181e67923
https://doi.org/10.1080/02699050400025042
https://doi.org/10.1016/B978-0-444-52892-6.00002-7
https://doi.org/10.1016/B978-0-444-52892-6.00002-7
https://doi.org/10.1136/bjsports-2013-092362
https://doi.org/10.1016/j.tics.2011.08.003
https://doi.org/10.1016/j.tics.2011.08.003
https://doi.org/10.1089/brain.2014.0279
https://doi.org/10.1016/j.neuron.2012.11.021
https://doi.org/10.1016/j.neuron.2012.11.021
https://doi.org/10.1111/bpa.12249
https://doi.org/10.1159/000358761
https://doi.org/10.3389/fncel.2012.00058
https://doi.org/10.1016/B978-0-444-
52892-6.00015-5
https://doi.org/10.1016/B978-0-444-
52892-6.00015-5
https://doi.org/10.1016/j.apmr.2014.11.028
https://doi.org/10.1016/j.apmr.2014.11.028
https://doi.org/10.1136/bjsm.2009.058172
https://doi.org/10.4103/2229-5151.183024
https://doi.org/10.1089/neu.2015.3888
https://doi.org/10.1177/1073858414543150
https://doi.org/10.1016/B978-0-444-
52892-6.00003-9
https://doi.org/10.1016/B978-0-444-
52892-6.00003-9
https://doi.org/10.1016/B978-0-444-52892-6.00009-X

Kenzie et al.

Concussion As a Multi-Scale Complex System

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Bigler ED, Stern Y. Traumatic brain injury and reserve. In: Salazar AM, edi-
tor. Handbook of Clinical Neurology Traumatic Brain Injury, Part II. Waltham,
MA: Elsevier (2015). p. 691-710.

McCauley SR, Wilde EA, Miller ER, Frisby ML, Garza HM, Varghese R,
et al. Preinjury resilience and mood as predictors of early outcome following
mild traumatic brain injury. ] Neurotrauma (2012) 30:642-52. doi:10.1089/
neu.2012.2393

Masel BE, DeWitt DS. Traumatic brain injury: a disease process, not an event.
J Neurotrauma (2010) 27:1529-40. doi:10.1089/neu.2010.1358

Henry LC, Tremblay S, De Beaumont L. Long-term effects of sports con-
cussions: bridging the neurocognitive repercussions of the injury with the
newest neuroimaging data. Neuroscientist (2016) 23:567-78. d0i:10.1177/
1073858416651034

Honce J, Nyberg E, Jones I, Nagae L. Neuroimaging of concussion. Phys Med
Rehabil Clin N Am (2016) 27:411-28. doi:10.1016/j.pmr.2016.01.002
Lancaster M, Olson D, McCrea M, Nelson L, LaRoach A, Muftuler L. Acute
white matter changes following sport-related concussion: a serial diffusion
tensor and diffusion kurtosis tensor imaging study. Hum Brain Mapp (2016)
37:3821-34. doi:10.1002/hbm.23278

Wright DW, Yeatts SD, Silbergleit R. Progesterone in traumatic brain injury.
N Engl ] Med (2015) 372:1766-7. d0i:10.1056/NEJMc1503138

Teasdale G, Jennett B. Assessment of coma and impaired consciousness.
The Lancet (1974) 304:81-4. doi:10.1016/S0140-6736(74)91639-0

Gaddis GM, Gaddis ML. Non-normality of distribution of Glasgow Coma
Scores and Revised Trauma Scores. Ann Emerg Med (1994) 23:75-80.
doi:10.1016/S0196-0644(94)70012-5

Chung P, Khan E Traumatic brain injury (TBI): overview of diagnosis and treat-
ment. ] Neurol Neurophysiol (2013) 5:1-10. doi:10.4172/2155-9562.1000182
Koerte IK, Hufschmidt J, Muehlmann M, Lin AP, Shenton ME. Advanced
neuroimaging of mild traumatic brain injury. In: Laskowitz D, Grant G,
editors. Translational Research in Traumatic Brain Injury. Boca Raton, FL:
CRC Press/Taylor and Francis Group (2016).

Hulkower MB, Poliak DB, Rosenbaum SB, Zimmerman ME, Lipton ML.
A decade of DTI in traumatic brain injury: 10 years and 100 articles later.
AJNR Am ] Neuroradiol (2013) 34:2064-74. doi:10.3174/ajnr.A3395
Skinner NP, Kurpad SN, Schmit BD, Budde MD. Detection of acute nervous
system injury with advanced diffusion-weighted MRI: a simulation and sen-
sitivity analysis. NMR Biomed (2015) 28:1489-506. d0i:10.1002/nbm.3405
Tu T-W, Williams RA, Lescher JD, Jikaria N, Turtzo LC, Frank JA.
Radiological-pathological correlation of diffusion tensor and magnetization
transfer imaging in a closed head traumatic brain injury model. Ann Neurol
(2016) 79:907-20. doi:10.1002/ana.24641

Churchill NW, Caverzasi E, Graham SJ, Hutchison MG, Schweizer TA. White
matter microstructure in athletes with a history of concussion: comparing
diffusion tensor imaging (DTI) and neurite orientation dispersion and den-
sity imaging (NODDI). Hum Brain Mapp (2017) 38:4201-11. doi:10.1002/
hbm.23658

Lepage C, de Pierrefeu A, Koerte IK, Coleman M], Pasternak O, Grant G,
et al. White matter abnormalities in mild traumatic brain injury with and
without post-traumatic stress disorder: a subject-specific diffusion tensor
imaging study. Brain Imaging Behav (2017) 1-12. doi:10.1007/s11682-017
-9744-5

Main KL, Soman S, Pestilli F, Furst A, Noda A, Hernandez B, et al. DTI mea-
sures identify mild and moderate TBI cases among patients with complex
health problems: a receiver operating characteristic analysis of U.S. veterans.
Neuroimage Clin (2017) 16:1-16. doi:10.1016/j.nicl.2017.06.031

Modarres M, Kuzma NN, Kretzmer T, Pack Al, Lim MM. EEG slow waves
in traumatic brain injury: convergent findings in mouse and man. Neurobiol
Sleep Circadian Rhythms (2016) 2:59-70. doi:10.1016/j.nbscr.2016.06.001
Sandsmark DK, Kumar MA, Woodward CS, Schmitt SE, Park S, Lim MM.
Sleep features on continuous electroencephalography predict rehabilitation
outcomes after severe traumatic brain injury. ] Head Trauma Rehabil (2016)
31:101-7. doi:10.1097/HTR.0000000000000217

Sandsmark DK, Elliott JE, Lim MM. Sleep-wake disturbances after traumatic
brain injury: synthesis of human and animal studies. Sleep (2017) 40:zsx044.
doi:10.1093/sleep/zsx044

Schmitt S, Dichter MA. Electrophysiologic recordings in traumatic brain
injury. Handb Clin Neurol (2015) 127:319-39. do0i:10.1016/B978-0-444-
52892-6.00021-0

99.

100.

101.

102.

103.

104.

105.
106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Fisher JAN, Huang S, Ye M, Nabili M, Wilent WB, Krauthamer V, et al.
Real-time detection and monitoring of acute brain injury utilizing evoked
electroencephalographic potentials. IEEE Trans Neural Syst Rehabil Eng
(2016) 24:1003-12. doi:10.1109/TNSRE.2016.2529663

Morgalla MH, Tatagiba M. Long-term outcome prediction after a traumatic
brain injury using early somatosensory and acoustic evoked potentials:
analysis of the predictive value of the different single components of the
potentials. Neurodiagn ] (2014) 54:338-52. doi:10.1080/21646821.2014.
11106818

Kulbe JR, Geddes JW. Current status of fluid biomarkers in mild trau-
matic brain injury. Exp Neurol (2016) 275(Pt 3):334-52. doi:10.1016/
j.expneurol.2015.05.004

Lewis LM, Schloemann D, Papa L, Fucetola R, Bazarian ], Lindburg M,
et al. Utility of serum biomarkers in the diagnosis and stratification of mild
traumatic brain injury. Acad Emerg Med (2017) 24:710-20. doi:10.1111/
acem.13174

Posti JP, Hossain I, Takala RSK, Liedes H, Newcombe V, Outtrim J, et al. Glial
fibrillary acidic protein and ubiquitin C-terminal hydrolase-L1 are not spe-
cific biomarkers for mild CT-negative traumatic brain injury. ] Neurotrauma
(2017) 34(7):1427-38. doi:10.1089/neu.2016.4442

TRACK-TBI. TRACK-TBI Website. (2016). Available from: https://tracktbi.
ucsf.edu/.

FITBIR. FITBIR Website. (2016). Available from: https://fitbir.nih.gov/.
Broglio SP, McCrea M, McAllister T, Harezlak J, Katz B, Hack D, et al. A
national study on the effects of concussion in collegiate athletes and US
military service academy members: the NCAA-DoD concussion assessment,
research and education (CARE) consortium structure and methods. Sports
Med (2017) 47:1437-51. doi:10.1007/s40279-017-0707-1

CDE. Common Data Elements Website. (2016). Available from: https://
commondataelements.ninds.nih.gov.

Jones NA, Ross H, Lynam T, Perez P, Leitch A. Mental models: an inter-
disciplinary synthesis of theory and methods. Ecol Soc (2011) 16(1):46.
doi:10.5751/ES-03802-160146

Laubenbacher R, Hower V, Jarrah A, Torti SV, Shulaev V, Mendes P, et al.
A systems biology view of cancer. Biochim Biophys Acta (2009) 1796:129-39.
doi:10.1016/j.bbcan.2009.06.001

Meadows DH. Thinking in Systems: A Primer. White River Junction, VT:
Chelsea Green Publishing (2007).

Sterman JD. System dynamics modeling: tools for learning in a complex
world. Calif Manage Rev (2001) 43:8-25. d0i:10.2307/41166098

Collins FS, Varmus H. A new initiative on precision medicine. N Engl ] Med
(2015) 372:793-5. doi:10.1056/NEJMp1500523

Jameson JL, Longo DL. Precision medicine—personalized, problem-
atic, and promising. N Engl ] Med (2015) 372:2229-34. d0i:10.1056/
NEJMsb1503104

Hellstrom T, Kaufmann T, Andelic N, Soberg HL, Sigurdardottir S,
Helseth E, et al. Predicting outcome 12 months after mild traumatic brain
injury in patients admitted to a neurosurgery service. Front Neurol (2017)
8:125. doi:10.3389/fneur.2017.00125

Zwick M, Kolakowsky-Hayner S, Carney N, Balamane M, Nettleton T,
Wright DW. Exploratory Modeling of TBI Data. (2016). Available from:
https://www.pdx.edu/sysc/sites/www.pdx.edu.sysc/files/2016%20TBI%
200HSU%20presentation%2016Sept.pdf

Lich KH, Ginexi EM, Osgood ND, Mabry PL. A call to address complexity
in prevention science research. Prev Sci (2013) 14:279-89. doi:10.1007/
s11121-012-0285-2

Carey G, Malbon E, Carey N, Joyce A, Crammond B, Carey A. Systems
science and systems thinking for public health: a systematic review of the
field. BMJ Open (2015) 5:e009002. doi:10.1136/bmjopen-2015-009002
Hirsch G, Homer J, Evans E, Zielinski A. A system dynamics model for
planning cardiovascular disease interventions. Am ] Public Health (2010)
100:616-22. doi:10.2105/AJPH.2009.159434

Johnston LM, Matteson CL, Finegood DT. Systems science and obesity
policy: a novel framework for analyzing and rethinking population-level
planning. Am ] Public Health (2014) 104:1270-8. doi:10.2105/AJPH.
2014.301884

Wakeland W, Nielsen A, Geissert P. Dynamic model of nonmedical opioid
use trajectories and potential policy interventions. Am J Drug Alcohol Abuse
(2015) 41:508-18. doi:10.3109/00952990.2015.1043435

Frontiers in Neurology | www.frontiersin.org

15

September 2017 | Volume 8 | Article 513


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1089/neu.2012.2393
https://doi.org/10.1089/neu.2012.2393
https://doi.org/10.1089/neu.2010.1358
https://doi.org/10.1177/1073858416651034
https://doi.org/10.1177/1073858416651034
https://doi.org/10.1016/j.pmr.2016.01.002
https://doi.org/10.1002/hbm.23278
https://doi.org/10.1056/NEJMc1503138
https://doi.org/10.1016/S0140-6736(74)91639-0
https://doi.org/10.1016/S0196-0644(94)70012-5
https://doi.org/10.4172/2155-
9562.1000182
https://doi.org/10.3174/ajnr.A3395
https://doi.org/10.1002/nbm.3405
https://doi.org/10.1002/ana.24641
https://doi.org/10.1002/hbm.23658
https://doi.org/10.1002/hbm.23658
https://doi.org/10.1007/s11682-017-9744-5
https://doi.org/10.1007/s11682-017-9744-5
https://doi.org/10.1016/j.nicl.2017.06.031
https://doi.org/10.1016/j.nbscr.2016.06.001
https://doi.org/10.1097/HTR.0000000000000217
https://doi.org/10.1093/sleep/zsx044
https://doi.org/10.1016/B978-0-444-52892-6.00021-0
https://doi.org/10.1016/B978-0-444-52892-6.00021-0
https://doi.org/10.1109/TNSRE.2016.2529663
https://doi.org/10.1080/21646821.2014.11106818
https://doi.org/10.1080/21646821.2014.11106818
https://doi.org/10.1016/j.expneurol.2015.05.004
https://doi.org/10.1016/j.expneurol.2015.05.004
https://doi.org/10.1111/acem.13174
https://doi.org/10.1111/acem.13174
https://doi.org/10.1089/neu.2016.4442
https://tracktbi.ucsf.edu/
https://tracktbi.ucsf.edu/
https://fitbir.nih.gov/
https://doi.org/10.1007/s40279-017-0707-1
https://commondataelements.ninds.nih.gov
https://commondataelements.ninds.nih.gov
https://doi.org/10.5751/ES-03802-160146
https://doi.org/10.1016/j.bbcan.2009.06.001
https://doi.org/10.2307/41166098
https://doi.org/10.1056/NEJMp1500523
https://doi.org/10.1056/NEJMsb1503104
https://doi.org/10.1056/NEJMsb1503104
https://doi.org/10.3389/fneur.2017.00125
https://www.pdx.edu/sysc/sites/www.pdx.edu.sysc/files/2016%20TBI%20OHSU%20presentation%2016Sept.pdf
https://www.pdx.edu/sysc/sites/www.pdx.edu.sysc/files/2016%20TBI%20OHSU%20presentation%2016Sept.pdf
https://doi.org/10.1007/s11121-012-0285-2
https://doi.org/10.1007/s11121-012-0285-2
https://doi.org/10.1136/bmjopen-2015-009002
https://doi.org/10.2105/AJPH.2009.159434
https://doi.org/10.2105/AJPH.
2014.301884
https://doi.org/10.2105/AJPH.
2014.301884
https://doi.org/10.3109/00952990.2015.1043435

Kenzie et al.

Concussion As a Multi-Scale Complex System

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Wittenborn AK, Rahmandad H, Rick J, Hosseinichimeh N. Depression
as a systemic syndrome: mapping the feedback loops of major depressive
disorder. Psychol Med (2016) 46:551-62. doi:10.1017/S0033291715002044
Hemmen JL, Sejnowski TJ.23 Problems in Systems Neuroscience. USA:
Oxford University Press (2006).

Chen H-CI, Burke JE Cohen AS. Editorial: traumatic brain injury as a
systems neuroscience problem. Front Syst Neurosci (2016) 10. doi:10.3389/
fnsys.2016.00100

Bigler ED. Systems biology, neuroimaging, neuropsychology, neurocon-
nectivity and traumatic brain injury. Front Syst Neurosci (2016) 10:55.
doi:10.3389/fnsys.2016.00055

Mabry PL, Kaplan RM. Systems science: a good investment for the
public’s health. Health Educ Behav (2013) 40:9S-12S. doi:10.1177/
1090198113503469

Cohen IR, Harel D. Explaining a complex living system: dynamics,
multi-scaling and emergence. J R Soc Interface (2007) 4:175-82. doi:10.1098/
1sif.2006.0173

Vogt H, Hofmann B, Getz L. The new holism: P4 systems medicine and
the medicalization of health and life itself. Med Health Care Philos (2016)
19:307-23. doi:10.1007/s11019-016-9683-8

McGinn MJ, Povlishock JT. Cellular and molecular mechanisms of injury and
spontaneous recovery. Handb Clin Neurol (2015) 127:67-87. doi:10.1016/
B978-0-444-52892-6.00005-2

Meaney DE Smith DH. Biomechanics of concussion. Clin Sports Med (2011)
30:19-31. doi:10.1016/j.csm.2010.08.009

1iff JJ, Chen M]J, Plog BA, Zeppenfeld DM, Soltero M, Yang L, et al
Impairment of glymphatic pathway function promotes tau pathology
after traumatic brain injury. J Neurosci (2014) 34:16180-93. doi:10.1523/
JNEUROSCI.3020-14.2014

Xie L, Kang H, Xu Q, Chen M]J, Liao Y, Thiyagarajan M, et al. Sleep drives
metabolite clearance from the adult brain. Science (2013) 342:373-7.
doi:10.1126/science.1241224

Sharp DJ, Scott G, Leech R. Network dysfunction after traumatic brain injury.
Nat Rev Neurol (2014) 10:156-66. d0i:10.1038/nrneurol.2014.15

Ziebell JM, Adelson PD, Lifshitz J. Microglia: dismantling and rebuilding
circuits after acute neurological injury. Metab Brain Dis (2015) 30:393-400.
doi:10.1007/5s11011-014-9539-y

Kovacks KS. Research to understand explosion-related injuries in military
personnel. Bridge Natl Acad Eng (2016) 46:44-8.

Collins CL, Fletcher EN, Fields SK, Kluchurosky L, Rohrkemper MK,
Comstock RD, et al. Neck strength: a protective factor reducing risk for
concussion in high school sports. J Prim Prev (2014) 35:309-19. doi:10.1007/
510935-014-0355-2

Roland PE, Hilgetag CC, Deco G. Cortico-cortical communication dyna-
mics. Front Syst Neurosci (2014) 8:19. doi:10.3389/fnsys.2014.00019

Sporns O, Betzel RE. Modular brain networks. Annu Rev Psychol (2016)
67:613-40. doi:10.1146/annurev-psych-122414-033634

van den Heuvel MP, Sporns O. Rich-club organization of the human con-
nectome. J Neurosci (2011) 31:15775-86. d0i:10.1523/JNEUROSCI.3539-
11.2011

Ham TE, Bonnelle V, Hellyer P, Jilka S, Robertson IH, Leech R, et al. The
neural basis of impaired self-awareness after traumatic brain injury. Brain
(2014) 137:586-97. d0i:10.1093/brain/awt350

Aerts H, Fias W, Caeyenberghs K, Marinazzo D. Brain networks under
attack: robustness properties and the impact of lesions. ] Neurol (2016)
139:3063-83. doi:10.1093/brain/aww194

Laird AR, Fox PM, Eickhoff SB, Turner JA, Ray KL, McKay DR, et al.
Behavioral interpretations of intrinsic connectivity networks. JCogn
Neurosci (2011) 23:4022-37. doi:10.1162/jocn_a_00077

Seeley WW, Menon V, Schatzberg AF, Keller ], Glover GH, Kenna H, et al.
Dissociable intrinsic connectivity networks for salience processing and
executive control. ] Neurosci (2007) 27:2349-56. doi:10.1523/]NEUROSCI.
5587-06.2007

Dean PJ, Sato JR, Vieira G, McNamara A, Sterr A. Multimodal imaging of
mild traumatic brain injury and persistent postconcussion syndrome. Brain
Behav (2015) 5:45-61. d0i:10.1002/brb3.292

Hayes ], Bigler ED, Verfaellie M. Traumatic brain injury as a disorder of
brain connectivity. J Int Neuropsychol Soc (2016) 22:120-37. doi:10.1017/
$1355617715000740

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

Mayer AR, Ling JM, Allen EA, Klimaj SD, Yeo RA, Hanlon FM. Static
and dynamic intrinsic connectivity following mild traumatic brain injury.
J Neurotrauma (2014) 32:1046-55. d0i:10.1089/neu.2014.3542

Mayer AR, Toulouse T, Klimaj S, Ling JM, Pena A, Bellgowan PSE
Investigating the properties of the hemodynamic response function after
mild traumatic brain injury. ] Neurotrauma (2014) 31:189-97. doi:10.1089/
neu.2013.3069

Slobounov SM, Gay M, Zhang K, Johnson B, Pennell D, Sebastianelli W, et al.
Alteration of brain functional network at rest and in response to YMCA
physical stress test in concussed athletes: RsFMRI study. Neuroimage (2011)
55:1716-27. doi:10.1016/j.neuroimage.2011.01.024

Venkatesan UM, Dennis NA, Hillary FG. Chronology and chronicity of
altered resting-state functional connectivity after traumatic brain injury.
J Neurotrauma (2014) 32:252-64. doi:10.1089/neu.2013.3318

Zhou Y, Milham MP, Lui YW, Miles L, Reaume ], Sodickson DK, et al.
Default-mode network disruption in mild traumatic brain injury. Radiology
(2012) 265:882-92. doi:10.1148/radiol. 12120748

Chamard E, Lassonde M, Théoret H. Neurometabolic, electrophysiological,
and imaging abnormalities. Concussion (2014) 28:75-85. doi:10.1159/
000358766

Bigler ED. Neuroimaging biomarkers in mild traumatic brain injury (mTBI).
Neuropsychol Rev (2013) 23:169-209. doi:10.1007/s11065-013-9237-2
Ghajar J, Ivry RB. The predictive brain state: timing deficiency in traumatic
brain injury? ] Neurol Rehabil (2008) 22:217-27. doi:10.1177/154596830
8315600

Harris NG, Verley DR, Gutman BA, Thompson PM, Yeh HJ, Brown JA.
Disconnection and hyper-connectivity underlie reorganization after TBI:
a rodent functional connectomic analysis. Exp Neurol (2016) 277:124-38.
doi:10.1016/j.expneurol.2015.12.020

Shumskaya E, Andriessen TMJC, Norris DG, Vos PE. Abnormal whole-brain
functional networks in homogeneous acute mild traumatic brain injury.
Neurology (2012) 79:175-82. doi:10.1212/WNL.0b013e3182504fb

Carron SE, Alwis DS, Rajan R. Traumatic brain injury and neuronal function-
ality changes in sensory cortex. Front Syst Neurosci (2016) 10:47. doi:10.3389/
fnsys.2016.00047

Raichle ME, MacLeod AM, Snyder AZ, Powers W], Gusnard DA, Shulman GL.
A default mode of brain function. Proc Natl Acad Sci U S A (2001) 98:676-82.
doi:10.1073/pnas.98.2.676

Johnson B, Zhang K, Gay M, Horovitz S, Hallett M, Sebastianelli W, et al.
Alteration of brain default network in subacute phase of injury in con-
cussed individuals: resting-state fMRI study. Neuroimage (2012) 59:511-8.
doi:10.1016/j.neuroimage.2011.07.081

Sours C, Zhuo J, Janowich J, Aarabi B, Shanmuganathan K, Gullapalli RP.
Default mode network interference in mild traumatic brain injury - A pilot
resting state study. Brain Res (2013) 1537:201-15. doi:10.1016/j.brainres.
2013.08.034

Messé A, Caplain S, Pélégrini-Issac M, Blancho S, Lévy R, Aghakhani N, et al.
Specific and evolving resting-state network alterations in post-concussion
syndrome following mild traumatic brain injury. PLoS One (2013) 8:e65470.
doi:10.1371/journal.pone.0065470

Wolf JA, Koch PE Disruption of network synchrony and cognitive dysfunction
after traumatic brain injury. Front Syst Neurosci (2016) 10:43. doi:10.3389/
fnsys.2016.00043

Krueger JM, Rector DM, Roy S, Van Dongen HPA, Belenky G, Panksepp J.
Sleep as a fundamental property of neuronal assemblies. Nat Rev Neurosci
(2008) 9:910-9. d0i:10.1038/nrn2521

Krueger JM, Huang YH, Rector DM, Buysse DJ. Sleep: a synchrony of cell
activity-driven small network states. Eur J Neurosci (2013) 38:2199-209.
doi:10.1111/ejn.12238

King LA, Horak FB, Mancini M, Pierce D, Priest KC, Chesnutt ], et al.
Instrumenting the balance error scoring system for use with patients report-
ing persistent balance problems after mild traumatic brain injury. Arch Phys
Med Rehabil (2014) 95:353-9. doi:10.1016/j.apmr.2013.10.015

Ghajar J, Ivry RB. The predictive brain state: asynchrony in disorders of
attention? Neuroscientist (2009) 15:232-42. doi:10.1177/1073858408326429
Diwakar M, Harrington DL, Maruta J, Ghajar J, El-Gabalawy F, Muzzatti L,
et al. Filling in the gaps: anticipatory control of eye movements in chronic
mild traumatic brain injury. Neuroimage Clin (2015) 8:210-23. doi:10.1016/j.
nicl.2015.04.011

Frontiers in Neurology | www.frontiersin.org

September 2017 | Volume 8 | Article 513


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1017/S0033291715002044
https://doi.org/10.3389/fnsys.2016.00100
https://doi.org/10.3389/fnsys.2016.00100
https://doi.org/10.3389/fnsys.2016.00055
https://doi.org/10.1177/
1090198113503469
https://doi.org/10.1177/
1090198113503469
https://doi.org/10.1098/rsif.2006.0173
https://doi.org/10.1098/rsif.2006.0173
https://doi.org/10.1007/s11019-016-9683-8
https://doi.org/10.1016/B978-0-444-52892-6.00005-2
https://doi.org/10.1016/B978-0-444-52892-6.00005-2
https://doi.org/10.1016/j.csm.2010.08.009
https://doi.org/10.1523/JNEUROSCI.3020-14.2014
https://doi.org/10.1523/JNEUROSCI.3020-14.2014
https://doi.org/10.1126/science.1241224
https://doi.org/10.1038/nrneurol.2014.15
https://doi.org/10.1007/s11011-014-9539-y
https://doi.org/10.1007/s10935-014-0355-2
https://doi.org/10.1007/s10935-014-0355-2
https://doi.org/10.3389/fnsys.2014.00019
https://doi.org/10.1146/annurev-psych-122414-033634
https://doi.org/10.1523/JNEUROSCI.3539-11.2011
https://doi.org/10.1523/JNEUROSCI.3539-11.2011
https://doi.org/10.1093/brain/awt350
https://doi.org/10.1093/brain/aww194
https://doi.org/10.1162/jocn_a_00077
https://doi.org/10.1523/JNEUROSCI.
5587-06.2007
https://doi.org/10.1523/JNEUROSCI.
5587-06.2007
https://doi.org/10.1002/brb3.292
https://doi.org/10.1017/S1355617715000740
https://doi.org/10.1017/S1355617715000740
https://doi.org/10.1089/neu.2014.3542
https://doi.org/10.1089/neu.2013.3069
https://doi.org/10.1089/neu.2013.3069
https://doi.org/10.1016/j.neuroimage.2011.01.024
https://doi.org/10.1089/neu.2013.3318
https://doi.org/10.1148/radiol.12120748
https://doi.org/10.1159/000358766
https://doi.org/10.1159/000358766
https://doi.org/10.1007/s11065-013-9237-2
https://doi.org/10.1177/1545968308315600
https://doi.org/10.1177/1545968308315600
https://doi.org/10.1016/j.expneurol.2015.12.020
https://doi.org/10.1212/WNL.0b013e31825f04fb
https://doi.org/10.3389/fnsys.2016.00047
https://doi.org/10.3389/fnsys.2016.00047
https://doi.org/10.1073/pnas.98.2.676
https://doi.org/10.1016/j.neuroimage.2011.07.081
https://doi.org/10.1016/j.brainres.2013.08.034
https://doi.org/10.1016/j.brainres.2013.08.034
https://doi.org/10.1371/journal.pone.0065470
https://doi.org/10.3389/
fnsys.2016.00043
https://doi.org/10.3389/
fnsys.2016.00043
https://doi.org/10.1038/nrn2521
https://doi.org/10.1111/ejn.12238
https://doi.org/10.1016/j.apmr.2013.10.015
https://doi.org/10.1177/1073858408326429
https://doi.org/10.1016/j.nicl.2015.04.011
https://doi.org/10.1016/j.nicl.2015.04.011

Kenzie et al.

Concussion As a Multi-Scale Complex System

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

Maruta ], Heaton KJ, Maule AL, Ghajar J. Predictive visual tracking: speci-
ficity in mild traumatic brain injury and sleep deprivation. Mil Med (2014)
179:619-25. doi:10.7205/MILMED-D-13-00420

Samadani U, Ritlop R, Reyes M, Nehrbass E, Li M, Lamm E, et al. Eye tracking
detects disconjugate eye movements associated with structural traumatic
brain injury and concussion. ] Neurotrauma (2015) 32:548-56. doi:10.1089/
neu.2014.3687

Parks EL, Geha PY, Baliki MN, Katz ], Schnitzer TJ, Apkarian AV. Brain
activity for chronic knee osteoarthritis: dissociating evoked pain from
spontaneous pain. Eur ] Pain Lond Engl (2011) 15:843.e1-14. doi:10.1016/j.
€jpain.2010.12.007

Cassidy JD, Cancelliere C, Carroll LJ, Coté P, Hincapi¢é CA, Holm LW,
et al. Systematic review of self-reported prognosis in adults after mild
traumatic brain injury: results of the International Collaboration on Mild
Traumatic Brain Injury Prognosis. Arch Phys Med Rehabil (2014) 95:5132-51.
doi:10.1016/j.apmr.2013.08.299

Zemek RL, Farion KJ, Sampson M, McGahern C. Prognosticators of per-
sistent symptoms following pediatric concussion: a systematic review. JAMA
Pediatr (2013) 167:259-65. doi:10.1001/2013 jamapediatrics.216

Miyamoto A, Wake H, Moorhouse AJ, Nabekura J. Microglia and synapse
interactions: fine tuning neural circuits and candidate molecules. Front Cell
Neurosci (2013) 7:70. doi:10.3389/fncel.2013.00070

Eum RS, Seel RT, Goldstein R, Brown AW, Watanabe TK, Zasler ND,
et al. Predicting institutionalization after traumatic brain injury inpa-
tient rehabilitation. ] Neurotrauma (2015) 32:280-6. doi:10.1089/neu.
2014.3351

Yeates GN, Luckie M, De Beer Z, Khela P. Elucidating the psychosocial
context of “post-concussion syndrome” (PCS): a case study from post-Milan
systemic family therapy. J Fam Ther (2010) 32:186-202. doi:10.1111/j.
1467-6427.2010.00493.x

Hinzey A, Gaudier-Diaz MM, Lustberg MB, DeVries AC. Breast cancer and
social environment: getting by with a little help from our friends. Breast
Cancer Res (2016) 18:54. doi:10.1186/s13058-016-0700-x

Arora NK. Interacting with cancer patients: the significance of physicians’
communication behavior. Soc Sci Med (2003) 1982(57):791-806. d0i:10.1016/
S0277-9536(02)00449-5

Stewart MA. Effective physician-patient communication and health out-
comes: a review. Can Med Assoc ] (1995) 152:1423-33.

Stewart M, Brown JB, Donner A, McWhinney IR, Oates J, Weston WW,
et al. The impact of patient-centered care on outcomes. J Fam Pract (2000)
49:796-804.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

Walling AM, Keating NL, Kahn KL, Dy S, Mack JW, Malin J, et al. Lower
patient ratings of physician communication are associated with unmet
need for symptom management in patients with lung and colorectal cancer.
J Oncol Pract (2016) 12:e654-69. doi:10.1200/JOP.2015.005538

Lindsley T. Legitimizing the wound: mapping the military’s diagnostic
discourse of traumatic brain injury. Tech Commun Q (2015) 24:235-57.
doi:10.1080/10572252.2015.1044120

Gordon WA, Cantor J, Kristen D, Tsaousides T. Long-term social integration
and community support. Handb Clin Neurol (2015) 127:423-31. d0i:10.1016/
B978-0-444-52892-6.00027-1

Kempe CB, Sullivan KA, Edmed SL. CE the effect of varying diagnostic ter-
minology within patient discharge information on expected mild traumatic
brain injury outcome. Clin Neuropsychol (2013) 27:762-78. doi:10.1080/
13854046.2013.795245

Corning PA. The re-emergence of “emergence”: a venerable concept in search
of a theory. Complexity (2002) 7:18-30. doi:10.1002/cplx.10043

Goldstein J. Emergence as a construct: history and issues. Emergence (1999)
1:49-72. d0i:10.1207/515327000em0101_4

Conidi FX. Interventional treatment for post-traumatic headache. Curr Pain
Headache Rep (2016) 20:40. doi:10.1007/s11916-016-0570-z

Gustafsson M, Nestor CE, Zhang H, Barabdsi A-L, Baranzini S, Brunak §,
etal. Modules, networks and systems medicine for understanding disease and
aiding diagnosis. Genome Med (2014) 6:82. doi:10.1186/s13073-014-0082-6
Agarwal R, Dhar V. Big data, data science, and analytics: the opportunity
and challenge for IS research. Inf Syst Res (2014) 25:443-8. doi:10.1287/
isre.2014.0546

StarSL,Griesemer]R.Institutionalecology, translations’andboundaryobjects:
amateurs and professionals in Berkeley’s Museum of Vertebrate Zoology,
1907-39. Soc Stud Sci (1989) 19:387-420. doi:10.1177/030631289019003001

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2017 Kenzie, Parks, Bigler, Lim, Chesnutt and Wakeland. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permit-
ted, provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Neurology | www.frontiersin.org

17

September 2017 | Volume 8 | Article 513


http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.7205/MILMED-D-13-00420
https://doi.org/10.1089/neu.2014.3687
https://doi.org/10.1089/neu.2014.3687
https://doi.org/10.1016/j.ejpain.2010.12.007
https://doi.org/10.1016/j.ejpain.2010.12.007
https://doi.org/10.1016/j.apmr.2013.08.299
https://doi.org/10.1001/2013.jamapediatrics.216
https://doi.org/10.3389/fncel.2013.00070
https://doi.org/10.1089/neu.2014.3351
https://doi.org/10.1089/neu.2014.3351
https://doi.org/10.1111/j.
1467-6427.2010.00493.x
https://doi.org/10.1111/j.
1467-6427.2010.00493.x
https://doi.org/10.1186/s13058-016-0700-x
https://doi.org/10.1016/S0277-9536(02)00449-5
https://doi.org/10.1016/S0277-9536(02)00449-5
https://doi.org/10.1200/JOP.2015.005538
https://doi.org/10.1080/10572252.2015.1044120
https://doi.org/10.1016/B978-0-444-52892-6.00027-1
https://doi.org/10.1016/B978-0-444-52892-6.00027-1
https://doi.org/10.1080/13854046.2013.795245
https://doi.org/10.1080/13854046.2013.795245
https://doi.org/10.1002/cplx.10043
https://doi.org/10.1207/s15327000em0101_4
https://doi.org/10.1007/s11916-016-0570-z
https://doi.org/10.1186/s13073-014-0082-6
https://doi.org/10.1287/isre.2014.0546
https://doi.org/10.1287/isre.2014.0546
https://doi.org/10.1177/030631289019003001
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Concussion As a Multi-Scale Complex System: An Interdisciplinary Synthesis of Current Knowledge
	Introduction
	State of the Research
	Unknown Pathophysiology
	Heterogeneity
	Measurement
	Toward New Approaches

	Systems Approaches to Medicine
	Taking a Systems View of Concussion
	Concussion at Multiple Scales
	Cellular Scale
	Network Scale
	Experiential Scale
	Social Scale
	Emergence across Scales
	Feedback between Scales
	Measurement and Limitations to Knowledge

	Mapping the Landscape of Concussion
	Decision Support for Research and Practice
	Future Directions
	Conclusion
	Author Contributions
	Acknowledgments
	Funding
	References


