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Topic Editor:
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of Toronto, Canada

It has been long assumed that following the
resolution of acute injuries, traumatic brain injury
represents a stable neural entity. However, there is
growing evidence that a single moderate-severe
brain injury may instead trigger an ongoing dete-
riorative process that commences sub-acutely,
and occurs regardless of age. For scientists and
clinicians, it is critical to examine this body of
evidence and to explore its implications. Do the
findings represent a neurodegenerative process or
can they be alternatively explained? What are the
neural, behavioural and functional characteristics
of this progressive deterioration? Such informa-
tion is needed to develop treatments to prevent
or mitigate decline, and to inform the clinical
care of brain injured patients. Research and clinical practice are influenced by the assumption
that moderate-severe TBI is non-progressive, with few studies exploring treatments to prevent
progression, and rehabilitation typically concentrated in the early stages of injury. Brain injuries
can never be fully prevented. However, understanding that such progressive deterioration occurs
opens a novel area of research - prevention of secondary decline - offering new possibilities for
the improvement of long-term outcomes in people with traumatic brain injury.
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INTRODUCTION

The acute stage of moderate-severe traumatic brain injury (TBI) entails the rapid unfolding of
pathophysiological processes secondary to biomechanical damage that eventually stabilize, typically
leaving a combination of focal damage (visible as encephalomalacia) and more widespread lesions,
both to the white matter (known as traumatic axonal injury) and to the microvasculature of the
brain (Povlishock and Katz, 2005). It has long been assumed that following resolution of these
acute neuropathological events, that the brain then remains stable throughout the chronic stages of
injury. However, a growing body of research, much of it from the groups represented in this special
topic, has revealed ongoing losses to volume and white matter integrity of the brain (Bendlin et al.,
2008; Ng et al., 2008; Farbota et al., 2012a,b; Adnan et al., 2013). Findings from these longitudinal
studies do not appear to reflect simply the brain’s healing for example, the process of gliosis or the
resolution of edema. Rather, deterioration is observed in a number of studies between two time
points that are well within the chronic stages of injury (e.g., Greenberg et al., 2008; Green et al.,
2014), thereby representing progressive and possibly neurodegenerative changes.

With these important scientific developments in mind, the broad aims of this special topic of
Frontiers in Human Neuroscience were three-fold: (i) To challenge the assumption of stability
of the brain in chronic TBI and to advance a reconceptualization of moderate-severe TBI as a
progressive, deteriorative disorder; (ii) to provide preliminary data on the characteristics and causes
of deteriorative changes; and, (iii) to open a discussion about the clinical implications of these
progressive changes observed in the chronic stages of TBI. The overarching goal of the issue is
to stimulate further research into decline in the chronic stages of TBI, with a longer-term view to
intervention research aimed at prevention or mitigation.

THE FINDINGS

The special topic focuses on research in patients with moderate-severe TBI, illustrating progressive
losses to both white matter (Farbota et al., 2012a; Green et al., 2014) and gray matter (Green et al,,
2014). A particularly concerning finding is the ubiquity of neurodegeneration: In one study (Green
etal,, 2014), the authors found significant atrophy in the chronic stages of injury in over 95% of their
sample. A second line of related research in the issue focuses on the cumulative and chronic effects
of multiple milder injuries (i.e., concussions/mild TBIs and sub-concussive blows), and the elevated
risk of chronic traumatic encephalopathy (CTE) and other dementias (Hazrati et al., 2013; Tartaglia
et al., 2014). Here, multiple mild TBIs are sustained—often in the context of professional contact
sports, and in the second to fourth decades of life—but the neurodegeneration is typically observed
many years after the last concussion has been sustained (though see McKee et al., 2013 for case
studies of CTE in mid- and early-career athletes). Here again, the prevalence of neurodegeneration
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is noteworthy. In a recent study, 80% of the 85 brains of people
with a history of high mild TBI exposure showed evidence of
CTE (McKee et al.,, 2013). As noted by the authors, the study
contained ascertainment biases, largely examining the brains of
people with known neurological findings prior to death, for
example. However, even if the findings represent an overestimate,
they raise the specter of a considerably higher prevalence rate for
neurodegeneration in this context than previously considered.

Discussing questions of prevalence, methodological
challenges, and the history of CTE, Tartaglia et al. (2014)
have provided a review of the CTE literature, one that is placed
in the broader etiological context of tauopathies. On the same
topic, Hazrati et al. (2013) have presented a post-mortem case
series of retired professional football players, a population in
whom a great deal of the CTE research has focused, with findings
supporting the hypothesis that multiple concussions lead to
neurodegeneration, but not exclusively to CTE.

In addition to these adult studies, there was preliminary
evidence of neurodegeneration presented in the mini-review
by Keightley et al. (2014). Interestingly, the totality of these
findings (i.e., preliminary evidence for high incidence of
neurodegeneration; and, neurodegeneration cutting across injury
mechanisms [single severe vs. multiple mild] and across the age
spectrum) suggests that neither a genetic nor demographic risk
factor can fully account for neurodegeneration in TBI. Rather,
the findings raise the question whether it is post-injury factors,
set in motion by the injury (e.g., neuroinflammation—Johnson
et al., 2013, or mood alterations), that may put many at risk,
with “protective” factors potentially preventing or mitigating
these effects in some. Bigler (2013b), who has studied the brain’s
instability after injury for over a decade (e.g., Tate and Bigler,
2000; Bigler, 2013a), examines in this special issue mechanisms
of deterioration, and discusses the impact of TBI on age-typical
brain development (mediated in part by the age at which the TBI
is sustained) and on the aging process.

The challenges that lie ahead in understanding these
mechanisms are illustrated well by an apparent paradox:
Neurodegeneration in moderate-severe TBI is often observed
within the first year or years of injury; thus, neural declines
are often happening concurrently with behavioral recovery
(see Bendlin et al., 2008). The co-occurrence of brain decline
and behavioral recovery in moderate-severe TBI underscores
that there are multiple mechanisms that the underlie brain
changes during the chronic stages of injury, both beneficial and
deleterious, and most likely interdependent.
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With regard to the behavioral and clinical implications of
this topic, Farbota et al. (2012a,b) have presented behavioral
correlates of neurodegeneration (but also of recovery), while
Miller et al. (2013) have revealed that environmental enrichment,
and in particular cognitive enrichment, is negatively associated
with volume loss in the hippocampi during the chronic stages
of TBI—offering a new modifiable target of neuro rehabilitation
(i.e., environmental enrichment for prevention of hippocampal
atrophy in chronic TBI). Of note, Frasca et al. (2013) argue
that the environments patients enter after clinical rehabilitation
services have ended may contain reduced environmental
enrichment, and thereby exacerbate neurodegeneration.

Lastly, in examining longitudinal degenerative change in vivo,
it is essential to acknowledge the limitations in our imaging
and analytic approaches. Junghoon et al. (2013) offer a potential
solution to these challenges with a novel approach to MRI
acquisition and analysis.

CONCLUSIONS

We have presented a number of papers that illustrate the
need to consider chronic moderate-severe TBI as a progressive,
neurodegenerative disorder. This re-conceptualization opens
new avenues for research, for example into the patterns
and mechanisms of degeneration, and into protective factors
and treatments. Clinically, the notion questions the prevailing
approach to the delivery of clinical care, whereby services are
concentrated in the early weeks and months of injury. If TBI
patients are indeed declining in the chronic stages of injury,
a re-evaluation of the current distribution of services is much
needed.
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Depending on severity, traumatic brain injury (TBI) induces immediate neuropathological
effects that in the mildest form may be transient but as severity increases results in
neural damage and degeneration. The first phase of neural degeneration is explainable
by the primary acute and secondary neuropathological effects initiated by the injury;
however, neuroimaging studies demonstrate a prolonged period of pathological changes
that progressively occur even during the chronic phase. This review examines how
neuroimaging may be used in TBI to understand (1) the dynamic changes that occur in
brain development relevant to understanding the effects of TBI and how these relate to
developmental stage when the brain is injured, (2) how TBI interferes with age-typical
brain development and the effects of aging thereafter, and (3) how TBI results in greater
frontotemporolimbic damage, results in cerebral atrophy, and is more disruptive to white
matter neural connectivity. Neuroimaging quantification in TBI demonstrates degenerative
effects from brain injury over time. An adverse synergistic influence of TBI with aging
may predispose the brain injured individual for the development of neuropsychiatric and
neurodegenerative disorders long after surviving the brain injury.

Keywords: traumatic brain injury, TBI, brain development, neuroimaging, neurodegeneration, neuropsychiatric

disorders

Neuronal damage from traumatic brain injury (TBI) induces
pathophysiological as well as anatomical changes (Blennow et al.,
2012) that may set the stage that eventually leads to dementia
(Shively et al., 2012). It is well-established and long-known that
the damage from a TBI may be severe enough that the cognitive
deficits experienced by the individual never return to pre-injury
levels; thereby meeting Diagnostic and Statistical Manual—Fourth
Edition—Text Revision (DSM-IV-TR) criteria for Dementia Due
to Head Trauma (DSM-IV-TR 294.1x; see Bigler, 2007b, 2009).
In the DSM-5, this is now classified as Major Neurocognitive
Disorder Due to TBI (see American Psychiatric Association, 2013).
However, accumulating evidence suggests with prior TBI, even
in the individual that returns to presumed pre-injury cognitive
ability that an increased risk for later in life degeneration occurs
increasing the likelihood for a dementing illness (Plassman et al.,
2000; Wang et al., 2012). It is this latter aspect of the long term
effects of TBI on the aging process that will be the focus of this
review. Since the majority of head injuries resulting in TBI occur
before middle-age, the basic question examined in this review is
the potential role that prior TBI plays in the aging process and the
mechanisms whereby prior TBI would adversely influence aging.

When neural tissue is injured and reparative and restorative
mechanisms fail to work, cellular morphology changes; this may
ultimately result in cell death (Stoica and Faden, 2010). With
change in cellular morphology or cell death, either regional or
whole brain atrophy results, depending on the severity and type of
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injury (Pitkanen et al., 1998; Bramlett and Dietrich, 2007; Lifshitz
et al., 2007; Tata and Anderson, 2010). In a human post-mortem
TBI study of brain volume, Maxwell et al. (2010) examined brain
weight of TBI patients who survived several months to years
post-injury but were moderately to severely disabled or in a veg-
etative state. The following brain weights (& standard deviation)
were reported: 1442.7 £ 105.0 g for controls, 1329.6 £ 202.9 g for
moderately disabled, 1330 &+ 140.7 g for severely disabled, and
1275 £ 135.5 g for vegetative state patients. On average moderate-
to-severe TBI resulted in approximately a 112 cc of generalized
volume loss at post mortem in these relatively young TBI patients
(on average 44 years of age at the time of injury and 52 years at the
time of death), when compared to age-matched controls who died
from non-TBI related causes. While the Maxwell et al. sample was
middle age at the time of death, as a group the amount of over-
all volume loss documented at post-mortem was comparable to
that observed in patients 20-30 years older (mean age 71.1 + 8.3)
with various types of dementia at the time of death (see Purohit
etal., 2011).

The Maxwell et al. study confirms TBI associated total brain
volume (TBV) loss at post-mortem in the patient with chronic
brain injury that approximates the degree of brain volume loss
in those with brain atrophy from various types of age-related
degenerative diseases much later in life. Fortunately, contempo-
rary neuroimaging provides methods for ante-mortem detection
of volume loss and its relationship to outcome following TBI,
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including the prediction of adverse neurological and neuropsy-
chiatric outcome. Having sustained a TBI raises the potential for
serious long-term neurobehavioral sequelae (Moretti et al., 2012).
Since smaller TBV or brain volume loss from injury, disease or
disorder may be a factor associated with a host of neurological
and neuropsychiatric disorders (Kempton et al., 2008; Okonkwo
et al,, 2010; Olesen et al., 2011; Gunther et al., 2012; Skoog et al.,
2012), if TBI reduces brain volume, such reductions likely relate
to adverse outcome.

For the individual who sustains a TBI and survives the injury,
the post-injured brain has to navigate the remainder of life with
potentially less resiliency and reserve because of the parenchy-
mal loss (Bigler, 2007b, 2009). Since aging alone—even healthy
disease-free aging—is nonetheless associated with brain volume
loss, does having TBI-related volume loss accelerate the loss asso-
ciated with aging? Since less brain volume later in life increases
the risk of dementia (Skoog et al., 2012) does brain volume loss
from TBI relate to increased dementia and possibly induce further
degenerative changes?

TBI induces a number of neuropathological changes like the
aggregation of f-amyloid and tau along with neuroinflamma-
tory changes that resemble the pathology of degenerative diseases
(Blennow et al., 2012). Do the combination of effects that resem-
ble later in life neurodegenerative changes in the young individual
who sustains a TBI become associated with a greater likelihood for
transition to a progressive dementing illness later in life?

These questions are addressed in this review which exam-
ines volume loss from brain injury, its role in the aging process,
and how neuroimaging methods may be used to document such
changes.

TBI AND PARENCHYMAL VOLUME LOSS

SIGNIFICANT TBI RESULTS IN BRAIN VOLUME LOSS

Figurel is from an adult male who sustained a severe TBI
(GCS = 3) but in whom a pre-injury magnetic resonance imag-
ing (MRI) scan had been performed, so pre-injury quantification
of ventricular and brain volume could be established. An excel-
lent global measure of brain integrity is the ventricle-to-brain
ratio (VBR; Bigler and Tate, 2001), calculated as the total of ven-
tricular volume divided by total brain volume (TBV), multiplied
by 100 so that the ratio is reported in whole numbers. Overall,
normal VBR for the adult is around 1.5 with a 0.5 standard
deviation (Blatter et al., 1995). In cerebral atrophy the reduc-
tion in brain volume is accompanied by a passive, compensatory
increase in ventricular volume (referred to as hydrocephalus ex
vacuo) thereby resulting in increased VBR. Acutely in TBI, pres-
ence of cerebral edema results in increased parenchymal volume
because of tissue expansion from swelling combined with ven-
tricular compression, reducing the size of the ventricle. In the
mildest forms of TBI when edema occurs, this swelling may be
transient and brain parenchyma and ventricular volume return
to pre-injury levels. If injury is of sufficient severity, however, over
time parenchymal degeneration occurs, reflected by brain volume
loss in conjunction with hydrocephalus ex vacuo and increased
VBR. As seen in this illustration, the pre-injury scan VBR was well
within normal limits. However, post-injury computed tomogra-
phy (CT) findings reflect distinctly reduced VBR, indicative of
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whole brain edema and ventricular compression, which remained
throughout the first week post-injury. However, by 16 weeks post-
injury substantial ventricular increase is evident along with a
higher VBR score, which continued to increase over the next 2
years post-injury.

Over time, these scans, as shown in Figure 1, demonstrate
several important points. Compared to the pre-injury brain, post-
injury generalized swelling and ventricular compression in the
acute and early sub-acute timeframe clearly indicate the non-
specific edema and generalized neuroinflammation affects the
entirety of the brain. Furthermore, this type of swelling likely
compromises overall cerebral perfusion, thereby affecting neural
integrity, cellular degradation and apoptosis (Xu et al., 2010) and
in rodent TBI models exacerbates hippocampal damage beyond
what occurs directly from the TBI (Foley et al., 2013). By the time
of the first scan was obtained more than an hour post-injury in
the case shown in Figure 1, obviously the instantaneous biome-
chanical shear/strain deformation injuries had occurred and what
is primarily being viewed in the first acute scan are the combina-
tions of primary and the initial secondary effects of the injury. By
day 7, there is a low density lesion, likely an infarction beginning
to evolve adjacent to the caudate, which is particularly evident
2 years post-injury. This demonstrates another TBI principle in
that distinctly focal effects, either from shearing and/or vascu-
lar effects, may occur within the backdrop of global pathological
changes. What is reflected in the scan 2 years post-injury is the
summation of all of the pathological effects of TBI—mechanical
deformation, axonal shearing resulting in primary axotomy, and
likely focal lesion effects as well as the combined effects of sec-
ondary axotomy, ischemic damaged from compromised cerebral
blood flow and whatever pathological neuroexcitatory effects may
have occurred in combination with other neuroinflammatory
reactions (Bigler and Maxwell, 2011, 2012). The pathological cas-
cade is complex and as shown in this illustration plays out over
an extended period of time. The end-product, however, is a brain
reflective of non-specific damage with considerable overall TBV
loss.

In a living veteran sample with penetrating brain injury and
post-traumatic epilepsy, as a group TBI patients were found to
exhibit approximately a 52cc whole brain volume loss based
on neuroimaging findings obtained years post-injury (Raymont
et al., 2010). The TBI subjects in the Raymont et al. investi-
gation had sustained injuries not as severe as in the subjects
in the Maxwell et al. (2010) investigation and were penetrating
in nature, but still exhibited substantial volume loss based on
quantitative neuroimaging. Thus, when assessed with in vivo neu-
roimaging methods, TBI may result in substantial volume loss
of brain parenchyma, which in turn relates to neurocognitive
outcome (Tate et al., 2011), to be reviewed below. Furthermore,
in vivo quantitative neuroimaging provides methods to examine
the course of neurodegenerative changes over time post-injury in
those who survive the brain injury.

If the trauma induced volume loss associated with TBI
were just the effects of the initial injury, once the acute cas-
cade of degeneration occurred it would be assumed that the
injured brain should exhibit no further degeneration. However,
if TBI has produced something more than a static brain injury,
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A 2 Years Pre-injury
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7 Days Post Injury

—_

VBR : 0.71 VBR:

FIGURE 1 | (A) Pre-injury magnetic resonance image (MRI) approximately 2
years prior to a severe traumatic brain injury (TBI). Note the normal size of the
ventricular system and ventricle-to-brain (VBR) ratio of 1.64 (normal is
approximately 1.5 with a 0.5 standard deviation). (B) Day-of-injury initial CT

E F
16 Weeks Post Injury 2 Years Post Injury

0.66 VBR : 0.4

2.49 VBR : 3.43

demonstrating brain edema and reduced VBR, which continues to be
reflected in (C,D). (E) Distinct neurodegeneration has occurred by 16 weeks
post-injury, reflected as ventricular dilation and increased VBR, with
continued neurodegeneration out to 2 years post-injury as seen in (F).

longitudinal neuroimaging would exhibit progressive changes
over time (Greenberg et al., 2008). This would implicate neurode-
generative processes extending well-beyond the point of acute
TBI, and the sub-acute timeframe necessary for those initial
pathological effects to run their course (Bendlin et al., 2008;
Ng et al., 2008; Farbota et al., 2012). Recently, chronic neuroin-
flammation, particularly involving white matter (WM) has been
implicated in some of these progressive changes, including vol-
ume loss in the corpus callosum (Johnson et al., 2011, 2013).
Since the shear-strain influences of TBI are more likely to damage
axons, producing what is referred to as traumatic axonal injury
(TAIL see Bigler and Maxwell, 2012) any chronic neuroinflamma-
tory response influencing WM integrity would likely have adverse
influences on recovery.

Longer-term pathological effects from TBI, regardless of their
nature, would likely interact with the aging process and may
set the stage for adverse neuropsychiatric and neurocognitive
outcome after injury along with increased risk for age-related
neurodegenerative diseases (Lucas et al., 2006; Johnson et al.,
2012; Shively et al., 2012). Based on neuroimaging studies of
normal brain development over the life span in comparison to
the pathological effects of TBI, this review will address three
basic issues: (1) dynamic changes in brain volume relate to age,
with “normal” age-related reductions in brain volume occur-
ring after the third decade in life, (2) TBI interferes with age-
typical brain development depending on the age when injury
occurs and while both gray matter (GM) and WM are damaged,
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trauma selectively damages axons; thereby more disruptive to
WM neural connectivity during the aging process post-injury
(see Ramlackhansingh et al., 2011), and (3) along with whole-
brain, WM and GM volume reductions from TBI, traumatic
injury results in more selective frontotemporolimbic damage,
atrophic changes identifiable via neuroimaging. Diffuse damage,
along with the frontotemporolimbic locus of damage from TBI,
pre-disposes the brain injured individual for increased neuropsy-
chiatric morbidity with aging and increased risk for dementia
later in life.

DYNAMIC CHANGES IN BRAIN VOLUME OVER THE LIFE
SPAN

At birth, TBV is approximately 25% of what it will become
in adulthood but the volume increase in brain growth occurs
rapidly, where based on magnetic resonance imaging (MRI) vol-
umetric studies by 8 years of age, TBV approximates adulthood
(Courchesne et al., 2000). Over the remaining childhood years
and throughout adolescence, a dynamic interaction between cel-
lular maturation and pruning along with myelination results in
reduced overall GM with increased WM (see Figure 2). Knowing
the influence of age-typical effects on brain, WM and GM vol-
umes and the fact that all three are in decline later in the
aging process (>6th decade of life) indicates their utility as neu-
roimaging markers of brain parenchymal health earlier in life.
Quantitative neuroimaging methods that measure volumetric
brain changes demonstrate these effects as shown in Figure 2. For
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FIGURE 2 | (A,B) These plots are from Ge et al. (2002) and reflect
different trajectories of white matter (WM) and gray matter (GM) over
the life-span. The percent of GM volume total brain (TBV) volume declines
with age whereas the percentage of WM to TBV shows and increase
followed by decline later in life. Note that the age at which an individual is
injured occurs not in a static brain, but rather in a brain that has
age-dependent changes occurring simultaneously with the age when injury
occurs. Reproduced with permission from The American Society of
Neuroradiology.

example, Ge et al. (2002) plotted the percentage of whole brain
WM and GM volume by age from approximately 10 through 90
years, as shown in Figure 2. Note that by mid-childhood GM
has already started to decrease, which in childhood is thought
to reflect normal neuronal pruning, all-the-while WM from
late childhood through early adulthood increases and does not
peak until early mid-adulthood but thereafter in decline just as
GM. Throughout childhood and adolescence TBV reflects several
dynamic phases of pruning, modeling and myelination but fol-
lowing peak development in adulthood thereafter a steady decline
in TBV occurs as shown in Figure 3, adapted from Hedman et al.
(2011). The Hedman et al. investigation examined 56 longitudi-
nal MRI studies involving 2211 subjects from four to 88 years
of age where they determined that after 35 years of age, a 0.2%
per annum volume loss occurred which accelerated to 0.5% per
annum after age 60.

Therefore, the early dynamic interplay between GM pruning
and increased WM connectivity underlies much of the early ebb-
and-flow of overall brain volume within the first three decades of
life (see Figures 2, 3). However, after stabilization around mid-
adulthood, brain volume follows an inexorable decline, which
is age dependent. In the developing healthy brain, maturational
changes may be measured as volumetric changes, including WM
volume; WM connectivity also can be measured with metrics such
as fractional anisotropy (FA) based on diffusion tensor imag-
ing (DTIL; Shi et al., 2012), MRI structural covariance functions
(Zielinski et al., 2010) and functional MRI (fMRI; Rubia, 2012).

Since intracranial volume peaks in mid-childhood, around 8
years of age, and basically remains invariant for the remainder
of life (Courchesne et al., 2000), any reduction in TBV is met
with increased cerebrospinal fluid (CSF) volume, where notably
increasing age results in a linear CSF increase (Inglese and Ge,
2004). Increased whole brain CSF with aging, disease or injury
is a reflection of cerebral atrophy (Driscoll et al., 2011). When a
significant TBI occurs with resulting volume loss from the injury
that injury occurs amidst a developmental backdrop of changing
TBV, ventricular and total CSF volume, WM and GM volumes at
the time of injury (Tasker, 2006).
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FIGURE 3 | Based on a meta-analysis Hedman et al. (2011) constructed
the following TBV plots over the life span from approximately age 4
through 90 years of age. A hypothetical TBI patient injured in their 20's
sustaining a volume loss of a 100 cc is depicted with the inference being
that although only chronologically a young adult, because of the brain loss,
the total reduction of TBV is similar to someone in their 7th decade of life
(downward arrow, X-axis). In other words, purely from a TBV perspective,
TBI accelerated brain volume loss. Reproduced with permission from Wiley.

Prospective, life-span neuroimaging studies on the effects of
TBI have not been done but inferences can be made from lon-
gitudinal and childhood developmental studies that have exam-
ined TBI patients in the chronic phase post-injury. In child TBI
the injury perturbs developmental trajectories which may never
return to their pre-injury trajectories (Tasker, 2006; Ewing-Cobbs
et al., 2008; Wu et al., 2010; Beauchamp et al., 2011). In adults,
any volume loss from brain injury is superimposed on what-
ever the age-typical volume loss would be, potentially resulting
in an acceleration of any age-mediated decline (Bigler, 2007b,
2009). For example, returning to Figure 3, if a typical 25-year-old
with a pre-injury TBV of 1350 cc (average adult brain volume)
lost 100 cc because of a severe TBI (thereby approximating the
volume loss for moderately-to-severely disabled individuals with
TBI from the Maxwell et al. (2010) study mentioned above) as
determined by quantitative neuroimaging several months post-
injury that 25-year-old individual would have a TBV equivalent
to a 65-year-old (note the point of intercept in Figure 3 and the
down-pointing arrow). Did the brain injury with a 100 cc volume
loss impose a 40+ aging effect on the brain in what should be a
25-year-old brain?

Figures 2, 3 are straightforward volumetric markers of brain
development, and while they reflect gross anatomy, there are
other neuroimaging biomarkers of both WM and GM integrity
more sensitive to microstructure and neuronal health that also
map onto these volume changes. Such changes show age-related
dynamic alterations in energy metabolism including magnetic
resonance spectroscopy findings (MRS), magnetization transfer
ratios that directly assess WM integrity along with DTI, and rest-
ing state fMRI or rs-fMRI (Inglese and Ge, 2004; Rosazza and
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Minati, 2011). DTI and rs-fMRI findings in normal development
and TBI are particularly important because these neuroimaging
tools provide techniques for more directly assessing brain con-
nectivity (Van Den Heuvel and Sporns, 2011; Irimia et al., 2012b).
How brain connectivity is either maintained, adapted to or dam-
aged is key to understanding the effects of TBI at any point in
the life span as well as normal aging and neurodegenerative disor-
ders (Liu et al., 2013; Steffener et al., 2012; Levin and Smith, 2013;
Pandit et al., 2013). Fortunately overall parenchymal volume pos-
itively correlates with DTI metrics, especially WM volume (see
Harrison et al., 2011, 2013) and thereby TBV and WM volumes
likely represent proxies that reflect brain connectivity. Based on
the age-dependent volume changes shown in Figures 2, 3, vol-
ume measures may be used as biomarkers of underlying brain
health, developmental stage and brain connectivity. Reductions in
brain volume from TBI would reflect reduced brain connectivity
(Palacios et al., 2012, 2013).

As already introduced, the VBR metric represents a sim-
ple neuroimaging measurement sensitive to brain parenchymal
volume loss as well as changes in CSF that relates to cognitive out-
come in TBI (Tate et al., 2011). As rendered from a volume acqui-
sition T1-weighted MRI, Figure 4 depicts a three-dimensional
surface appearance of the brain along with the cerebral ventri-
cles (in blue) in a healthy control compared to a TBI patient with
severe brain injury, global cerebral atrophy (note the prominence
of the cortical sulci and inter-hemispheric fissure) and increased
VBR. What is important about this image of the brain injured
patient shown in Figure 4 is that the TBI occurred when this indi-
vidual was 12 years of age and the MRI obtained approximately 2
years post-injury. So the distinctly visible atrophic brain is that of
a 14-year-old, but the degree of atrophy is similar to an individ-
ual seven or eight decades older. The advantage of using the VBR
metric is that it automatically adjusts for head size differences
due to height, body type and sex differences that influence head
and brain size (Lainhart et al., 2006). In typical developing indi-
viduals, because normal brain development fills the cranial vault
and ventricular size is minimal, VBR findings during childhood
are relatively constant after age six and remain so throughout
childhood, adolescence and early adulthood. Increases in VBR do
occur in normal aging that become overtly notable by middle age
but sharply increase after age 65. Chronic VBR changes reflec-
tive of generalized atrophy in TBI are directly proportional to the
severity of injury (Bigler et al., 2006; Wilde et al., 2006a; Ghosh
etal., 2009). Likewise, pathological increases in VBR are found in
neurodegenerative disorders (Bigler et al., 2004; Carmichael et al.,
2007; Olesen et al., 2011). The VBR in this child was calculated to
be 5.55, which in comparison to a “normal” aging VBR would not
have occurred until after the 8th decade of life. What will become
of this brain as it ages?

BRAIN VOLUME REDUCTIONS IN TBI

Presumably, as injury severity increases more numerous and
potentially widely distributed pathological effects occur through-
out the brain (Adams et al., 2011). This fact likely characterizes
the association between injury severity and reduced TBV as
reflected by increased VBR. Regardless of how severity is defined
(GCS, LOC or PTA) increased severity is associated with increased
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Control

FIGURE 4 | (Top) T1-weighted coronal images of a TBI patient on the
left and an age-matched control on the right, both young adolescent
males. Upper left-hand arrows point to a prominent interhemispheric
fissure and cortical sulci, reflective of whole brain volume loss and
generalized cerebral atrophy in the TBI patient. The lower arrow points to an
atrophic hippocampus and dilated temporal horn, bilaterally in the TBI
patient. (Middle) Dorsal view of a 3-D reconstruction of the ventricle in
shown in blue superimposed on the flesh-tone brain surface 3-D
reconstruction. Calculating whole brain volume and dividing it by total
ventricular volume and multiplying by 100 results in a ventricle-to-brain ratio
(VBR) of 5.565, which is markedly deviant from normal, which in typical
developing controls is generally in the range of 1.5 with a 0.5 standard
deviation [see Blatter et al. (1995) and Chang et al. (2005)]. The control
subject VBR was 1.45. Frontal view of the 3-D reconstructed brain
(Bottom) of the individual with TBI showing global frontal atrophy with
visibly larger cortical sulci compared to the age-match control subject on
the right, again reflective of generalized cerebral atrophy. Increased VBR
reflects this type of global brain volume loss, ventricular enlargement, gyral
shrinkage and sulcal enlargement.

www.frontiersin.org

cerebral atrophy (Bigler et al., 2006), where VBR may triple or
more in those with the most severe injury.

Examining VBR changes at different time points post-injury
provides insight into the more long-term neurodegenerative
effects from sustaining a brain injury. Blatter et al. (1997) exam-
ined in a cross-sectional sample VBR at different times post-
injury showing dynamic atrophic changes with VBR increases
more than 2 years post-injury. The steepest VBR increases post-
injury occurred by approximately 3 weeks clearly reflecting the
initial neuropathological effects of neuronal death and cellular
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phagocytosis that results in reduced TBV. However, VBR changes
continued to increase in this study beyond 2 years after injury.

Once trauma passes a pathological threshold, in vitro studies
show that the primary trauma-induced cell loss begins imme-
diately or within hours of injury depending on mechanism of
injury, injury severity and the type of induced pathological effects
(Cullen et al., 2011). However, as discussed by Bigler and Maxwell
(2012) there are any number of potential secondary pathological
pathways that could result in more long-term neurodegenera-
tive effects. Confirmation of these long-term effects comes from
other investigations as well. For example, Ng et al. (2008) first
quantified CSF volume at approximately 4.5 months post-injury,
long past the initial sub-acute time frame where Blatter et al.
and others (see also Gale et al., 1995) have shown the great-
est degree of degenerative change occurs from TBI, continued to
show volumetric differences out to 2.5 years post-injury. In severe
TBI these visible changes are readily viewed in the individual
patient by sequential neuroimaging studies as shown in Figure 5.
This patient sustained a severe TBI and while significant neu-
rodegenerative effects had occurred by one month post-injury,
visible changes progressed over the next 20 months based on scan
findings.

In terms of actual volume loss, Sidaros et al. (2009) exam-
ined a group of severe TBI patients at approximately 8 weeks

17-Months Post

20-Month Post

FIGURE 5 | This patient sustained a severe TBI as a consequence of a
fall. Note on the day of injury (DOI) the computed tomography (CT) scan
demonstrates the presence of a large epidural hematoma with brain
displacement. Repeat scanning was performed at 1-month (CT scan), 17
(CT scan) and 20 months (MRI) post-injury. For the CT scans in the middle
and bottom rows the coronal sections shown are based on re-sampled axial
images with degradation in image resolution but sufficient to depict
ventricular changes over time. Note how in the DOI scan the temporal horn
is basically undetectable from parenchymal shift from the epidural as well
as edema but clearly visible and dilated by 1-Month (white arrow) which
increases by 17-months and even more prominent by 20 months as shown
in the MRI findings. The bottom coronal images clearly depict increasing
dilation of the anterior horns of the lateral ventricular system reflecting
brain parenchymal volume loss that progresses from DOI through
20-months post-injury. Note at 1 month the patient still has missing
bone-flap from the original craniotomy to treat a contra coup hemorrhagic
contusion and subdural hematoma.
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post-injury and then again at 12 months. In comparison to con-
trols TBV was reduced by approximately 8.4% within this initial
2-month post-injury timeframe; however, using the patient’s 2-
month post-acute MRI as the baseline, by 12 months post-injury
an additional overall 4% volume loss occurred (range from —0.6
to —9.4%). Translating this into actual brain parenchymal tis-
sue loss (refer to Figure 3 again), in the typical 1350 cc brain,
moderate-to-severe TBI would result on average in more than a
100 cc loss of brain parenchyma. Accordingly, the example given
in Figure 3 actually does reflect a type of reduction in TBV that
would occur in the typical young adult sustaining a severe TBI.

From the above discussion of brain volume loss, returning to
the Hedman et al. (2011) investigation, given their report of a 0.2—
0.5% per annum whole brain volume loss, if severe TBI results in
a ~10% volume reduction this far exceeds any per annum “nor-
mal” volume loss. In fact that would induce a volume loss that
in normal aging would have taken decades to achieve. In adult-
hood, depending on the age at the time of injury, such a volume
loss likely adds to the aging burden on the brain and may accel-
erate age-effects by several decades. Although overly simplistic,
the argument can be made that this volume loss is registered
against whatever brain reserve capacity might have been present
at the time of the original TBI (Bigler, 2007b), predisposing the
individual with TBI to age-mediated neuropsychiatric and neu-
rodegenerative disorders (Bigler, 2009). Traumatic-induced TBV
reductions that occur within the first few months post-injury
likely occur as a direct effect of the initial pathological response
but more long-term TBV reductions would also reflect potential
complex interactive age, neuroinflammation and neurodegenera-
tive effects (Amor et al., 2010; Johnson et al., 2013).

In the longest follow-up TBI study to date involving struc-
tural neuroimaging, Tomaiuolo et al. (2012) compared patients at
one and then 8 years post-injury. Figure 6 from that study shows
progressive changes in the corpus callosum, clearly implicating
that further WM degeneration occurs long after the initial active
pathological changes within the acute and sub-acute timeframe.
Within a year post-injury, as also clearly visible in Figure 6, the
corpus callosum goes through an initial loss of tracts and overall
significant size reduction compared to an age-matched non-TBI
control. For comparison, Figure 6, at the bottom, also shows nor-
mal appearance of DTI-derived fiber tracts involving the corpus
callosum and the distinct loss of tracts that may occur in TBI
taken from the study by Wilde et al. (2006a). The initial changes
within the corpus callosum would mostly be attributable to the
acute/sub-acute neuropathological effects including cell death
and Wallerian degeneration of WM tracts. However, as shown in
the Tomaiuolo et al. study, the continuation of WM degenera-
tive changes from one out to eight years post-injury—as reflected
in the continued reduction of the corpus callosum—could not
be explained by the initial acute/sub-acute effects and implicates
more long-term neurodegenerative sequelae. Tomaiuolo et al.
also examined the volume of the hippocampus which interest-
ingly, although significantly smaller than controls in the TBI
subjects, did not show additional volume loss out to 8 years
post-injury. Such findings are consistent with the progressive yet
selective damaging effects of TBI on WM, including long-term
neurodegenerative effects which will be discussed next.
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FIGURE 6 | (TOP) Mid-sagittal section through the corpus callosum
showing initial atrophy 1-year from TBI, but increasing atrophy within
this WM structure expressed over the next 8 years, indicating late
neurodegenerative effects on WM. Images reproduced with permission
from Tomaiuolo et al. (2012) and Elsevier Science. (BOTTOM) Corpus
callosum tractography extracted from DTl in a control, compared to a child
with severe TBI. The mid-sagittal MRI shows gross thinning of the posterior
corpus callosum (dark arrow) but DTl actually demonstrates that this
reduced area actually has regions of no DTl-identifiable aggregate WM
tracts. Adapted from Wilde et al. (2006b) used with permission from Mary
Ann Liebert Publishing.

The vulnerability of the corpus callosum in TBI is of par-
ticular interest, because some of the greatest shear/strain effects
from trauma occur within the corpus callosum (McAllister
et al., 2012; Rowson et al, 2012) and reductions in the
size and/or integrity of the corpus callosum, even in mild
TBI is well-documented (Aoki et al., 2012). The Tomaiuolo
et al. (2012) study demonstrates that whatever initial trau-
matic effects there are on WM, damage to corpus callosum
tracts may progress long after the injury, reflected as corpus
callosum volume loss and atrophic changes (see also Tasker,
2006). Furthermore, Galanaud et al. (2012) show that patholog-
ical findings on DTI 1 year post-injury predict poor outcome
from severe TBI. Interestingly, as already mentioned, Tomaiuolo
et al. did not observe progressive changes in the hippocam-
pus. It is very likely that different regions will have different
resiliencies and/or vulnerabilities to the effects of injury and
aging.

For example, progressive changes in the corpus callosum,
long after injury, implicate active degenerative effects that are
probably more than just age-mediated degenerative changes spe-
cific to WM (Farbota et al,, 2012). Given the sensitivity of
the DTI technique to detect abnormalities of myelin integrity
and gliosis from TBI (Budde et al., 2011; Budde and Frank,
2012), DTI studies of abnormal WM in TBI should be able
to document progressive degenerative changes in inter- and
intra-hemispheric pathways (see Kim et al., 2008) when prospec-
tively done.
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WHITE MATTER VULNERABILITY, DIMINISHED BRAIN
CONNECTIVITY OF TBI AND CHANGES OVER TIME

While hemispheric interconnectivity occurs across the corpus cal-
losum, large intra-hemispheric fasciculi connect multiple regions
within each hemisphere and likewise, there are long-coursing
WM tracts integrating the brainstem and cerebellum with subcor-
tical nuclei and the cerebrum. Shorter U-fibers connect adjacent
gyral regions. The previously mentioned study by Bendlin et al.,
2008 examined TBI patients (GCS of 13 or below) at 2 months
post-injury and followed for more than 1 year post-injury show-
ing longitudinal differences occurred not just within the corpus
callosum, but also involving long white matter tracts as well as
more short U-fibers. Follow-up with this same cohort out to 4
years post-injury has shown that the degeneration continues years
post injury (Farbota et al., 2012). Wang et al. (2011) examined
TBI patients earlier in their course of injury (from day-of-injury
to within 9 days) and as with Bendlin et al. they followed-up
within 14 months post injury and likewise documented ongoing
degeneration. Thus, progressive WM degradation has now been
documented that extends well into the chronic phase of having
sustained a TBI (see also Sidaros et al., 2008, 2009) and Palacios
etal. (2012, 2013).

Probably the most salient clinical effect of WM vulnerabil-
ity is the loss of overall brain connectivity that occurs with TBI
(Bonnelle et al., 2012; Caeyenberghs et al., 2012; Irimia et al.,
2012a; Palacios et al., 2012). Caeyenberghs et al. (2012) not
only showed the presence of disrupted WM integrity in TBI but
that this disruption results in diminished cognitive control in
those with brain injury. Furthermore, Wang et al. (2011) demon-
strated that WM abnormalities both acutely and chronically were
predictive of outcome.

The degree of WM integrity inferred directly or indirectly has
been the focus of numerous studies in aging and dementia. Given
improvements in image quantification the degree of WM lesion
burden in the elderly individual is associated with increased levels
of dementia and in those where changes in WM are quantified
over time, the degree of WM burden predicts transition from
mild cognitive impairment (MCI) to Alzheimer’s disease (Carlson
et al., 2008; Price et al., 2012; Silbert et al., 2012). Silbert et al.
(2012), in a longitudinal, prospective neuroimaging study that
measured WM volume as well as CSE, identified WM changes
10 years prior to MCI onset. Silbert et al. concluded that “accel-
eration in WM burden, a common indicator of cerebrovascular
disease in the elderly, is a pathological change that emerges early
in the presymptomatic phase leading to MCI (p. 741).” In the
Silbert et al. investigation, they began neuroimaging studies at
age 70, but if the change from 70 to 80 predicts who converts to
MCI, what does this mean if baseline WM burden has already
been compromised in a TBI patient injured at a much younger
age? Figure 7 shows WM burden in terms of the fluid attenuated
inversion recovery or FLAIR signal abnormality and susceptibil-
ity weighted imaging (SWI) sequences in TBI patients only one of
whom is an adult.

FRONTOTEMPOROLIMBIC LOCUS OF DAMAGE FROM TBI

McAllister (2011) reviews the neuropathological as well as neu-
roimaging studies that demonstrate a frontotemporolimbic locus
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TBI and White Matter Lesion Burden - Hyperintensities

Moderate Severe

TBI and White Matter Lesion Burden - Hemosiderin

FIGURE 7 | TOP: Fluid attenuated inversion recovery (FLAIR) sequence
in three traumatic brain injury (TBI) cases depicting different levels of
white matter burden. (Left) a child with mild TBI (mTBI) indicating a
solitary, focal white matter hyperintensity (WMH). (Middle) a 62-year-old
male with a severe TBI with no white matter abnormalities noted on
admission CT. Patient had a GCS of 7 prior to intubation, meeting criteria for
severe TBI (Right) 17-yearold injured 2 years prior with an admission GCS
of 3. Note the prominent and extensive WMHSs widely distributed.
BOTTOM: The middle and right hand subjects are the same as above, but
subject on the left side is a different child with a mild TBI, who did not have
a WMH, but did show hemosiderin in the corpus callosum (arrow). Note
that both patients with severe injury have some generalized atrophy and
ventricular dilation as a reflection of generalized brain volume loss as a
consequence of severe TBI along with multiple hemosiderin deposits.

of injury from TBI. Anatomically, Bigler (2007a, 2008) has shown
that because of the location of the cranial fossa and dura mater,
trauma induced movement of the frontal and temporal lobes cre-
ates a mechanical vulnerability for damage to frontotemporolim-
bic regions of the brain following trauma. Brain deformations
involving these structures, in turn increases the likelihood for
focal pathology including surface contusions in these regions.
Additionally, because of a unique confluence of major WM fas-
ciculi that course through key brain regions in conjunction with
network hubs and nodes involving frontotemporolimbic cir-
cuitry, even small but strategic WM lesions may have dramatic
effects in TBI (Bigler et al., 2010).

The hippocampus has long been recognized as a fundamen-
tal limbic system structure. Hippocampal atrophy is a com-
mon finding in TBI (Bigler and Maxwell, 2011). As shown in
Figures 3, 4, marked bilateral hippocampal atrophy may occur
in severe TBI. The selective damage to the hippocampus in TBI
is in part related to its positioning within the medial tempo-
ral lobe and the above mentioned biomechanical vulnerability
of the medial temporal lobe to compression injury, but there
are also intrinsic excitotoxic, neurotransmitter and metabolic fac-
tors specific to the hippocampus that predispose it to injury as
well (see Diaz-Arrastia et al., 2009). Controlled animal experi-
ments show that the hippocampus is particularly sensitive to the
effects of trauma, even in mild TBI (Chen et al., 2012), with pro-
gressive neuronal death and hippocampal atrophy beyond the
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acute/sub-acute timeframe (Smith et al., 1997; Immonen et al.,
2009). Additionally, given its high metabolic demands combined
with over-expression of excitotoxic effects, greater hippocam-
pal damage in TBI is often the outcome (Deng and Xu, 2011;
Marquez de la Plata et al., 2011). In children, Wilde et al. (2006b)
have shown that hippocampal volume loss from TBI was pro-
portionally the greatest in comparison to all other brain regions
examined.

Hippocampal and medial temporal lobe pathology plays a
role in many neuropsychiatric and neurodegenerative disorders.
For example, obvious pathological changes within the hippocam-
pal formation occur in Alzheimer’s disease and related demen-
tias, associated with the memory impairments observed in these
disorders (Hodges, 2012). Some level of hippocampal pathol-
ogy is thought to contribute to major depression that occurs
late in life, which also may relate to mild cognitive impair-
ment (MCIL; Morra et al.,, 2009). Additionally, a very complex
interplay exists between TBV, aging and hippocampal volume
and the transitions from healthy aging to MCI, and from MCI
to frank dementia (Apostolova et al., 2012). Successful “aging”
of the hippocampal complex and its multimodal efferent and
afferent connections is considered a key element of brain plas-
ticity with advancing age (Goh and Park, 2009). Oppositely,
any injury to the hippocampus or its afferent/efferent connec-
tions such as from TBI likely adds to or advances the aging
burden.

Lastly, when the limbic system is viewed in its entirety, it
is a complex, highly interconnected system dependent on the
integrity of numerous WM pathways. While the hippocampus
is central to limbic system integrity, note that functional hip-
pocampal disruption in TBI may occur by lesions quite distal to
the hippocampus but occurring within other structures or limbic
pathways that either input or output the hippocampus. For exam-
ple, Wilde et al. (2010) have shown the vulnerability of frontal
projections from the anterior cingulum in TBI. Such pathological
changes would be a minimum of three synaptic connections from
the hippocampus, and while the axonal injury may be specific
to the cingulum bundle, it potentially would have some similar
effects as if the damage actually had occurred in the hippocampus
since part of hippocampal output to frontal cortex projects via the
anterior cingulum. More directly, the fornix is vulnerable in TBI
(Yallampalli et al., 2013), thereby disrupting the direct output of
the hippocampus. Because of the interdependence of the limbic
network on each of its constituent parts, intactness at one level
does not insure that transfer of information occurs at another.
Because of the increased likelihood of hippocampal damage in
TBI, even minimal hippocampal damage could be highly disrup-
tive to limbic connectivity and overtime, add to the burden of age
effects.

AGING, TBI AND NEURODEGENERATIVE DISORDERS

At the beginning of this discussion it was shown that whole-
brain volume is age-dependent, which over time, even in the
healthy individual declines. Brain atrophy outside the parameters
of that related to normal aging is associated with a host of dis-
ease processes and potential adverse age-mediated genetic factors.
As such, any environmental condition, such as a TBI that has the
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potential to influence brain volume loss likely adds to the disease
burden that accompanies reduced brain volume during the nor-
mal aging process. This is graphically depicted in Figure 8 when
the 14-year-old atrophic brain from a severe TBI is compared
side-by-side with the MRI findings from an 86-year-old patient
with Alzheimer’s disease.

The initial, direct effect of brain injury induces neuroinflam-
matory reactions that may set the stage for long-term neuroin-
flammatory effects and neurodegeneration (see Ramlackhansingh
et al.,, 2011; Johnson et al., 2013). The initial direct neurode-
generative changes that occur following TBI are manifested by
significant brain atrophy that occurs within the first 6 months
post-injury (Gale et al., 1995). While these effects can be
accounted for by acute/sub-acute injury mechanisms and their
pathological consequences, given the above observations, neu-
roinflammatory and neurodegenerative processes may extend for
years beyond the initial post-injury injury time frame in the TBI
patient. These more chronic effects do set the stage for impor-
tant interactions that occur between the age at the time of injury,
aging and age-related vulnerabilities, to later in life neuropsychi-
atric and progressive neurodegenerative disorders indicating that
the lesion in TBI may be much more dynamic (Bigler, 2013). The
frontotemporolimbic locus of where TBI induced degenerative

86 Year Old with
Probable Alzheimer’s

14 Year Old
Healthy Control

14 year old with
Severe TBI

FIGURE 8 | (Top) T1-weighted coronal images approximately at the
same level showing hippocampal atrophy in the 86-year-old patient
with a clinical diagnosis of Alzheimer’s disease and the 14-year-old
patient with severe traumatic brain injury (TBI). Note compared to the
control coronal image on the right, both the TBI case and the Alzheimer’s
exhibit hippocampal atrophy, ventricular dilation and sulcal widening.
(Bottom) All images are 3-D renderings from volume acquisition magnetic
resonance imaging (MRI) depicting the dorsal view of the brain in each
subject described above. Note the similarity of the diffuse pattern of
atrophic change that has occurred in both the patient with Alzheimer's
disease and the adolescent who survived severe TBI. Clearly, the elderly
patient with Alzheimer's has more severe atrophy but nonetheless the
atrophy in the TBI adolescent is substantial, especially when compared to
the typical developing adolescent control. Note: The patient with
Alzheimer's disease is taken from Jacobson et al. (2009); this patient’s
clinical findings, including additional neuroimaging and neuropsychological
details are described in that publication. Reproduced with permission from
John Wiley and Sons.
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changes are most likely to occur in the brain, has a most inter-
esting overlap with brain areas observed in older individuals with
increased risk for a variety of age-related neurological and neu-
ropsychiatric disorders. Two examples are given that demonstrate
this overlap. Sperling et al. (2011) review the pre-clinical stages
of Alzheimer’s disease in relationship to key biomarkers that,
overtime, increase the likelihood for developing dementia.

As in the Jack et al. (2013) review, each of the biomarkers
associated with the development of Alzheimer’s disease, is also
associated with biomarkers relevant to TBI; in particular, the
deposition of the amyloid-beta (Af), neuroimaging based find-
ings of pathology and presence of cognitive impairment. AB, tau
pathologies, reduced brain volume, and impaired memory are
all part of the pathological and clinical picture of TBI and age-
associated degenerative diseases (Smith et al., 1999; Emmerling
et al., 2000; Ikonomovic et al., 2004; Dekosky et al., 2010), creat-
ing the potential association between TBI and Alzheimer’s disease
and related dementias (Sivanandam and Thakur, 2012). In the
Jack et al. review, two individuals are shown at the identical time-
point—one with low risk for developing dementia, the other with
high risk, for example, a prior history of TBI. Given the associ-
ations reviewed above, if the high risk individual were someone
with a significant TBI who has recovered to some pre-injury base-
line, yet had increased burden because of brain atrophy, mildly
reduced cognitive ability and various biomarkers of neuronal
injury, given this model the TBI individual would be at higher
risk for developing dementia.

Smith (2013) reviewed the long-term consequences of
microglial activation associated with TBI and summarized the
potential findings as shown in Figure9. This diagram uses the
cognitive reserve hypothesis (see Bigler, 2007b) that assumes an
inexorable yet normal decline in function with age. Although the
brain adapts when injured except in cases of severe catastrophic
injuries, the individual may never return to baseline and then as
depicted in the illustration the adverse effects may be either syn-
ergistic or additive. Regardless of the mechanism, having a brain
injury shortens the time for when the dementia threshold would
be achieved.

A second example comes from the review by Bozzali et al.
(2008) on regional and global atrophy that accompanies cognitive
decline in degenerative disease, its frontotemporolimbic distribu-
tion and a more direct link between having sustained TBI earlier
in life and developing a dementing illness (Plassman et al., 2000;
Magnoni and Brody, 2010; Esiri and Chance, 2012; Sivanandam
and Thakur, 2012; Wang et al., 2012). The implication from these
studies and reviews is that overlapping trauma-induced neurode-
generative effects occur within the same frontotemporolimbic
areas associated with age-related neurodegenerative disorders.
This association between TBI and later onset of dementia may
also relate to the selective WM damage that occurs with TBI and
the role that WM pathology plays in the expression of dementia
via a breakdown in neural connectivity and networks (Carmichael
and Salloway, 2012; Shively et al., 2012; Weinstein et al., 2013).

The above discussion focused mostly on a single event,
moderate-to-severe TBI, but since mild TBI (mTBI) consti-
tutes the majority of injuries, if mTBI contributes adversely to
the aging process, this could be a major public health concern
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Cognitive reserve

Loss of functional reserve
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FIGURE 9 | A graphical representation of a postulated cognitive
reserve and how head injury may increase the risk of cognitive
decline. The broken green line (1) represents the “normal” situation.
There is loss of cognitive function with aging until a threshold point is
crossed (broken red line) resulting clinically in dementia. After an episode
of traumatic brain injury there is a significant decline in cognitive function
which recovers, the degree of recovery being dependent on the severity of

the head injury. Recovery is, however, not complete resulting in a loss of
functional reserve. After this point cognitive decline may be as for normal
ageing [broken blue line (2)] with the dementia threshold being crossed
earlier due to loss of functional reserve, or there may be a continued
synergistic effect of mechanisms initiated by the head injury which
accelerates cognitive decline [broken purple line (3)]. Reproduced with
permission from John Wiley and Sons and Smith (2013).

(Bazarian et al., 2009). Similarly, multiple concussions or mTBIs
are commonplace in some sports (Harmon et al., 2013). Chronic
traumatic encephalopathy (CTE) has been demonstrated in ath-
letes with repetitive blows to the head (Victoroff, 2013), yet not
necessarily meeting criteria for a clinically diagnosed concussion
(McKee et al., 2012). In the largest post-mortem study to date of
85 individuals with CTE, McKee and colleagues have shown that
CTE, while it may in some cases be the solitary neuropathologi-
cal diagnosis, CTE was also associated with cases of Alzheimer’s
disease, Lewy body disease, frontotemporal lobar degeneration
and motor neuron disease. In a subset of American National
Football League players who had sustained concussions while
playing found that CTE was associated with increased duration of
football play and age at time of death. This observation suggests
incubation and interactive effect of the prior injury with time
and aging effects. McKee et al. (2012) conclude that the associa-
tion of CTE “. .. with other neurodegenerative disorders suggests
that repetitive brain trauma and hyperphosphorylated tau protein
deposition promote the accumulation of other abnormally aggre-
gated proteins including TAR DNA-binding protein 43, amyloid
beta protein and alpha-synuclein (p. 43).” Dementia pugilistica
has been diagnosed in as high as 20% of retired boxers and may
have its onset long after the last boxing match (Kokjohn et al.,
2013).

Lehman et al. (2012) found in retired National Football League
(NFL) players, a rate of death associated with a neurodegener-
ative disorder 3 times higher than the general U.S. population.
Hart et al. (2013) have also shown in aging, retired NFL players
that WM pathology in DTT analyses is related to cognitive dys-
function and depression. While the Plassman et al. (2000) study
(which verified presence of TBI in the medical record) reported
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a positive relationship between prior brain injury and develop-
ment of dementia, some studies that include self-report of prior
TBI do not (Dams-O’Connor et al., 2012). The issue is likely com-
plicated because in the Plassman et al. study, when the mild TBI
subjects were assessed independently, as a group they did not
have a significantly increased hazard ratio for developing demen-
tia. Returning to the model offered by Jack et al. (2013) and
shown in Figure 8, those within the mild end of the TBI spec-
trum with a single head injury would likely have the least risk.
Since mTBI constitutes the majority of those with brain injury,
the high presence of mTBI with potentially minimal risk factors
may be an explanation why some studies do not find an asso-
ciation. Using a retrospective cohort design with documented
TBI, Wang et al. (2012) did demonstrate an increased risk for
dementia. Sayed et al. (2013) examined a large cohort of individu-
als with TBI from the National Alzheimer’s Coordinating Center
Uniform Data set and observed that those with chronic cogni-
tive deficit were those who met criteria for developing dementia.
The Sayed et al. study may show that TBI alone may be insuffi-
cient to develop dementia, but TBI plus risk factors as outlined
in Figure 9, reproduced from Smith (2013), such as residual cog-
nitive impairment may be the combination needed for the tran-
sition from recovered but not demented to developing dementia
post-injury.

Currently, all of the degenerative disorders including CTE
require post-mortem confirmation, but ante-mortem neu-
roimaging studies may provide important insights into how
brain injury interacts with the aging process and the devel-
opment of late neuropathological sequelae. Koerte et al.
(2012a,b) have shown DTI changes in athletes, even without
symptomatic concussion. What it means to have abnormal
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DTI findings in the athlete with a history of concussive or
sub-concussive blows to the head is not known at this time, but
raises the specter of potential later-in-life reduced brain reserve
capacity and increased vulnerability for neuropsychiatric disorder
(Bigler et al., 2013).

Recently, Bailey et al. (2012) demonstrated in relatively young
professional boxers (~28 years of age) that impaired cerebral
hemodynamic function related to history and intensity of spar-
ring and reduced neuropsychological performance. More than
three decades after their last concussion, Tremblay et al. (2013)
examined athletes with a history of prior concussion compared
to those without. Athletes with prior concussions had abnor-
mally enlarged ventricular size, cortical thinning in regions more
vulnerable to the aging process and diminished episodic mem-
ory and verbal fluency compared to age matched athletes with-
out prior history of concussion, yet demographically matched.
Gardner et al. (2012) review the literature on sport-related con-
cussions and DTI showing residuals in terms of WM damage
even in this mild end of the TBI spectrum. In a within-subject
prospective design, Toth et al. (2013) have shown a statistically
significant subtle loss of brain volume by 1 month post injury
in mTBI, where TBV was reduced by 1% and ventricular vol-
ume increased by 3.4%. However, without pre-injury baseline
imaging, what role inflammation may have played in this is not
known. These observations indicate that even mild injuries have
the potential to initiate a cascade of neuropathological events that
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INTRODUCTION

Background: Moderate-severe traumatic brain injury (TBI) is increasingly being
understood as a progressive disorder, with growing evidence of reduced brain volume
and white matter (WM) integrity as well as lesion expansion in the chronic phases of
injury. The scale of these losses has yet to be investigated, and pattern of change across
structures has received limited attention.

Objectives: (1) To measure the percentage of patients in our TBI sample showing
atrophy from 5 to 20 months post-injury in the whole brain and in structures with known
vulnerability to acute TBI, and (2) To examine relative vulnerability and patterns of volume
loss across structures.

Methods: Fifty-six TBI patients [complicated mild to severe, with mean Glasgow
Coma Scale (GCS) in severe range] underwent MRI at, on average, 5 and 20 months
post-injury; 12 healthy controls underwent MRI twice, with a mean gap between scans
of 25.4 months. Mean monthly percent volume change was computed for whole brain
(ventricle-to-brain ratio; VBR), corpus callosum (CC), and right and left hippocampi (HPC).

Results: (1) Using a threshold of 2 z-scores below controls, 96% of patients showed
atrophy across time points in at least one region; 75% showed atrophy in at least 3
of the 4 regions measured. (2) There were no significant differences in the proportion
of patients who showed atrophy across structures. For those showing decline in VBR,
there was a significant association with both the CC and the right HPC (P < 0.05 for both
comparisons). There were also significant associations between those showing decline in
(i) right and left HPC (P < 0.05); (i) all combinations of genu, body and splenium of the CC
(P < 0.05), and (iii) head and tail of the right HPC (P < 0.05 all sub-structure comparisons).

Conclusions: Atrophy in chronic TBI is robust, and the CC, right HPC and left HPC appear
equally vulnerable. Significant associations between the right and left HPC, and within
substructures of the CC and right HPC, raise the possibility of common mechanisms
for these regions, including transneuronal degeneration. Given the 96% incidence rate
of atrophy, a genetic explanation is unlikely to explain all findings. Multiple and possibly
synergistic mechanisms may explain findings. Atrophy has been associated with poorer
functional outcomes, but recent findings suggest there is potential to offset this. A better,
understanding of the underlying mechanisms could permit targeted therapy enabling
better long-term outcomes.

Keywords: atrophy, chronic, degeneration, traumatic brain injury, progression, MRI

the ensuing months (Ruff et al., 1991) and years (Millis et al.,

Traumatic brain injury (TBI) is increasingly being understood as
a chronic and possibly progressive disease, rather than an injury
with a circumscribed period of recovery and a static course there-
after (Ng et al., 2008; Masel and Dewitt, 2010; Bigler, 2013a).
Evidence is accumulating from several laboratories including
our own that following early cognitive recovery, many patients
show statistically and clinically significant cognitive decline in

2001; Till et al., 2008). We and others have also demonstrated
that the brain’s structure is not static after resolution of acute
injuries, with TBI patients showing volume loss and reduced
white matter (WM) integrity during the sub-acute and chronic
stages of injury (Bendlin et al., 2008; Greenberg et al., 2008;
Ng et al., 2008; Sidaros et al., 2009; Farbota et al., 2012; Adnan
et al., 2013). Given that such atrophy is observed in some studies
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well after the resolution of acute events (Greenberg et al., 2008;
Ng et al., 2008; Ross et al., 2012), and that sub-acute structural
deterioration has been correlated with functional and behav-
ioral outcomes (Bendlin et al., 2008; Sidaros et al., 2009), these
changes cannot be attributed simply to encephalomalacia (i.e.,
scar formation associated with gliosis) or to resolution of edema.
The evidence is thus supportive of a progressive neuropathol-
ogy, possible mechanisms of which have been recently reviewed
(Smith et al., 2013).

This very different course of TBI than has been traditionally
assumed has clinical and scientific implications for how we under-
stand and treat TBI patients, in both the short and longer term.
Therefore, it is important to gain an understanding of the scale
of atrophy: What proportion of TBI patients demonstrates pro-
gressive loss of brain volume? Previous studies have demonstrated
group differences in atrophy and/or WM integrity loss between
TBI patients and controls. What has yet to be investigated is the
actual prevalence of patients who show decline, and moreover,
who do so at what might be considered a clinically significant
degree. Such information is needed to understand whether it is
a subset of TBI patients who are at risk of degeneration or the
majority. While atrophy in a subset would direct researchers (and
clinicians) to evaluate risk factors for degeneration; ubiquitous
atrophy would suggest that TBI itself is a degenerative disorder.
The central aim of this study, therefore, was to begin to shed light
on this question of scale.

To address the question, we undertook volumetric MRI mea-
surements in TBI patients at approximately 5 and 20 months
post-injury and compared the extent of volume loss across
time for each patient to a normative control sample, also
measured at two time points. We called patients showing sig-
nificant volume loss “decliners.” In both samples, we exam-
ined the whole brain using ventricle-to-brain ratio (VBR), as
well as the hippocampi and corpus callosum (CC) and their
sub-structures, areas with demonstrated vulnerability to the
acute mechanical and neurochemical effects of injury (e.g.,
axonal deformation, hypoxia, excitotoxic cascades Povlishock
and Katz, 2005). Our cohort ranged in severity from compli-
cated mild to severe, but was overall a severely injured group of
patients.

With regard to prediction of the scale of atrophy, in a previous
study in which we examined lesion expansion, we found that in
our sample of 14 patients, 10 showed lesion expansion across time
within the chronic stages of injury (Ng et al., 2008). We there-
fore predicted that at least half of our sample in the current study
would show significant volume loss on at least one measure.

We were also interested in the relative vulnerability of the
individual structures and sub-structures, and in their pattern of
deterioration. With regard to relative vulnerability, we measured
the number of decliners (i.e., people who showed atrophy across
time points as compared to normative controls) for each struc-
ture in order to ascertain whether one structure showed a greater
frequency of decliners than another structure.

We speculated that those regions most vulnerable to acute
injury would show the greatest chronic atrophy. This is because
of growing evidence that while “use” increases brain (and in par-
ticular hippocampal) volume (Draganski et al., 2006; Maguire

et al., 2006), “disuse” mediates volume loss (Underwood and
Coulson, 2008; Miller et al., 2013). Therefore, we reasoned that
regions most susceptible to initial damage, should sustain greater
disuse, and therefore greater later atrophy. Both the CC and
the hippocampi are commonly affected in TBI, especially when
rotational forces are involved. In one study in children, the hip-
pocampus was identified as the most vulnerable structure to TBI
(Wilde et al., 2006), and it is vulnerable to acute phase dam-
age from a variety of mechanisms, (e.g., mechanical deformation,
hypoxic/excitotoxic injury, afferent and efferent disconnection of
projections, and compromised neurogenesis Greer et al., 2012).
The hippocampal head has been shown to be disproportion-
ately vulnerable, as compared to the body and tail (Ariza et al.,
2006). We therefore predicted that more individuals would show
chronic degeneration in the hippocampal head than any other
structure/sub-structure examined.

With regard to the pattern of deterioration, we asked whether
the volumes of those regions measured in the study shrink com-
mensurately with one another, and whether their sub-regions
would shrink commensurately. In other words, did individu-
als who showed atrophy on one structure, also necessarily show
atrophy on another?

In our previous research into sub-acute cognitive decline (Till
et al., 2008), we observed marked variability in the cognitive
and psychomotor functions that showed decline from 12 to 24
months post-injury, both within and between subjects. This sug-
gested that atrophy might not have a predictable pattern. On this
basis, we predicted that decline in one region would not be asso-
ciated with decline in another, although we expected VBR—as an
index that subsumes all other structures—to be associated with
the hippocampi and CC.

MATERIALS AND METHODS

All participants gave their informed consent, except where par-
ticipants were clinically judged as unable to provide informed
consent; here, a substitute decision maker provided informed
consent. In such cases, all patients gave their assent to partici-
pate. The study was approved by the Research Ethics Board of the
Toronto Rehabiltation Institute where the research took place

PARTICIPANTS

TBI Patient group

Patient participants were 56 males and females with clinically
confirmed TBI. See Table 1 for injury and demographic charac-
teristics of the sample, which were ascertained through medical
records, clinical interview and direct testing. Overall, this was a
typical group of adult TBI patients with more males than females,
more motor-vehicle accidents than other causes of injury, esti-
mated pre-morbid IQ (as measured by the Wechsler Test of Adult
Reading (WTAR) Weschler, 2001; Green et al., 2008) in the aver-
age range, and just over high-school education. TBI severity for
participants was based on the lowest Glasgow Coma Scale (GCS)
score obtained from the acute care medical chart, where GCS
was available and valid, or from length of post-traumatic amne-
sia (PTA), which was obtained from medical records and/or from
clinical interview with the patient and family members at approx-
imately 2 months post-injury. PTA classifications were based on
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Table 1| Injury and demographic characteristics of TBl sample
(N = 56).

Variable Proportion/mean SD (range)
Age (years) M = 40.16 16.63 (17-73)
Education (years) M =13.63 3.36 (6-21)
Estimated pre-morbid 1Q (WTAR) M = 98.45 18.26 (67-125)
(N =51)

Sex 73% = male

27% = female

SOCIO-ECONOMIC STATUS (BASED ON HOLLINGSHEAD
CLASSIFICATION Hollingshead and Redlich, 1958)

1. Major business/professional 3.8%
2. Medium business/minor 41.5%
professional, technical

3. Skilled craftsperson, clerical, 17%
sales worker

4. Machine operator, semiskilled 18.9%
worker

5. Unskilled laborer, menial 18.9%
service worker

TYPE OF INJURY

Motor vehicle accident 571%
Fall 375%
Assault 3.6%
Sports injury 1.8%
SEVERITY OF INJURY VARIABLES

Acute care length of stay (days) M = 37.44days 20.01 (5-98)
GCS (lowest of recorded scores) M =6.19 3.42(3-13)
Mild (13-15) 10.7
Moderate (9-12) 5.4%
Severe (<8) 69.6%
Missing data 14.3%
LENGTH OF POST-TRAUMATIC AMNESIA

Less then 5 min, very mild 3.6%
1-24 h, moderate 1.8%
1-7 days, severe 21.4%
1-4 weeks, very severe 44.6%
>4 weeks, extremely severe 23.2%
Missing data 5.4%

Lezak (2004). As indicated in Table 1, patients ranged in severity
from complicated mild to severe or greater, with mean TBI
severity based on GCS in the severe range (M = 6.2).

All patient participants were recruited at a large, urban rehabil-
itation teaching hospital in Toronto from the in-patient Acquired
Brain Injury service. The patients were part of an ongoing,
prospective study on recovery from TBI (The Toronto Rehab
Traumatic Brain Injury Recovery Study), which includes cognitive,
motor, and neuro-imaging assessments at multiple time points.
Inclusion criteria for the larger study comprise: clinically con-
firmed TBI with central (as opposed to orthopedic) injuries severe
enough to warrant in-patient neurorehabilitation; out of PTA by
3 months post-injury; aged between 17 and 75; able to use at least
one upper extremity; and, functional command of English. An

additional inclusion criterion for the present study was comple-
tion of two or more MRIs. Exclusion criteria for the larger study
include: past history of TBI; history of psychotic or neurologi-
cal illness; and, TBI sustained secondary to another neurological
event (e.g., a stroke). An additional exclusion criterion for the
current study was an intervening neurological event between
the first and follow-up MRI with the potential to influence the
structural status of the brain (e.g., another TBI or intra-cranial
infection).

Healthy control group

Twelve healthy adult control participants were recruited to the
current study. These individuals were students and staff mem-
bers at the rehabilitation hospital or friends or family members
of students and staff members. Controls were excluded if they
had a previous history of TBI, including concussion, or any other
disease affecting the central nervous system. The control group
was 50% male, with a mean age of 36.3 years (SD = 12.5, range
18-60), and a mean education of 17.5 years (SD = 2.2, range
11-21).

DESIGN AND PROCEDURES

The study was a prospective, repeated measures design. The nor-
mative control group was used to establish the level of decline in
each patient for each structure. This was computed for each sub-
ject for each structure, as described below. MRIs were adminis-
tered at two time points. The first was completed for all patients at
a mean of 5.2 months post-injury, (SD = 1.15; range: 3.7-10.4).
The second scan was at a mean of 20 months post-injury (SD =
4.7; range = 10.5-56.1), with a mean gap between scans of
14.8 months (SD = 10.9; range = 4.4-52.2). For control partici-
pants, the mean gap between scans was 25.4 months (SD = 10.0;
range = 10.4-39.4). The relatively greater gap in the controls
biased hypotheses against Type I errors. The longer gap between
control scans allowed for greater non-specific decline to tran-
spire, thereby increasing the threshold for reaching decline in the
patients.

The MRI outcome measures were as follows: computed
monthly percent change for ventricle to brain ratio (VBR), vol-
umes of the left hippocampus (HPC-L; i.e., HPC-L total, HPC-L
head, HPC-L body, HPC-L tail), volumes of the right hippocam-
pus (HPC-R; i.e., HPC-R total, HPC-R head, HPC-R body, HPC-
R tail), and CC volumes (i.e., CC total, CC genu, CC body, CC
splenium).

All participants were required to pass a rigorous, clinical
screening procedure prior to the first MRI assessment. All MRIs
were conducted at a separate site (Toronto Western Hospital),
which is part of the same center. All equipment and acqui-
sition parameters were identical for the initial and follow-up
assessments. One of two MRI technologists performed all MRIs.

Acquisition protocol

MRI scans were acquired on a General Electric (GE) Signa-
Echospeed 1.5 Tesla HD scanner (SIGNA EXCITE, GE
Healthcare, Milwaukee WI), using an eight channel head
coil. Sequences included sagittal T1 (TR/TE = 300/13 ms),
slice thickness = 5mm, space 2.5 mm, matrix 256 x 128 axial
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gradient recalled echo (GRE) TR/TE = 450/20, flip angle = 20°,
slice thickness = 3mm no gap, matrix 256 x 192 axial fluid-
attenuated-inversion-recovery (FLAIR) TR/TE = 9000/45 ms,
TI (inversion time) = 2200 ms, slice thickness = 5mm no gap,
matrix 256 x 192 axial fast spin echo (FSE) proton density
(PD)/T2 TR/TE 5500/30,90 ms, slice thickness = 3 mm no gap,
matrix 256 x 192. All above mentioned sequences were obtained
with a 22 cm field of view (FOV). The high-resolution isotropic
T1 weighted, three-dimensional IR prepped radio-frequency
spoiled-gradient recalled-echo (3D IRSPGR) images T1/TR/TE =
12/300/5,T1, FA = 20, slice thickness = 1 mm no gap, matrix =
256 x 256 were acquired in the axial plane utilizing a 25 cm FOV.
The entire scanning session lasted approximately 55 min.

Image processing and analysis

The MR images were transferred to a workstation for image
processing. The scans were received in the Digital Imaging
and Communications in Medicine (DICOM) file format and
were subsequently converted into (Medical Imaging Network
Common Data Form; MINC) file format that was created at
McConnell Brain maging Centre of the Montreal Neurological
Institute. Following this procedure, the files were anonymized.

A number of image processing steps were performed in order
to make MRI data usable for image analysis. The first step
was the intensity non-uniformity correction (Sled et al., 1998).
These images were then linearly registered (aligned) into stereo-
taxic coordinates (Collins et al., 1994) based on the Talairach
atlas (Talairach and Tournoux, 1988). The linear registration
to Talairach coordinates was accomplished through 3D cross-
correlation between a given volume and an average MR brain
image previously converted into the Talairach coordinate system
(Collins et al., 1994). After the registration the images had the
same size and orientation, allowing for direct anatomical com-
parisons between subjects. A second non-uniformity correction
was performed after the registration, which helped to remove any
residual non-uniformity artifacts.

Every voxel in a non-uniformity corrected and registered
image was then classified into one of the three classes: cerebro-
spinal fluid (CSF), gray matter (GM), and WM using an auto-
mated tissue classification algorithm (Zijdenbos et al., 1998).
Subsequently, cortical surface extraction from the tissue-classified
images was performed, resulting in a 3D reconstruction of the
cortical surface. Next, the skull and scalp were removed in the
tissue-classified images using the 3D surface extraction as a mask
in order to obtain the tissue volumes of the whole brain. Thus, the
volumes of CSE, GM, and WM reported in this study were calcu-
lated using the tissue-classified images, which excluded the skull,
scalp, cerebellum, and brainstem. The combination of the GM
and WM was used as the whole brain volume in the VBR analysis.

The hippocampi were manually outlined using Analyze TM
8.1 (Brain Imaging Resource, Mayo Clinic, MN) by an experi-
enced tracer (JM) from coronally orientated MR images in the
anterior-posterior direction. Calculations of volumes were com-
puted automatically by multiplying the number of voxels traced
in each slice, by their depth (i.e., slice thickness). As described by
Watson et al. (1992, 1997), the anterior tip of the HPC until the
slice before the opening of the crux of the fornix was measured

as the HPC head and body and included the subiculum, CA1-
areas, and dentate gyrus. The HPC tail was measured from the
slice immediately posterior to that which represented the last slice
according to the Watson protocol (see Maller et al., 2007 for a
more detailed description of this procedure) (Maller et al., 2007).
The CC was manually traced on the midline sagittal slice of the
T1 images using anatomical landmarks in an hierarchical order
on a Windows XP Professional workstation (Core2Duo CPU,
2GIG RAM) using the Region of Interest module within ana-
lyzetm 8.1 (Brain Imaging Resource, Mayo Clinic, MN, USA).
The landmarks based on the midline sagittal slice were, first, no
WM or only minimal WM in the cortical mantle surrounding the
CC, second, the interthalamic adhesion, and third, the transpar-
ent septum and the visibility of the aqueduct of Sylvius. To adjust
for total brain volume, total midsagittal CC area and every sub-
regional area in the analyses data were normalized by dividing by
each individual’s total intracranial volume (ICV). ICV was calcu-
lated from the total of GM, WM, and cerebrospinal fluid volumes
which were estimated from processing the T1-weighted scans
through FSL 4.0 (Analysisgroup, 2012), using the FAST module.

Analyses

Percentage of people showing significant decline in volume. As
noted above, patients were classified as “decliners” if they showed
atrophy in parenchymal tissue at a threshold of at least 2 z-scores
below that of controls. (Note that we use the term “below” here
rather than “greater than” for clarity of exposition.) We calculated
a z-score for each patient participant using the following method:
First, for each structure and substructure, percent change from
time 1 to time 2 was calculated for patients and controls using the
following formula: [t2 — t1/(t1 + t2)] * 100. Second, monthly per-
cent change was then calculated in order to compare subjects with
differing temporal gaps between scans. Third, a z-score was cal-
culated for each patient using his/her observed score (i.e., percent
change per month), the expected score (i.e., mean monthly per-
cent change for controls), and the standard deviation for monthly
percent change in the control group. We used a conservative z-
score cut-off to classify decliners. Only if the patient was at least 2
z-scores below that of controls was he/she classified as a decliner.
This enabled us to compute the percentage of decliners in our
sample, in order to address the primary objective of our study.

Relative vulnerability of decline of structures/sub-structures and
pattern of deterioration. To examine whether structures were
equally vulnerable to decline or whether the number of decliners
varied across structures, we calculated 95% confidence intervals
for each proportion of decliners across structures, and substruc-
tures. To examine whether decline in one structure was associated
with decline in another, we calculated PHI coefficients and their
95% confidence intervals between structures and between sub-
structures. This enabled us to measure the degree of overlap
within subjects in decliner classification across the structures (i.e.,
is there a correlation between those classified as decliners and
non-decliners in one structure and those in another?). The PHI
coefficient is a measure of association for two binary variables,
interpreted similarly to the Pearson Correlation Coefficient.
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Presentation of findings. Results are presented by each of the
three research questions: (1) the overall percentage of people
showing decline on at least one structure, and the number of
structures on which subjects declined; (2) the relative vulnera-
bility of structures (i.e., respective number of decliners in each
structure), and (3) the pattern of atrophy (i.e., whether decline in
one structure was associated with decline in another).

RESULTS

DEMOGRAPHIC COMPARISONS BETWEEN CONTROLS AND PATIENTS
There was no significant difference between the patients and con-
trols for age, t = 0.897 (df = 72), p = 0.373, Cohen’s d = 0.211.
The controls had significantly more education than the patients,
t = —4.25 (df =72),p < 0.001, Cohen’s d = —1.00.

DECLINERS: PERCENTAGE OF PATIENTS WHO SHOW ATROPHY THAT

IS AT LEAST 2 z-SCORES BELOW THAT OF CONTROLS

Table 2 shows the monthly percent atrophy in the control group.
The control group monthly percent changes were extremely
small, with all scores close to 0, consistent with stability over
time. [Note that while the primary aim of the study was to ascer-
tain the percentage of decliners in our sample, we have included
patient means with unpaired ¢-test results (all assuming unequal
variances based on Levene’s tests) to permit group mean compar-
isons]. These illustrate highly significant group differences.

Table 3 shows that compared to the normative group, over
96% of patients showed decline in at least one region. The major-
ity (75%) showed decline in at least three of the four regions
measured.

In Table 4 the absolute number and percentage of decliners
by structure are presented. Over 70% of patients showed atro-
phy within each of the right and left HPC, the CC and the whole
brain; moreover, the lower bounds of the confidence intervals for

each of these values was greater than 50%. Therefore, the results
strongly support our hypothesis that more than 50% of patients
would show atrophy of the brain.

RELATIVE VULNERABILITY TO DECLINE OF STRUCTURES AND
SUB-STRUCTURES

Examining similarities and differences across structures in the
number of decliners, Table 4 shows that, the highest absolute
number of decliners is in VBR; this is not surprising as VBR is
an index of total brain volume loss that subsumes all structures.
However, none of the structures (including VBR) differed signifi-
cantly from one another with respect to the number of decliners,
with confidence intervals overlapping substantially. Within the
substructures, it is interesting to note that only the genu of the
CC was different from its respective sub-structures, with signif-
icantly fewer decliners than in either the body or the splenium.
These results did not support our hypothesis that the hippocam-
pus, and particularly the hippocampal head would show greatest
vulnerability.

PATTERN OF ATROPHY ACROSS STRUCTURES

Examining whether atrophy across structures and sub-structures
was related, we examined the association between decliners. If a
patient showed atrophy across time on one structure, were they
likely to also show atrophy on another structure? Table 5A shows
the PHI coefficients and their 95% confidence intervals between
regions measured. There was an overarching relationship, that

Table 3 | The number of patients who show atrophy.

Number/(percentage) of decliners

Decline in at least 1 structure
Decline in 4/4 structures
Decline in 3/4 structures

54/56 (96.4%)
22/56 (39.3%)
20/56 (35.7%)

Table 2 | Percent decline (by group) across structures and Decline in 2/4 structures 8/56 (9%)
substructures. Decline in 1/4 structures 4/56 (7%)
1 1 0
Structure Percent atrophy Percent atrophy Decline in 0/4 structures 2/56 (3.6%)
per month in per month in
healthy control patients (N = 56) Table 4 | The number of patients who show decline in each structure
participants (N = 12) and substructure.
VBR? 0.18 (0.21) 1.32 (1.27)***** Structure/ Number/(percentage) of Lower and upper 95%
HPC-L head —0.008 (0.03) —0.300 (0.63)** substructure decliners by structure Cl at 2 z-score < controls
HPC-L body —0.004 (0.04) —0.364 (0.59)*****
. VBR 45 (80.4) 676-89.9
HPC-L tail 0.054 (0.08) —0.676 (1.44)*****
HPC-L head 31 (65.4) 41.5-68.7
HPC-L total —0.002 (0.02) —0.348 (0.48)*****
HPC-L body 24 (42.9) 29.7-56.8
HPC-R head 0.004 (0.03) —0.248 (0.60)** )
HPC-L tail 32 (57.1) 43.2-70.3
HPC-R body 0.005 (0.03) —0.331 (0.83)**
) HPC-L total 40 (71.4) 578-82.7
HPC-R tail —0.023 (0.05) —0.662 (1.05)*****
HPC-R head 38 (679) 54.0-79.7
HPC-R total 0.002 (0.03) —0.324 (0.53)*****
HPC-R body 39 (69.6) 55.9-81.2
CC genu —0.14 (0.11) —0.855 (1.24)***** ;
HPC-R tail 36 (64.3) 50.4-76.6
CC body 0.09 (0.09) —0.765 (1.33)*****
. HPC-R total 41 (73.2) 59.7-84.2
CC splenium 0.08 (0.09) —0.805 (0.81)*****
CC genu 26 (46.4)* 33.0-60.3
CC total —0.02 (0.04) —0.812 (0.88)*****
CC body 42 (75.0) 61.6-85.6
4 Positive change for VBR denotes atrophy. CC splenium 42 (75.0) 61.6-85.6
**P < 0.005; *****P < 0.00001. CC total 43 (76.8) 63.6-87.0
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Table 5A | PHI coefficients across the structures measured.

PHI coefficients (95% Cl)

HPC-R total CC total

VBR HPC-L total
VBR - r=-0.01 (C/ = —0.28-0.25)
HPC-L total - -
HPC-R total - -

r=20.31* (C/ = 0.05-0.53) r=0.37* (C/ = 0.12-0.57)
r=0.33* (C/ = 0.08-0.55) r=0.03 (C/ = —0.24-0.29)
- r=20.15 (Cl = —0.12-0.39)

is, significant overlap, between VBR with both the CC and the
right (but not left) HPC. The right and left hippocampus also
overlapped significantly. There was no relationship between the
CC and the hippocampi. These results partially supported our
hypotheses, namely a relationship between VBR and individual
structures, and the absence of relationship between some (though
not all) of the structures measured.

Table 5B presents the PHI coefficients and their 95% confi-
dence intervals between substructures. Here, significant overlap
was observed between the right hippocampus head and tail, and
between the genu and body and the genu and splenium of the CC,
findings which overall did not support our hypothesis.

DISCUSSION

The primary purpose of the current study was to gain a better
understanding of the scale of atrophy in the chronic phase of
TBI. Our cohort was a Canadian sample of patients with brain
injuries ranging from complicated mild to severe. More than 96%
of our sample showed atrophy over time in at least one region
and the large majority showed atrophy in at least three of the four
regions measured. Therefore, these findings indicate substantive
atrophy—we employed a threshold of at least two z-scores below
that of controls—across several structures. Given the relation-
ship between sub-acute atrophy and behavioral and functional
outcomes (Sidaros et al., 2008, 2009; Farbota et al., 2012), and
between total brain volume loss and clinical impairment (Tate
et al., 2011), these findings are clinically concerning, especially
as brain atrophy is a known predictor of Alzheimer’s Disease
(Frisoni et al., 2010).

A secondary purpose of the study was to begin to charac-
terize this chronic atrophy by examining two related features
of the data: (i) the extent to which the number of declin-
ers in each structure and sub-structure differed, allowing us
to evaluate preliminarily the relative vulnerability of structures
examined, and (ii) the extent to which decline in one struc-
ture was associated with decline in another. With regard to
the first question, we found few differences in the number of
decliners across structures and sub-structures, with only the
genu differing significantly from the other sub-structures of
the CC. Thus, contrary to our hypothesis, the findings in the
small number of regions examined in our study do not sug-
gest that one region is more vulnerable to chronic volume loss
than another, with the exception of the genu. However, it is
possible that limited power may have elevated Type II errors;
given the rather large confidence intervals secondary to sam-
ple size, the results may under-represent differences between
structures.

Table 5B | PHI coefficients for sub-structures of the left and right

hippocampus and the corpus callosum.

PHI coefficients (95% CI)

HPC-L head HPC-L body HPC-L tail
HPC-L head - r=-0.02 r=0.02
(Cl = —0.28-0.24) (Cl = —0.24-0.28)
HPC-L body - - r=-0.05
(Cl=-0.31-0.21)
HPC-R head HPC-R body HPC-R tail
HPC-R head - r=0.13 r=0.29*
(Cl = —0.14-0.38) (Cl =0.02-0.51)
HPC-R body - - r=0.16
(Cl = —0.11-0.40)
CC genu CC body CC splenium
CC genu - r=0.29*% r=0.37*%
(Cl'=0.03-0.51) (Cl'=0.12-0.58)
CC body - - r=0.14
(Cl = —0.13-0.39)

Regarding the second question, we found more associations
across structures than we had predicted. Subjects showing atro-
phy in the whole brain also showed atrophy in other structures
measured (i.e., CC and right HPC) as expected, which likely does
not speak to underlying mechanisms, but rather to VBR’s inclu-
sive relationship with the other structures measured. However, we
also found that those who declined in one HPC were more likely
to also decline in the other. Within the sub-structures, those who
declined in the right HPC head were more likely to decline in the
tail, and those who declined in genu of the CC were more likely to
decline in the body and the splenium. It is important to note that
wide confidence intervals secondary to sample size bias the find-
ings in favor of Type II errors, and that these findings may actually
underestimate the degree of association between the structures.

These findings offer some direction for future research
into mechanisms. A great deal of research has examined
the acute primary and secondary mechanical, chemical, and
electrophysiological changes in the brain following TBI, which
in more serious injuries are ultimately associated with necrotic
or apoptotic death (Povlishock and Katz, 2005; Griesbach et al.,
2007). In contrast, there has been relatively limited research
directly investigating mechanisms of later atrophy of the brain
(but see Johnson et al., 2013; Smith et al., 2013).
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MECHANISMS OF ATROPHY IN THE CHRONIC STAGE OF TBI

In broad strokes, atrophy in the chronic stages of injury may
reflect volume loss, neuronal death or a reduction in neuronal
proliferation and/or survival. Cell death may occur due to delayed
apoptotic mechanisms (Colicos et al., 1996; Bramlett et al,
1997a,b; Dixon et al., 1999; Williams et al., 2001; Coulson et al.,
2008) secondary to trans-neuronal degeneration (Gennarelli and
Graham, 1998; Tate and Bigler, 2000) arising from disconnec-
tions within or between functionally related structures (Tate and
Bigler, 2000; Duering et al., 2012; Bigler, 2013b). Volume loss
may reflect decreased complexity of the neuropil, with decreased
spines, synapses and arborization or reduced fluid as a result of
diminished protein production. Vascular changes might also con-
tribute to volumetric changes over time. For example, reduced
functional hyperemia (because of reduced neuronal demand)
would reduce blood volume as would disrupted neurovascular
coupling. A mechanism receiving increasing scientific attention
for chronic stage losses in TBI is persisting inflammation, associ-
ated with cytokine release and microglial activation (Gentleman
et al.,, 2004; Rodriguez-Paez et al., 2005; Johnson et al., 2013;
Smith et al., 2013). Genetic causes of poorer clinical outcomes
have been advanced for a number of years (Ponsford et al., 2011).
A highly probable cause of volume losses are the synergistic effects
of aging and TBI, as described in detail by Bigler (2013b); such
effects may exacerbate the burden of normal and pathological
aging, and thereby account for observed volume losses, with such
losses also hastening the onset of dementia. Links between TBI
and dementia are being increasingly made (Fakhran et al., 2013),
with proteins implicated in dementias (e.g., amyloid-beta, amy-
loid precursor protein, tau), for example, found to accumulate in
damaged axons and other neuronal compartments in the chronic
stages of TBI (Bramlett et al., 1997b; Smith et al., 2003; Uryu et al.,
2007; Johnson et al., 2012; Bennett et al., 2013).

Importantly, these candidate mechanisms of atrophy are
empirically testable. Ultimately, an understanding is needed of
whether a single mechanism or multiple mechanisms influence
atrophy, whether different mechanisms affect different regions,
and if multiple mechanisms do influence atrophy, whether they
are additive or synergistic.

The findings in the current study favor some mechanisms
over others, helping at least to constrain hypotheses for future
research. The ubiquity of atrophy across patients would not sup-
port an exclusive genetic explanation of atrophy; for example,
base rates of the e-4 allele that has been implicated in the relation-
ship between TBI and dementia are considerably lower than the
96% incidence of patients who showed volume loss in this study.

With regard to neuroinflammation, Johnson et al. (2013)
showed evidence of increasing neuroinflammation in the CC
from the sub-acute to the more chronic stages of injury (i.e., 2
weeks to 1 year vs. > 1-18 years post-injury), and inflamma-
tion correlated with WM integrity losses and visible pathology.
The prevalence of unequivocal markers of neuroinflammation
appeared to be substantively lower than the 76.8% of patients in
our study showing CC volume loss. However, neuroinflammation
is likely one of multiple causes of volume loss in our study.

In humans, the identification of behavioral factors that may
exacerbate or buffer against volume loss is of high importance

given the potential for clinical intervention. It has been postulated
that a downward spiral of negative neuroplastic change secondary
to disuse may play a role in chronic decline (Evans, 2008; Miller
et al., 2013). Supporting this putative mechanism, our group
observed a significant negative correlation between self-reported
hours of environmental enrichment in the first year post-injury
and the degree of hippocampal atrophy observed from 5 to 20
months post-injury (Miller et al., 2013). Compounding disuse
is physiological disconnection of healthy tissue from damaged
tissue. Given that all of our patients had sustained brain dam-
age and were therefore at risk of both disconnection and disuse,
and moreover, that the CC and hippocampus are frequently
affected acutely, and are associated with discrete cognitive func-
tions, this explanation is consistent with the high prevalence of
chronic atrophy observed. Within the substructures of the (right)
hippocampus, the significant association observed is consistent
with this interpretation, with the unique pattern of intercon-
nectivity within the hippocampus meaning that damage to one
area may deafferent another; if the disconnected tissue does not
functionally re-organize, then it is vulnerable to transneuronal
degeneration (McCarthy, 2003; Amaral et al., 2008).

However, other aspects of our findings do not support the
interpretations above. For example, we found that hippocampal
volume loss on the right was positively associated with vol-
ume loss on the left. Experience-dependent volume increases in
the hippocampus (Draganski et al., 2006; Maguire et al., 2006)
would have predicted that greater reliance on the less damaged
hippocampus would result in volumetric increases to it, giving
rise to a negative association between hippocampi. The positive
association between hippocampi suggests a common mechanism
deleteriously affecting both. One such mechanism is reduction
in new neuronal growth, survival and integration. As is the case
for many TBI patients, many of the patients in our cohort at 5
months post-injury and later, had residual physical impairments,
reduced volition, had neither returned to work or school, were
less socially engaged, and had limited access to resources (Frasca
et al., 2013), Therefore, many underwent less physical activity,
and many were engaged in less cognitively demanding activity.
Since physical and cognitive enrichment have been associated,
respectively, with enhanced neuronal proliferation and survivor-
ship (Curlik and Shors, 2010, 2013), this reduced enrichment may
have offset hippocampal growth. Moreover, widespread dam-
age to networks might have further impeded integration of new
neurons.

The array of possible interpretations for these findings indi-
cates that much further research is needed to understand
mechanisms of atrophy in sub-acute and chronic TBI. Such
an understanding is critical for the development of treatment
research to avert or abate this atrophy.

There were limitations of the current study. The size of the
control group was relatively small and may have compromised
the reliability of our findings. As well, because the timelines of the
two assessments of controls and patients differed, we calculated
monthly percent change to compare patients with controls. This
calculation assumes a linear month-to-month change, which is
not substantiated. There were significant education, but not age,
differences between the patient and control groups. However, we
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speculate that this difference did not contribute to our findings.
In a previous study by our group Miller et al. (2013) using over-
lapping participants, there was no relationship between years
of education and degree of hippocampal atrophy. Moreover,
the weight of evidence suggests that education confers protec-
tion against the clinical (cognitive) expression of disease, but
not against the development of neuropathology or neurodegen-
eration itself (Members et al., 2010). As well, our findings do
not permit us to distinguish between cell death versus volume
loss without death. Other methodological approaches, including
neuropathological ones, are needed to examine this distinction.

CONCLUSIONS

In the chronic stage of moderate-severe atrophy, loss of vol-
ume is substantive and ubiquitous across patients. Changes may
be attributable to tissue shrinkage—the result of lost neuropil,
protein and/or fluids—or to cell death, with disconnection and
disuse, inflammation and delayed apoptosis contributing inde-
pendently or interactively. Environmental enrichment could play
a role in offsetting these changes, and in the chronic stages of
injury is a “no-harm” intervention that warrants investigation.
Further research is needed to identify precise mechanisms of atro-
phy that would help us to develop targeted clinical interventions.
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INTRODUCTION

Traumatic brain injury (TBI) often involves focal cortical injury and white matter (WM)
damage that can be measured shortly after injury. Additionally, slowly evolving WM
change can be observed but there is a paucity of research on the duration and spatial
pattern of long-term changes several years post-injury. The current study utilized diffusion
tensor imaging to identify regional WM changes in 12 TBI patients and nine healthy
controls at three time points over a four year period. Neuropsychological testing was also
administered to each participant at each time point. Results indicate that TBI patients
exhibit longitudinal changes to WM indexed by reductions in fractional anisotropy (FA) in
the corpus callosum, as well as FA increases in bilateral regions of the superior longitudinal
fasciculus (SLF) and portions of the optic radiation (OR). FA changes appear to be driven by
changes in radial (not axial) diffusivity, suggesting that observed longitudinal FA changes
may be related to changes in myelin rather than to axons. Neuropsychological correlations
indicate that regional FA values in the corpus callosum and sagittal stratum (SS) correlate
with performance on finger tapping and visuomotor speed tasks (respectively) in TBI
patients, and that longitudinal increases in FA in the SS, SLF and OR correlate with
improved performance on the visuomotor speed (SS) task as well as a derived measure
of cognitive control (SLF OR). The results of this study showing progressive WM
deterioration for several years post-injury contribute to a growing literature supporting
the hypothesis that TBI should be viewed not as an isolated incident but as a prolonged
disease state. The observations of long-term neurological and functional improvement
provide evidence that some ameliorative change may be occurring concurrently with
progressive degeneration.

Keywords: traumatic brain injury, diffusion tensor imaging, longitudinal, neuropsychology, recovery, DTI, TBI

WM changes that occur after this first year. Concomitant to slowly

Traumatic brain injury (TBI) affects more than 1.4 million people
every year in the United States (CDC, 2006). These injuries are the
most common source of neurological impairment among young
and middle-aged adults, and can produce long-term cognitive
deficits that hinder patients’ ability to function independently,
lower their quality of life and increase the risk of developing co-
morbid neurological disorders (Anderson et al., 1995; Kiraly and
Kiraly, 2007; Bombardier et al., 2010; Malec et al., 2010; Risdall
and Menon, 2010; Sharp and Ham, 2011). Previous research has
shown that the progression of structural pathology in the first year
following injury includes decreased white matter (WM) integrity
throughout the brain (Povlishock and Christman, 1995; Trivedi
et al., 2007; Xu et al., 2007; Marquez de la Plata et al., 2008;
Sidaros et al., 2008; Lin et al., 2010), but little is known about

occurring atrophy and WM degradation, TBI patients typically
demonstrate measurable cognitive and motor improvements in
the first and subsequent years post-injury. This study aims to
identify long-term patterns of WM change following TBI, as
well as how variations in WM integrity correlate with both neu-
ropsychological test performance and change in test performance
over time (Levin, 2003; Staudt, 2010).

Diffusion tensor imaging (DTI) is sensitive to WM damage
immediately following TBI and useful in monitoring longitudinal
changes (Filippi et al., 2001; Xu et al., 2007; Bendlin et al., 2008).
DTI, which is based on the principle that water molecule move-
ment is restricted by barriers to diffusion that vary in the brain
depending on tissue type or pathology, [for review see Le Bihan
(1991)], is sensitive to changes in the microstructure of WM.
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Longitudinal DTl in TBI patients

Several studies have shown that DTI accurately detects damage
in tissue that may appear normal when measured with conven-
tional MRI (Arfanakis et al., 2002; Chan et al., 2003) and that
DTI can be of clinical importance when tracing recovery (Filippi
et al., 2001; Arfanakis et al., 2002; Field et al., 2003). These capa-
bilities make DTI well suited for assessing WM damage caused by
TBI and for tracking how WM changes progress longitudinally
following injury.

The current study is an extension of a prior study conducted
on this same cohort of TBI patients. The previous paper (Bendlin
et al., 2008), included whole-brain DTI and volumetric analy-
ses of patients at two months and one year post-injury. Results
showed gray and WM alterations over time in TBI compared to
control. Regions of reduced WM integrity included corpus callo-
sum, forceps major and minor, anterior corona radiata, external
capsule, cerebral peduncle, superior longitudinal fasciculus (SFL),
uncinate fasciculus, and corticopontine tract. The current study
extends the previous work with the addition of a third time
point approximately four years post-injury. Furthermore, the cur-
rent study includes axial and radial diffusivity analyses (which
may allow inference concerning the cause of WM changes), and
increases the power to detect group-wise effects by restricting
analyses to the WM.

The primary metric used to assess WM integrity in this study
is fractional anisotropy (FA). FA describes the extent to which a
diffusion process is anisotropic or directionally constrained. In
brain WM, higher FA is associated with greater WM integrity
(Alexander et al., 2007). As noted above, we also employed two
secondary metrics: axial diffusivity and radial diffusivity. Axial
diffusivity refers to the movement of water along the princi-
ple axis of a WM tract. Animal studies have demonstrated that
high axial diffusivity is associated with healthy axons, and low
axial diffusivity is associated with axonal damage (Song et al.,
2002, 2003). Radial diffusivity refers to the movement of water
perpendicular to the principle axis of a WM tract. Animal stud-
ies have demonstrated that low radial diffusivity is associated
with healthy myelin, and high radial diffusivity is associated
with myelin damage (Wheeler-Kingshott and Cercignani, 2009).
Investigating how these secondary metrics change over time in
brain regions demonstrating longitudinal differences in FA can
provide additional insight into the processes underlying WM
change.

The first major goal of the current study was to character-
ize longitudinal changes in regional brain WM microstructure
using DTT in conjunction with neuropsychological testing. Due
to previous reports of volume loss and WM decline in the corpus
callosum, as well as the emergent theory of TBI as the initiation of
a disease state, we predicted that this structure would demonstrate
continued decline throughout the duration of the study within
the TBI group (Gale et al., 1995; Bigler et al., 1996; Kim et al,,
2008; Kumar et al., 2010; Masel and DeWitt, 2010; Matsukawa
etal, 2011; Ljungqvist et al., 2011). While decline in many regions
is likely, patients typically continue to improve cognitively; thus
we also sought to determine whether FA increases may occur in
other regions, which may suggest consolidation or remodeling of
WM tracts associated with recovery. Candidate regions include
corticospinal tract regions (cerebral peduncle, internal capsule)

and longitudinal tracts (superior and inferior longitudinal faci-
culi) due to previous research indicating improvements in certain
diffusion metrics in a subset of these regions (Sidaros et al., 2008)
and the presence of damage in these regions observed in cross-
sectional studies done close to the time of injury but not in those
done several years post-TBI (Kraus et al., 2007; Bendlin et al.,
2008).

The second major goal of this study was to identify corre-
lations between FA and neuropsychological task performance
cross-sectionally at each time point studied, as well as deter-
mine whether changes in task performance over time correlated
with changes in FA longitudinally. Due to previous research indi-
cating that higher corpus callosum FA is associated with better
performance on manual motor tasks in brain injury patients,
we predicted that scores on a fine motor finger tapping task
employed in this study would correlate with FA in this region
among TBI patients (Caeyenberghs et al., 2011a,b). Furthermore,
we predicted that increases in FA within the longitudinal tracts
would correlate with improved performance on the more com-
plex neuropsychological tasks such as the Cognitive Oral Word
Association Test (COWAT), or the cognitive component of the
Trail Making Test. Finally, we expected patients who had sustained
more severe injuries, as measured by the 24 h post-resuscitation
Glasgow Coma Score (GCS), to demonstrate a greater degree of
initial microstructural damage and longitudinal WM change than
patients who sustained less severe injuries.

METHODS

TBI PATIENTS

Forty-six TBI patients participated in an initial MRI scan, thirty-
six returned for a second visit, and twenty returned for a third
visit. DTI was acquired in sixteen individuals at all three time
points (three were subsequently excluded due to excessive motion,
and one more was excluded due to a second head injury sus-
tained in a motor vehicle accident between visits 2 and 3). The
mean age of the final group of twelve patients (ten males and two
females) was 35.00 £ 12.76 years at the beginning of the study;
mean education was 13.17 & 1.75 years. The majority of the
patients received acute treatment at the University of Wisconsin
Hospital and Clinics level 1 trauma center and were referred from
the departments of Neurosurgery, Trauma and/or Rehabilitation.
The inclusion criteria for TBI consisted of involvement in a rapid
impact injury to the brain (such as a motor vehicle accident or
fall) causing a loss of consciousness. Evidence of brain injury
included admittance for emergency medical attention following
loss of consciousness in the field, a GCS score either at the emer-
gency room (ER) or upon hospital admission of less than or
equal to 13, and a post-resuscitation GCS score of 5 or above.
All patients had day of injury CT scans that were positive for vis-
ible brain injury. All TBI patients were less than three months
post-injury at their first visit, and most were studied between
eight and twelve weeks post-injury depending on their availability
and other medical issues related to the injury. Exclusion criteria
consisted of current major Axis I psychiatric disease or history
of major medical condition (e.g., cancer, diabetes, or diagnosed
neurological condition), as well as any previous diagnosis of
substance dependence, or an undiagnosed pattern of behavior
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demonstrating longstanding maladaptive use of alcohol or other
drugs. All patients gave informed written consent under a pro-
tocol approved by the University of Wisconsin Health Sciences
Institutional Review Board.

HEALTHY CONTROLS

Thirty-six control participants were recruited from the commu-
nity and from the University of Wisconsin Madison campus via
advertisement. Twenty of these participants returned for two
additional visits. Acquisition errors resulted in the loss of four
participants who did not have adequate DTI at all three time
points; and in seven cases DTI was not acquired at one of the
visits due to time constraints; DTI scans acquired from nine par-
ticipants at all three time points were used in the final analysis.
The mean age of the final group of nine healthy controls (four
males, five females) was 31.44 4 12.38 years at the beginning of
the study; education was 14.77 £ 2.22 years. Exclusion criteria
were identical to the TBI group (with the exception of head injury
also being exclusionary for controls). MR scanning of control par-
ticipants occurred on approximately the same schedule as that
of TBI patients. All participants gave informed written consent
under a protocol approved by the University of Wisconsin Health
Sciences Institutional Review Board.

PROCEDURES

Volunteers participated in three testing sessions, each consisting
of MR imaging and neuropsychological testing. TBI patients were
tested at three visits, Visit 1, acquired approximately two months
(mean = 63 days) post-injury (ranging from 28 to 81 days), Visit
2, approximately one year (mean = 318 days) after Visit 1 (rang-
ing from 226 to 381 days) and Visit 3, approximately three years
(mean = 1187 days) after Visit 2 (ranging from 956 to 1651 days).
Controls also participated in three visits with approximately one
year (mean = 286 days) between Visit 1 and 2 (ranging from 74
to 374 days) and three years (mean = 1096 days) between Visit
2 and 3 (ranging from 778 to 2011 days).

NEUROPSYCHOLOGICAL EXAMINATION

On the day of each scan, a neuropsychological battery that
included: COWAT, WRAT-III (Wide Range Achievement Test-
reading subtest, an approximation of pre-morbid intelligence),
Finger Tapping (during which participants tapped a lever for 10's
as fast as possible for three trials and the average was used), Digit
Span (a measure of working memory) and Trail Making Tests
A (a visual-motor speed task) and B (a combination task requir-
ing both visual-motor skill and rapid cognitive set shifting) was
administered to each participant. These tests were selected based
on previous research in our laboratory suggesting their probable
relevance to TBI induced behavioral changes. Some of our analy-
ses also included Trails B cognitive component scores which were
calculated by subtracting each subject’s Trails A score (visuomo-
tor) from his or her Trails B score (visuomotor and cognitive)
to isolate the cognitive component of the Trails B task. Statistical
analysis of neuropsychological test results was performed as fol-
lows: for each test, a general linear model repeated measures
test was carried out in SPSS 20.0. From these models, main
effects of group and time as well as a group by time interaction

were derived. Simple effects analyses were performed by using
independent samples one-tailed -tests to assess between-groups
differences in task performance at each time point, and by using
paired samples one-tailed t-tests to assess within groups changes
in task performance across time points.

MAGNETIC RESONANCE IMAGING

All participants underwent magnetic resonance on a General
Electric 3.0 T (Waukesha, WI) MRI system with a quadrature
birdcage head coil. Structural scans included an axial T1-weighted
inversion recovery-prepped spoiled gradient echo scan (inver-
sion time = 600 ms, repetition time (TR)/echo time (TE)/flip
angle = 9 ms/1.8 ms/20°; acquisition matrix = 256 x 192 inter-
polated to 256 x 256; field of view (FOV) = 240 mm; and 124
slices 1.2mm thick). Diffusion tensor imaging was performed
using a cardiac-gated, diffusion-weighted sequence with the fol-
lowing parameters: 12 directions with diffusion weighting of
1114 s/mm? and a non-diffusion-weighted reference image (B0);
TR = 10-15s; TE = 78.2 ms; number of averages: 3; acquisition
matrix = 120 x 120 interpolated to 256 x 256; FOV = 240 mmy;
39 contiguous 3mm thick axial slices. The scan resulted in
0.9375 x 0.9375 x 3 mm voxels. Prior to the diffusion-weighted
scan, high order shimming was performed to minimize EPI dis-
tortions. A neuroradiologist (HR) reviewed all structural MRI
images to identify the location and extent of lesions associ-
ated with the TBI and to identify non-injury related brain
abnormalities that might exclude participants from the statistical
analyses. Additionally, a high resolution 2D axial T2* gradi-
ent echo sequence sensitive to both DAI and contusions was
collected for evaluation by a neuroradiologist who confirmed
the presence of brain injury. Imaging parameters were as fol-
lows: gradient echo read-out with TR = 325ms, TE = 20 ms;
flip angle = 15°; acquisition matrix = 256 x 192 interpolated to
256 x 256; FOV = 240 mm; 22 5mm thick axial slices, with a
1 mm skip between slices; and receiver bandwidth = £15.83 kHz.

DIFFUSION TENSOR IMAGE PROCESSING

Image distortions in the DTI-data caused by eddy currents were
corrected using a 2D affine co-registration function, align linear,
in the Automated Image Registration software package (http://
www.loni.ucla.edu/Software/AIR). Non-linear image distortion
from static field (BO) inhomogeneities was corrected using the
acquired field map and implemented in the prelude (Phase
Region Expanding Labeller for Unwrapping Discrete Estimates)
and fugue (FMRIB’s Utility for Geometrically Unwarping EPIs)
tools from the FSL software suite (Smith et al., 2004). After
distortion corrections, 3D maps of the diffusion tensor and
derived measures, FA, axial diffusivity (determined using the
principle eigenvalue, L1) and radial diffusivity (determined using
the average of the secondary and tertiary eigenvalues, L2 and
L3), were calculated. For each subject, the FA, radial diffusiv-
ity, and axial diffusivity maps from Visits 2 and 3 were then
co-registered to the corresponding maps from Visit 1 using flirt
(FSL) 12-parameter affine co-registration. Normalization was
then performed using fNIRT in FSL. Normalization of the Visit
1 maps to the FSL FMRIB58_FA_1 mm template was performed
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for each subject. The transformation derived from this normaliza-
tion was then applied to the co-registered maps acquired during
Visits 2 and 3. The maps from each time point for each mea-
sure were visually checked for alignment to each other and the
template.

STATISTICAL ANALYSIS

Primary statistical analyses were performed on FA maps using fac-
torial ANOVA statistical modules in SPM8. Gender was used as a
covariate in all analyses. Because this study focused only on WM
change, all SPM analyses were restricted to regions within a WM
mask to increase our power to detect longitudinal change. The
WM mask was created by applying a threshold of 0.5 (Figure 1)
to the mean FA map of all subjects, and then binarizing the
resulting image using fslmaths (FMRIB Software Library). To
determine whether there were overall group differences in lon-
gitudinal FA change, we tested for an interaction between group
and time within the factorial model. The hypothesis that there
would be longitudinal change within the TBI group was tested
using simple effects analyses, also within the factorial model
framework.

Secondary statistical analyses using axial and radial diffusiv-
ity maps were also performed using factorial ANOVA statistical
modules in SPM8. Because these analyses were employed to
further examine the causes of FA change, axial, and radial dif-
fusivity analyses were restricted to regions where significant FA
results were observed. We hypothesized that increases in FA
would be driven by decreased radial diffusivity and/or increased

FIGURE 1 | Because this study focused only on white matter change,
all SPM analyses were restricted to regions within a white matter
mask to increase our power to detect longitudinal change. The white
matter mask was created by applying a threshold of 0.5 to the mean FA
map of all subjects, and then binarizing the resulting image. This figure
shows the white matter mask in three orthogonal directions. The left side
of the mask is patient left and the right is patient right.

axial diffusivity, and also conversely that decreases in FA would
be driven by increased radial diffusivity and/or increased axial
diffusivity.

Correlations with neuropsychological test scores were assessed
using linear regression implemented in SPM8, where test scores
were independent variables and FA maps were the dependent
variables. We hypothesized that we would see positive regional
correlations between FA and task performance. In addition to
direct correlations between neuropsychological test scores and
FA values, we also tested hypotheses concerning how changes in
FA and changes in neuropsychological performance might corre-
late. In these cases, differences in neuropsychological test scores
between two time points were calculated for each subject, as
were differences in FA during the same interval. FA differences
were determined by subtracting the later maps from the earlier
maps for each subject. Correlations between FA change maps and
changes in neuropsychological test scores were also assessed using
linear regression implemented in SPM8, where changes in test
scores were independent variables and FA change maps were the
dependent variables. All correlation analyses of neuropsycholog-
ical measures were limited to regions within the WM mask used
in general FA analyses.

STATISTICAL THRESHOLD

A voxel-level threshold of o = 0.001 (uncorrected) was used for
all contrasts. Multiple-comparison correction for FA analyses
was performed using estimates from a Monte-Carlo simulation
performed with AlphaSim to achieve a corrected cluster-level
threshold of a = 0.05 (Forman et al., 1995). The Monte-Carlo
simulation determined based on randomly computed images
that a cluster with 581 voxels with the same dimensions, voxel
probability threshold, and smoothness parameters as FA images
inputted for analysis would be unlikely (at the a = 0.05 cluster-
level corrected threshold) to be significant only by chance. Thus,
a cluster-level threshold of 581 voxels was used in all FA analy-
ses. For secondary factorial analyses of axial and radial diffusivity
and regression analyses used to test neuropsychological correla-
tions cluster-levels were determined individually for each SPM at
the significance levels noted above.

RESULTS

DEMOGRAPHIC AND BEHAVIORAL RESULTS

There were no significant differences in age (t = —1.131,df = 19,
two-tailed p =0.272) or years of education (r= —1.861,
df =19, two-tailed p = 0.078) between the TBI and control
groups. There were significantly more males in the TBI group
compared to the control group (X%L 12) = 4.535, p =0.033).
Demographic results are shown in Table 1. Repeated measures
analyses of neuropsychological test results indicated a main effect
of group in the DSPAN, Trails B, and COWAT tasks, as well
as a group by time interaction for the COWAT task (Table 2).
Simple effects analyses of neuropsychological tests performance
indicated that TBI patients’ performance was significantly worse
than that of controls on Digit Span, Trails A and B at Visits
1, 2, and 3. TBI patients also differed from controls on the
COWAT at Visits 1 and 2. No significant group differences were
seen in WRAT-III or Finger Tapping. TBI patients demonstrated
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Table 1| Individual level subject demographics for patients and controls and select patient injury characteristics.

Subject Age Education Sex GCSadmit GCS24 Hrs15 Injury notes

PATIENTS

1 19 12 M 3T 7 334 DAl

2 49 12 M 15 15 0 DA, subarachnoid hemorrhage, CC damage

3 19 14 F 3T " 91 Subarachnoid hemorrhage, subdural hematoma

4 24 14 M 3 7 662 DA, contusions, epidural hematoma, subarachnoid hemorrhage
5 39 10 M 3T 6 835 Extensive contusions, subdural hematoma

6 45 12 M 3T 14 270 Skull fracture, frontal contusion, CC damage

7 29 13 M 3 14 179 DA\, contusions, skull fracture

8 52 16 F M 13 97 Skull fracture, subarachnoid hemorrhage, subdural hematoma,
9 51 12 M 7 726 Depressed skull fracture, subdural and epidural hematomas
10 19 13 M 3T 49 Extensive hemorrhages, CC shearing

M 37 14 M 9 7 116 DAI, subarachnoid hemorrhage, subdural hematoma, shearing
Mean (SD) 35.0(12.8) 13.2(1.5) 83% M 5.7(4.2) 9.6(3.8) 305.4(297.8)

CONTROLS

12 22 19 F

13 22 15 M

14 29 13 F

15 27 16 F

16 25 12 F

17 19 16 F

18 36 16 M

19 24 13 M

20 51 13 M

Mean (SD)  29.2 (9.7) 14.8(2.2) 44% M

p 0.272 0.078 0.033

Age of participants indicates the mean age of participants at the start of the study. P-values are based on the results of two-tailed independent-samples t-tests
for age and education and a chi-squares test for gender proportions. Abbreviations are as follows: GCSadmit = Glasgow Coma Scale score at hospital admission,
GCS24 = Glasgow Coma Scale score 24 h post-injury, 15h = Number of hours before patient reached a GCS score of 15, DAl = Diffuse axonal injury, CC = corpus

callosum, T = Patient was intubated at the time of GCS assessment.

significant improvements on the DSPAN, Trails A, B, and COWAT
tests between Visit 1 and 2, and also showed significant improve-
ment on the Trails A, B and COWAT tests between Visit 1 and 3.
Controls demonstrated significant improvement on the Trails A
and B tasks between Visit 1 and 2. All neurological test results are
shown in Table 2.

DTI RESULTS

The FA factorial analysis revealed a group by time interaction
in the genu of the corpus callosum (Figure 2). Analyses of the
secondary metrics (using separate factorial models for axial dif-
fusivity and radial diffusivity maps) demonstrated that there was
also a group by time interaction in this region in the radial dif-
fusivity model, but not the axial diffusivity model (Figure 2).
Together these analyses indicate that the group by time interac-
tion observed in the genu in the FA analysis was driven by changes
in radial (not axial) diffusivity.

A main effect of time was observed throughout the corpus
callosum in the primary FA analysis (Figure 3). A correspond-
ing main effect of time was observed in this region in the radial,
but not the axial, diffusivity analysis (Figure 3). A main effect
of group was observed in WM tracts throughout the brain,

including the cerebral peduncle, inferior and superior longitudi-
nal fascicule (ILF and SLF), internal and external capsule, inferior
fronto-occipital fasciculus, sagittal stratum (SS), corpus callosum,
fornix, optic radiations (ORs), thalamic radiations, uncinate fas-
ciculus, and corona radiata (Figure 4). Axial and radial diffusivity
analyses revealed a main effect of group in genu, fornix, and ILF
in the axial model and a main effect of group throughout the
corpus callosum, as well as in the fornix, ILE, ORs, and thalamic
radiations in the radial model (Figure 4).

Simple effects analyses within the FA factorial model demon-
strated that TBI subjects exhibited a significant decrease in FA
throughout the corpus callosum between the first and third visits
(Figure 5A). We hypothesized that this change would be driven
either by a decrease in axial diffusivity, an increase in radial diffu-
sivity, or some combination of the two. Analyses of the secondary
metrics limited to this corpus callosum region were used to test
this hypothesis. Results showed that TBI subjects did not demon-
strate any decreases in axial diffusivity in this region, while they
did exhibit significant increases in radial diffusivity in both the
genu and isthmus of the corpus callosum (Figure 5A). Controls
did not demonstrate significant longitudinal FA decreases in any
brain regions.
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Table 2 | Neuropsychological test results.

Task Time 1 Time 2 Time 3

n, Mean (SD) n, Mean (SD) n, Mean (SD)
TBI GROUP RESULTS
WRATII 12, 44.7 (6.5) 12, 44.5 (12.3) 11, 45.6 (5.7)
DSPAN? 12, 14.3**1 (3.6) 12, 15.6* (3.7) 11, 15.6* (4.6)
Trails A 12, 42.0*1 (21.5) 12, 30.8* (6.4) 12, 28.7++ (7.1)
Trails B2 11, 101.3* (29.0) 12, 78.6* (20.9) 12, 68.8*" (36.4)
COWATP 12, 21.2*711 (10.2) 12, 33.8* (10.6) 12, 39.6'1 (12.4)
FT 10, 44.1 (14.7) 12, 45.9 (76) 12, 45.7 (6.9
CONTROL GROUP RESULTS
WRAT-II 8,50.0 (5.1) 7.50.0 (6.1) 9,55.7 (5.2)
DSPAN 8,20.1(3.4) 7.20.6 (3.9) 9,20.4 (5.2)
Trails A 8,25.1(6.9) 7 24.6'" (5.4) 9,20.3 (4.5)
Trails B 8, 55.0 (25.6) 7 515" (20.4) 9,38.6 (7.1)
COWAT 8, 41.8 (78) 7 44.6 (8.9) 9,45.9 (11.9)
FT 6, 45.6 (10.8) 7.48.9 (6.9) 9, 48.3 (6.8)

Test abbreviations are as follows: WRATIII = Wide Range Achievement Test
(reading subtest), DSPAN = Digit Span Test, Trails A = Trail Making Test A
(motor), Trails B = Trail Making Test B (motor and cognitive), COWAT = Cognitive
Oral Word Association Test, FT DOM = Dominant Hand Finger Tapping Test.
Means are of raw scores. Repeated measures analyses based on general linear
models were carried out for each neuropsychological test and significant results
(b < 0.05) are noted next to task names in the following manner: @indicates a
main effect of group and Pindicates a group by time interaction. None of the
models demonstrated a significant effect of time. Between-groups differences
were calculated using independent samples one-tailed t-tests, and significance
levels are denoted as follows: *p < 0.05, **p < 0.01, **p < 0.001. Between
groups differences are noted by the patient average scores only. Within-groups
differences were calculated using paired samples one-tailed t-tests, and sig-
nificance levels are denoted as follows: Tp < 0.05, "'p < 0.01, 'p < 0.0017.
Differences between time 1 and 2 are noted by the first time point average,
differences between time 2 and 3 are noted by the second time point average,
and differences between time 1 and 3 are noted by the third time point average.

In order to determine whether the decrease in FA in the corpus
callosum within the TBI group between the first and third vis-
its was driven primarily by early changes during the first interval
or late changes during the second interval, each interval was
assessed individually within the FA factorial model. These sec-
ondary analyses were limited to the corpus callosum region where
a change had been observed between the first and third time
points. Results demonstrated that significant changes could be
seen in the genu and body of the corpus callosum during the first
interval (Figure 5B), but no significant clusters were identified
during the second interval. Axial and radial diffusivity analyses
within this region indicated that an increase in radial diffusiv-
ity was present in the genu during the first interval among TBI
subjects (Figure 5B), however, no accompanying decrease in axial
diffusivity was observed.

Simple effects analyses within the FA factorial model also
demonstrated that TBI subjects exhibited significant FA increases
in bilateral regions of the SLF as well as in an OR region
on the left side of the brain between the first and third vis-
its (Figure 6). Again, we hypothesized that changes observed
among TBI patients would be driven either by decreases in axial

diffusivity, increases in radial diffusivity, or some combination
of the two. Analyses of the secondary metrics limited to these
regions were used to test this hypothesis. Results showed that TBI
subjects did not demonstrate any increases in axial diffusivity in
these regions between the first and third visits, however, signif-
icant decreases in radial diffusivity were observed in all regions
tested (Figure 6). Controls did not exhibit significant longitudinal
FA increases in any brain regions.

In order to determine whether the increases in FA in the bilat-
eral SLF and left OR within the TBI group between the first and
third visits were driven primarily by early changes during the first
interval or late changes during the second interval, each inter-
val was assessed individually within the FA factorial model. These
secondary FA increase analyses were limited to the regions where a
change had been observed between the first and third time points.
No significant clusters were identified during either the first or
second intervals individually, suggesting that the observed change
occurred gradually over the four year study duration.

Between-groups simple effects analyses demonstrated that the
TBI group had reduced FA compared to the control group in the
cerebral peduncle, ILF, SLF, internal and external capsule, infe-
rior fronto-occipital fasciculus, SS, corpus callosum, fornix, ORs,
thalamic radiations, uncinate fasciculus, and corona radiata at all
three visits. There were no regions in which the TBI group had
greater FA than the control group at any of the three time points.
We hypothesized that FA reductions would be driven by a combi-
nation of reduced axial and increased radial diffusivity. Secondary
analyses confirmed this hypothesis, demonstrating that the TBI
group had reduced axial diffusivity compared to controls in parts
of the cerebral peduncle, external capsule, internal capsule, OR,
fornix, SLE, and ILF at all three time points. Increased radial dif-
fusivity among TBI patients was observed in all regions in which
group differences in FA were observed at all three time points.

NEUROPSYCHOLOGICAL CORRELATIONS

Contrary to our hypothesis, we did not observe any correlations
between an individual’s GCS score and regional WM FA at any of
the three time points. Of the seven neuropsychological measures
tested for correlation with FA, two tests, Trails A and dominant
hand finger tapping, were significantly correlated with regional
FA values among the TBI subjects. No significant correlations
were observed between FA and neuropsychological test perfor-
mance among control subjects. Finger tapping scores correlated
positively with FA in the splenium of the corpus callosum at
the second time point (Figure 7). A lowered statistical threshold
a = 0.01 enabled observation of smaller splenium clusters when
the equivalent correlational tests were run for the first and third
time points, however, only the second time point result surpassed
significance levels employed in this study. Trails A performance
correlated positively with FA in bilateral regions of the SS at the
first time point, and a unilateral region in the left SS at the second
time point (Figure 8A).

Correlations between FA changes and changes in neuropsy-
chological measures over time were also significant for two neu-
ropsychological measures, Trails A and B cognitive component.
No equivalent correlations were observed among controls for any
measure. There was a positive correlation between change in the
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FIGURE 2 | (Top) A significant interaction between group and interval was
observed within the FA factorial model. There were inter-interval
dissimilarities in group-wise patterns of FA change in the genu of the corpus
callosum (red). Axial and radial diffusivity analyses were restricted to regions
demonstrating an FA effect. Within this region, a significant interaction was
also observed in the radial diffusivity factorial model (overlapping blue
region), but not the axial diffusivity factorial model. The left side of the
statistical map is patient left and right is patient right. (Bottom) This graph
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shows the average FA value for each subject at each of the three time points
within the corpus callosum cluster demonstrating an FA effect. Controls

are marked as green diamonds, TBI patients with a 24 h GCS score of

7 or lower are marked as pink squares, and patients with a 24 h GCS

score of 10 or higher are marked as orange triangles. Box plots indicate the
75th percentile, median, and 25th percentile FA values of each group

at each time point, and whiskers indicate 1.5 times inter-quartile

ranges.

Trails A score between the first and third time points and change
in FA over the same duration (where an increase in FA was associ-
ated with a reduction in time to complete Trails A) in the right SS
(Figure 8B). No significant correlations were observed between
change in Trails A score and change in FA during either sub-
interval of the study (from time one to time two or from time
two to time three). A positive correlation between FA change and
change in the Trails B cognitive component between time one
and time three was observed in the left superior SLF and the
right OR (Figure9). Analysis of this correlation during each of
the sub-intervals did not reveal any regions of significant clusters
between the first and second time point, but a significant cluster
was observed in the right posterior SLF between the second and
third time points (Figure 9).

DISCUSSION

Longitudinal brain changes following TBI are sparsely docu-
mented. In this study we examined TBI patients over a period
of four years and found that rather than showing a circumscribed
period of brain degeneration following injury, TBI involves a pro-
tracted period of brain change that continues for several years.
The results of this study suggest that studying alterations in brain

WM may provide clues to neuropsychological function following
TBI, and potentially inform upon the clinical course of patients
following injury.

In our study, we found significant effects in the corpus
callosum, which is commonly injured in TBI. The group by
time interaction observed in the FA factorial model combined
with the simple effects analyses indicates that the TBI sub-
jects demonstrated a significantly greater reduction in FA in the
genu of the corpus callosum during the first year post-injury
than during the subsequent three years of the total follow-
up period. This result is commensurate with previous work
on a different subset of individuals in this cohort indicating
FA reductions in this region during the first year post-injury
(Bendlin et al., 2008), as well as other previous studies that
have also found longitudinal WM decline in this region dur-
ing the first year (Xu et al., 2007; Wu et al., 2010). Our results
also demonstrated that the observed FA effect was driven by
increased radial, rather than decreased axial, diffusivity, which
is consistent with previous observations (Sidaros et al., 2008;
Kumar et al., 2010). Other recent research has indicated that
initial injury to the genu is highly predictive of patient out-
come (in terms of general disability), however, we did not
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FIGURE 3 | (Top) A significant effect of time was observed throughout the
corpus callosum as well as in the left SLF within the FA factorial model (red).
Axial and radial diffusivity analyses were restricted to regions demonstrating
an FA effect. Within this region, a significant effect of time was also observed
within the radial diffusivity factorial model (overlapping blue region), but not
the axial diffusivity factorial model. The left side of the statistical map is
patient left and right is patient right. (Bottom) This graph shows the average
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FA value for each subject at each of the three time points within the corpus
callosum cluster demonstrating an FA effect. Controls are marked as green
diamonds, TBI patients with a 24 h GCS score of 7 or lower are marked as
pink squares, and patients with a 24 h GCS score of 10 or higher are marked
as orange triangles. Box plots indicate the 75th percentile, median, and 25th
percentile FA values of each group at each time point, and whiskers indicate
1.6 times inter-quartile ranges.

observe correlations between FA change in this region over time
and change in neuropsychological task performance (Matsukawa
etal., 2011).

The main effect of time combined with simple effects analyses
indicate that TBI patients experienced a continued decline in FA
throughout the corpus callosum that continued throughout the
duration of the four year period studied, and that this decrease
was driven by increases in radial diffusivity. It has been suggested
that initial tearing, shearing, and misalignment of axons initi-
ates an inflammatory cascade that leads to further WM damage,
myelin loss, and gliosis, and we expect that these processes were
critical to the gradual, long-term FA reductions observed here
(Povlishock, 2000).

The main effect of group combined with between-groups sim-
ple effects analyses indicate that TBI subjects exhibited reduced
FA in several major tracts, that this difference was persistent for
at least four years post-injury, and that a combination of reduced
axial and increased radial diffusivity gave rise to these FA differ-
ences. These results collectively demonstrate that in several major
tracts there is reduced directional coherence of WM among our
TBI subjects that is both widespread and long-lasting. These
between-groups differences are consistent with cross-sectional
observations (Chan et al., 2003; Nakayama et al., 2006; Kiraly and

Kiraly, 2007; Xu et al., 2007; Bendlin et al., 2008; Sidaros et al.,
2008; Wang et al., 2011).

Our simple effects results also demonstrate that TBI subjects
demonstrated increases in FA in the SLF bilaterally as well as in
a portion of the OR during the course of the study, potentially
signifying improvement of WM integrity or alternatively showing
loss of crossing fibers in these brain regions. No previous study
that we are aware of has demonstrated longitudinal increases in
FA among TBI patients. This is likely because no previous study
that we are aware of followed patients for four years as the current
study did, and the FA increases we observed appear to have taken
place gradually during the four year study duration. Previous
research has, however, identified apparent improvements in FA
in animal models of TBI (Rubovitch et al., 2011), and in either
axial or radial diffusivity among human TBI patients (Sidaros
et al., 2008; Kumar et al., 2010), indicating that our present find-
ing is potentially replicable. This evidence of subtle neurological
recovery merits further investigation, particularly in clinical set-
tings. The secondary result indicating that this increase in FA was
driven by a longitudinal decrease in radial diffusivity (rather than
an increase in axial diffusivity) could suggest improved myelin
integrity within the tract, however, it is equally plausible that pro-
gressive loss of damaged axons that is observed in animal models
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FIGURE 4 | (Top) A significant effect of group was observed within the FA
factorial model in several white matter tracts throughout the brain, including
the cerebral peduncle, inferior and superior longitudinal fascicule (ILF and
SLF), internal and external capsule, inferior fronto-occipital fasciculus, sagittal
stratum, corpus callosum, fornix, optic radiations, thalamic radiations,
uncinate fasciculus, and corona radiata (red). Axial and radial diffusivity
analyses were restricted to regions demonstrating an FA effect. Within this
set of regions, a significant effect of group was also observed within the
radial diffusivity factorial model (overlapping blue regions), as well as the axial
diffusivity factorial model (overlapping green yellow regions). Regions in

Control 1 Control2 Control 3 TBI1

@ Control
B ” B TBI Low GCS
,'_! B A TBI High GCS
n n
A n
2
TBI 2 TBI3

which a significant effect was seen in the FA, radial diffusivity, and axial
diffusivity models are shown in green. The left side of the statistical map is
patient left and right is patient right. (Bottom) This graph shows the average
FA value for each subject at each of the three time points within the regions
demonstrating an FA effect. Controls are marked as green diamonds, TBI
patients with a 24 h GCS score of 7 or lower are marked as pink squares, and
patients with a 24 h GCS score of 10 or higher are marked as orange
triangles. Box plots indicate the 75th percentile, median, and 25th percentile
FA values of each group at each time point, and whiskers indicate 1.5 times
inter-quartile ranges.

of TBI (Creed et al., 2011) may underlie the observed FA changes
in our TBI cohort.

The fact that longitudinal changes in radial (rather than axial)
diffusivity were found in the same regions where FA changes
were found warrants further attention. In the literature, find-
ings concerning radial diffusivity and TBI tend to be relatively
consistent across studies, whereas findings relating to axial dif-
fusivity are inconsistent. Many studies have reported longitudinal
increases in radial diffusivity in the absence of changes in axial
diffusivity and like in the current study these changes have fre-
quently been localized to the corpus callosum (Mac Donald et al.,
2007; Newcombe et al., 2007; Ewing-Cobbs et al., 2008; Tasker
et al., 2010). Differences in axial diffusivity, however, have been
inconsistent, with some groups finding increases (Sidaros et al.,
2008; Tasker et al., 2010), decreases (Li et al., 2011) or no change
(Mac Donald et al., 2007) in both the corpus callosum and other
regions. These inconsistencies may be due to differences in how
long after injury patient scans were obtained. While FA variations
may be related to myelin change, axonal change, or differences
in directional coherence of fibers (e.g., presence of absence of

crossing fibers), changes in axial diffusivity are thought to be
associated primarily with axonal changes while changes in radial
diffusivity are thought to relate to myelin changes (Song et al,,
2002; Alexander et al., 2007; Xie et al., 2010). These findings indi-
cate that progressive FA loss observed among our subjects was
likely driven by progressive myelin pathology, possibly due to
persistent inflammation (Ramlackhansingh et al., 2011). While
progressive FA increases observed could have been driven by
improvements in myelin integrity, the removal of axons with
damaged myelin by phagocytotic processes likely also contributed
to our result.

While it is not plausible to determine why some regions
showed FA increases while others showed decreases with imag-
ing data alone, it is nonetheless instructive to speculate on this
matter. One likely contributing factor is the specific injuries sus-
tained by this cohort of TBI patients. The corpus callosum is
frequently that center of severe damage during TBI, and the sub-
jects in this cohort were no exception. Several subjects’ initial
radiology notes included mentions of corpus callosal damage, but
none mentioned other tracts specifically. It is possible, therefore,
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FIGURE 5 | (A) Simple effects analysis within the FA factorial model
revealed a significant region of the corpus callosum in which TBI subjects
exhibited greater FA at the first time point compared to the third time point
(red), indicating a longitudinal FA reduction during the four year study
duration. The equivalent test in controls did not produce any significant
clusters. Secondary axial and radial diffusivity analyses were renstricted to
regions demonstrating an FA effect. Axial and radial diffusivity analyses
demonstrated that in this region there was a significant increase in radial
diffusivity, but no decrease in axial diffusivity, during the four year study
(overlapping blue region). (B) Analysis of this region during the two
sub-intervals revealed that there was a significant FA reduction between
the first and second time points in the genu of the corpus callosum among
TBI subjects (red), but no clusters between the second and third time
points. Secondary axial and radial diffusivity analyses were restricted to
regions demonstrating an FA effect. Axial and radial diffusivity analyses
demonstrated that in this region there was a significant increase

in radial diffusivity, but no decrease in axial diffusivity, between

the first and second time points (overlapping blue region). The left

side of the statistical map is patient left and right is patient

right.

FIGURE 7 | Linear regression analyses, in which neuropsychological
test scores were the independent variables and FA maps were the
dependent variables, demonstrated a significant correlation between
performance on a finger tapping task and FA in the splenium of the
corpus callosum among TBI patients at the second time point (red).
The left side of the statistical map is patient left and right is patient right.

FIGURE 6 | Simple effects analysis within the FA factorial model
revealed significant regions in the bilateral SLF in which TBI

subjects exhibited greater FA at the third time point compared to the
first time point (red), indicating a longitudinal FA increase during the
four year study duration. The equivalent test in controls did not produce
any significant clusters. Secondary axial and radial diffusivity analyses were
restricted to this region demonstrating an FA effect. Axial and radial
diffusivity analyses demonstrated that in this region there was a significant
decrease in radial diffusivity during the four year study period

(overlapping blue region), but no accompanying increase in axial diffusivity.
The left side of the statistical map is patient left and right is patient

right.

FIGURE 8 | (A) Linear regression analyses demonstrated a significant
positive correlation between TBI patients’ performance on the Trails A
visuomotor speed task and FA in bilateral regions of the sagittal stratum at
the first time point (red), and in a unilateral region of the left sagittal stratum
at the second time point (overlapping blue region). (B) A positive correlation
was also observed between change in Trails A score between the first and
third time points and change in sagittal stratum FA over the same four year
study duration (red). The left side of the statistical map is patient left and
right is patient right.

the continued deterioration was observed in regions with greater
initial damage. Another complementary possibility is that dif-
ferential tract properties promote different responses to insult.
Research with animal models has demonstrated that astrocytic
proliferation can occur in responses to focal injury, but only cer-
tain subclasses of neurons are capable of this type of structural
remodeling (Blizzard et al., 2011). Further research, most likely
in animal models, is necessary to determine why certain regions
continue to deteriorate post-injury while others remain static or
even improve.

GCS score and WM integrity were not correlated in TBI
patients, likely due to the heterogeneity of patients’ injuries. It is
probable that more severely injured individuals had greater WM
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FIGURE 9 | Linear regression analyses revealed a significant positive
correlation between change in the cognitive component of the Trails B
score between time one and time three and FA change in the left
superior SLF and right optic radiation over the same four year study
duration (red). Analyses of sub-intervals revealed there was also a
significant positive correlation between change in the Trails B cognitive
component between the first and second time points, and FA change in the
right posterior SLF over the same one year first interval duration (yellow).
The left side of the statistical map is patient left and right is patient right.

damage near impact sites, but variable injury locations across
subjects precluded group-wise identification of these differences.
The neuropsychological correlations we observed were consis-
tent with our hypothesis that FA and neuropsychological task
performance would correlate positively. In TBI patients, dam-
age to the splenium indexed by lower FA was associated with
slower finger tapping speed, consistent with previous studies link-
ing corpus callosum to manual motor tasks (Muetzel et al., 2008;
Caeyenberghs et al., 2011a,b).

Faster performance on the Trails A test was associated with
higher FA in the SS, an interesting finding given that this tract
is known to be implicated in visuomotor functions. Individuals
with greater damage to this tract likely had more difficulty com-
pleting the task (Makris et al., 2005; Hao et al., 2011). Over time,
this relationship held, with a subset of TBI patients showing lon-
gitudinal improvements in Trails A completion speed between the
first and third time points and a corresponding increase in FA in
the SS over the same interval.

Correlations were also observed between change in the Trails
B cognitive component score over time and change in FA val-
ues among TBI patients. A correlation was observed between
the first and third time points in the left SLF and the right
OR, as well as in the right SLF between the second and third
time points. Previous work has demonstrated that FA in the
SLF is is associated with complex functions such as attentive-
ness, working memory and reading skills (Karlsgodt et al., 2008;
Frye et al., 2010). The SLF subserves a wide variety of connec-
tive functions, and the longitudinal improvements in directional
coherence of fibers within this tract among TBI patients in this
study may have contributed to improved scores on the Trails
B cognitive component measure. Interestingly, we also found a
relationship in the OR (a tract relevant to the relay of visual infor-
mation from the lateral geniculate nucleus to the visual cortex);
this may suggest that subtracting Trails A scores from Trails B
scores does not entirely remove the visuomotor element of the
task, or possibly that this tract is important for subserving the
cognitive component of a visuomotor task. Overall, our neu-
ropsychological correlations demonstrate that the differences in

FA observed in our study do indeed have an impact on cogni-
tive and motor function, and that subtle increases in FA over time
reflect WM change that is related to improved functionality in
patients. While it should be noted that the neuropsychological
correlations reported in the current study may be specific to the
set of patients included and their particular patterns of WM dam-
age, it is nonetheless informative to identify functional relevancies
of WM change.

In addition to the primary analyses and results presented in
this paper, we also conducted an investigatory simple effects anal-
ysis of whole-brain radial diffusivity changes within our patients.
This analysis was carried out within the radial diffusivity facto-
rial model used in our primary analysis, but the search was not
restricted to regions demonstrating FA change. The results of this
analysis, which used the same statistical parameters as our pri-
mary FA analysis, indicated that within our cohort longitudinal
decreases in radial diffusivity (approximating improvements in
myelin integrity) were found in regions throughout the brain
during the four year study duration. Regions included superior
and inferior longitudinal fasiculi, internal and external capsules,
the descending corticospinal tract, and forceps major and minor
(Figure A1). While this analysis is beyond the planned scope
and goals of the current study, it is provocative and may be
informative to future research.

The results of this study likely have significant clinical rele-
vance. Specifically, it is notable that we observed WM changes
occurring for several years post-injury because the continued
malleability of the injured brain holds promise for the effective-
ness of treatments well beyond the three to six month window
in which treatments are typically prescribed. The FA increase
observed in this study has particular relevance to treatment
options, as it reflects plasticity and represents a potential physio-
logical basis of rehabilitation. In order to truly assess the relevance
of these results to clinical applications, a clinical trial study would
be necessary. In such a study, DTI would be used as an outcome
measure with the expectation that patients undergoing treat-
ment would exhibit less deterioration or greater improvement in
regional brain WM integrity. A positive result would underscore
the clinical relevance of our findings.

The current study has methodological limitations that should
be considered. Firstly, the results of our study may be limited by
methodological limitations imposed by performing a patient and
control comparison. For example, it is possible that preprocess-
ing of imaging data and even MR signal of interest can be affected
differentially by group. Voxel-wise comparisons of brain images
are dependent upon accurate alignment to a template; in order to
minimize error, all FA maps were visually inspected for within-
subject tract alignment to the template and alignment across all
participants. Another potential limitation concerns the greater
ratio of women to men in the control group compared to the TBI
group. Due to this, we used gender as a covariate in all analyses. In
this study we were not able to account for the intensity or duration
of rehabilitations programs in which some of our patients par-
ticipated. Future clinical trials are critical to understanding how
rehabilitation programs impact neurological recovery.

Concurrent volume loss exhibited by TBI patients could also
have confounded our results. Volume loss following injury is well
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established in the TBI literature (Levine et al., 2008; Merkley
et al., 2008; Sidaros et al., 2009), and has also been observed in
this particular cohort of patients (Bendlin et al., 2008). While
any DTI study done on this patient population will have results
obtained in the context of volume loss, it is nonetheless important
to acknowledge that tissue contraction, in addition to microstruc-
tural reorganization, may contribute to observed changes in DTI
metrics. To ensure that our results were not due solely to volu-
metric changes, we conducted a native space region of interest
analysis on the genu of the corpus callosum. The genu was
selected because it is a functionally relevant region and is easily
identifiable. FA values were extracted from 3 mm spherical ROIs
placed in the center of the genu in each participant’s native space
DTI images from Visits 1, 2, and 3. Independent samples two-
tailed ¢-tests showed that TBI patients had reduced FA compared
to controls at all three time points (Visit 1: Controls-m = 0.77,
TBIs-m = 0.67, p = 0.005; Visit 2: Controls-m = 0.79, TBIs-
m = 0.63, p =0.0003; Visit 3: Controls-m = 0.79, TBIs-m =
0.61, p = 0.001). Paired samples two-tailed ¢-tests showed that
TBI patients demonstrated a reduction in FA between Visits
1 and 2 (p = 0.01) as well as between visits 1 and 3 (p = 0.04).
Paired samples ¢-tests showed no longitudinal changes within the
control group. These results mirror the observations made in
our whole-brain analysis, and partially allay concerns about the
confounding effects of concurrent volume change.

Finally, the results of this study may be limited by the small
number of participants that were followed through all three time
points. The TBI population and college aged controls are both
itinerant populations, and therefore, difficult to track for long
periods of time. Notwithstanding this limitation, follow-up of
TBI patients over three time points makes this an extremely valu-
able sample. Furthermore, we did not find significant differences
in age, education or injury severity within either group between
those who dropped out of the study and those who completed
all three visits, suggesting that selective drop-out did not bias the
results.

In this study, we show that TBI patients exhibit longitudinal
WM changes that continue for at least four years post-injury.
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APPENDIX

FIGURE A1 | A supplementary whole-brain analysis of radial diffusivity
change among patients that was not restricted to regions
demonstrating an FA effect was conducted. This analysis was carried out
in the same radial diffusivity factorial model used in the restricted radial
diffusivity analyses, and statistical thresholds used in FA analyses were
employed. This analysis examined decreases in radial diffusivity during the
four year study duration. Regions of decreased radial diffusivity included
significant longitudinal decreases in radial diffusivity in superior and inferior
longitudinal fasiculi, internal and external capsules, forceps major and minor
and the descending corticospinal tract (blue). The tubular regions of change
that extend through the descending corticospinal tract were not constrained
on any side by the white matter mask employed in our analyses. The left
side of the statistical map is patient left and right is patient right.

Frontiers in Human Neuroscience www.frontiersin.org June 2012 | Volume 6 | Article 160 | 45


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

frontiers in
HUMAN NEUROSCIENCE

MINI REVIEW ARTICLE
published: 19 March 2014
doi: 10.3389/fnhum.2014.00139

=

Is there evidence for neurodegenerative change following
traumatic brain injury in children and youth? A scoping

review

Michelle L. Keightley'?3%%*, Katia J. Sinopoli'¢, Karen D. Davis®, David J. Mikulis’,
Richard Wennberg®, Maria C. Tartaglia®, Jen-Kai Chen™ and Charles H. Tator®
" Bloorview Research Institute, Holland Bloorview Kids Rehabilitation Hospital, Toronto, ON, Canada

2 Department of Occupational Science and Occupational Therapy, University of Toronto, Toronto, ON, Canada
 Graduate Department of Rehabilitation Science, University of Toronto, ON, Canada

4 Department of Psychology, University of Toronto, ON, Canada

5 Cognitive Neurorehabilitation Sciences, Toronto Rehabilitation Institute, Toronto, ON, Canada

¢ Department of Psychology and Division of Neurology, Sickids Hospital for Sick Children, Toronto, ON, Canada

7 Division of Brain, Imaging and Behaviour — Systems Neuroscience, Toronto Western Research Institute, University Health Network, Toronto, ON, Canada
8 Department of Surgery and Institute of Medical Science, University of Toronto, Toronto, ON, Canada

9 Krembil Neuroscience Centre, Toronto Western Hospital, University Health Network and University of Toronto, Toronto, ON, Canada

0 Neuropsychology/Cognitive Neuroscience Unit, Montreal Neurological Institute, Montreal, QC, Canada

Edited by:
James Blair, National Institute of
Mental Health, USA

Reviewed by:

Jack Van Honk, Utrecht University,
Netherlands

John Van Horn, University of
California at Los Angeles, USA

*Correspondence:

Michelle L. Keightley, Bloorview
Research Institute, Holland
Bloorview Kids Rehabilitation
Hospital, 150 Kilgour Rd., Toronto,
ON MA4G 1R8, Canada

e-mail: mkeightley@
hollandbloorview.ca

While generalized cerebral atrophy and neurodegenerative change following traumatic
brain injury (TBI) is well recognized in adults, it remains comparatively understudied
in the pediatric population, suggesting that research should address the potential for
neurodegenerative change in children and youth following TBI. This focused review
examines original research findings documenting evidence for neurodegenerative change
following TBI of all severities in children and youth. Our relevant inclusion and exclusion
criteria identified a total of 16 articles for review. Taken together, the studies reviewed
suggest there is evidence for long-term neurodegenerative change following TBI in
children and youth. In particular both cross-sectional and longitudinal studies revealed
volume loss in selected brain regions including the hippocampus, amygdala, globus
pallidus, thalamus, periventricular white matter, cerebellum, and brain stem as well
as overall decreased whole brain volume and increased CSF and ventricular space.
Diffusion Tensor Imaging (DTI) studies also report evidence for decreased cellular integrity,
particularly in the corpus callosum. Sensitivity of the hippocampus and deep limbic
structures in pediatric populations are similar to findings in the adult literature and we
consider the data supporting these changes as well as the need to investigate the
possibility of neurodegenerative onset in childhood associated with mild traumatic brain

injury (mTBI).

Keywords: traumatic brain injury, neurodegeneration, magnetic resonance imaging

INTRODUCTION
One of the most commonly reported injuries in children who par-
ticipate in sports is concussion or mild traumatic brain injury
(mTBI) (Browne and Lam, 2006). Children and youth (<19
years) involved in organized contact sports are nearly six times
more likely to suffer a severe concussion compared to other leisure
physical activities (Browne and Lam, 2006). The recovery pro-
file and breadth of consequences in children and youth remains
largely unknown (McCrory et al., 2004). This dearth of literature
is compounded by the recent scrutiny youth participation in com-
petitive contact sports (such as boxing, hockey and football) has
received, due primarily to case study and media reports linking
repeat concussions to a distinct neurodegenerative disease known
as chronic traumatic encephalopathy (CTE).

This condition was initially described in boxers in 1928
by Martland and known as dementia pugilistica (Martland,
1928). In some cases, a constellation of symptoms typical of

neurodegenerative disease were observed in a syndrome, and
Miller coined the term “CTE” (Miller, 1966). It is now recognized
in many sports in which there are repetitive concussions. CTE
is defined as a slowly progressive neurodegenerative disorder
associated with repeated brain trauma that manifests years
after implicated concussive events (McKee et al., 2009). CTE
is a neurodegenerative disease with a distinct distribution of
atrophy along the amygdalo-hippocampal-septo-hypothalamic-
mesencephalic continuum (McKee et al., 2009). CTE shows some
similarity to the chronic effects of moderate and severe traumatic
brain injury (TBI). There is demonstrated evidence for neu-
rodegeneration in the chronic phase of moderate to severe TBI,
ensuing months to years after brain injury with sub-acute atrophy
within the limbic system hippocampi (Ng et al., 2008) and else-
where (Greenberg et al., 2008; Farbota et al., 2012; Green et al.,
2014). The corpus callosum (unmyelinated axons in particular)
is vulnerable to the deposition of protein post-TBI, suggesting
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commonality with CTE (Reeves et al., 2007). Thus, generalized
cerebral atrophy is a well-established consequence of moderate-
to-severe TBI in adults that can be quantified from MRI studies
that assess total brain volume (e.g., Bigler et al., 2010).

To the best of our knowledge, there are currently no scientific
studies published of CTE following repetitive concussions/mTBI
in children. The popularity of competitive sports coupled with
the dearth of literature investigating long-term outcomes fol-
lowing mTBI in the pediatric population, suggests that research
addressing the potential for CTE in youth following multiple
mTBIs should be a public priority. This mini-review examines
the available evidence on atrophy and neurodegenerative change
in children and adolescents (<19 years) in the chronic stages of
mild, moderate and severe TBI compared to typically developing
youths. Research findings describe widespread volume reductions
(e.g., Levin et al., 2000; Verger et al., 2001; Serra-Grabulosa et al.,
2005; Tasker et al., 2005; Wilde et al., 2005, 2006, 2007, 2010,
2012; Braga et al., 2007; Spanos et al., 2007; Yuan et al., 2007;
Fearing et al., 2008; Bigler et al., 2010; Beauchamp et al., 2011a,b)
and clearly indicate that childhood TBI disrupts normal age-
related neuronal processes that may persist across the life-span
(see Bigler, 2013).

METHODS

IDENTIFYING RELEVANT STUDIES

We chose a scoping review methodology (Mays et al., 2001)
and entered the keywords mild, traumatic, brain, injury, MRI,
child, chronic, long-term, and concussion combined with the
Boolean operators AND and OR into PubMed, Ovid, PsychInfo,
and Medline as the search engines. We also hand searched each
reference list and included only published articles from January
1, 2000 to May 2, 2012 that contained human participants and
were published in English. The start date of 2000 was chosen as
studies published following this date contained imaging technol-
ogy and methods sufficiently advanced in terms of sensitivity to
detect more subtle structural changes. Foreign language material
was excluded because of the cost and time in translating material.
We adopted these methods for practical reasons and acknowledge
that key articles may have been missed.

The various mechanisms for searching in our scoping study
generated a total of 16 publications. No additional publications
were identified as the study progressed. All publications were
originally identified on the PubMed electronic databases and
confirmed by subsequent databases searched.

STUDY SELECTION

Our initial examination of the studies indicated that our search
strategy had identified a large number of irrelevant studies.
Criteria to eliminate studies that did not address our cen-
tral research question were developed post-hoc in three stages,
based on increasing familiarity with the literature (Arksey and
O’Malley, 2005). In Stage One we included original research
articles and case studies that examined structural changes using
MRI following mild, moderate and severe TBI. We included
imaging studies examining adults only if the methods informed
imaging techniques that could be applied to pediatric cases. We
excluded meta-analyses and review articles as well as non-TBI

forms of brain injury. These criteria identified 201 articles for
review. During Stage Two, we narrowed our inclusion criteria to
a TBI sustained during childhood and youth (defined as under
the age of 19) and excluded metabolic studies which identified
71 articles. Finally during Stage Three we included only those
studies that were cross-sectional or longitudinal in design and
reported on neuroimaging findings of neurological degeneration
obtained at least 1 year post-injury in order to identify those stud-
ies focused on the chronic effects following TBI for all subjects
examined. We also excluded studies focusing solely on inten-
tional brain trauma (i.e., inflicted abuse) to try and keep injury
mechanism more similar to the biomechanical forces observed
in concussion/mTBI. These criteria resulted in 16 articles for
review.

Two reviewers (first and second authors) applied the inclu-
sion and exclusion criteria to all the citations and copies of the
full articles were obtained for those studies felt to “best fit” the
research question. Having read the articles in full, all 16 articles
were selected for inclusion in the review.

CHARTING THE DATA

We charted key items of information obtained from the primary
research reports being reviewed (Arksey and O’Malley, 2005). We
recorded information as follows:

e Author(s), year of publication and study location

e Study population (Brain Injury (TBI) Severity, Time Since
Injury, and Mechanism)

Study Population (Demographic Characteristics)

Aims

Study Design

Structural Feature Assessed

Behavioral Outcome Measure(s)

Neurodegenerative Findings

RESULTS

NUMERICAL ANALYSIS OF THE EXTENT, NATURE, AND DISTRIBUTION
OF STUDIES

Study design

Supplementary Table 1 summarizes the data obtained from each
study. With respect to study design, 14 of the 16 studies reviewed
utilized a cross-sectional design, of which 10 included a com-
parison group. Of the 10 studies containing a control group,
seven studies individually matched participants across a number
of demographic variables including age, sex, education (mater-
nal or child), and socioeconomic status. One study matched on
age and sex combined, with one study matching on age alone.
Two studies described a control group consisting of children and
youth of similar age who had sustained orthopedic injuries. All
cross sectional studies included participants who were under the
age of 19 years at the time of scanning. Two of the sixteen studies
were prospective longitudinal investigations of the same cohort
of children re-imaged at two time-points. One study re-imaged
at 3 and 18 months post-injury while the second re-imaged at 3
and 36 months post-injury. Of these two longitudinal studies only
one included a control group comprised of children of similar age
who had sustained an orthopedic injury.
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Of the 16 studies reviewed, eight examined volumetric proper-
ties of selected brain regions only, while three considered multiple
brain regions and/or all gray and white matter (see Figure1).
Two studies report on diffusion tensor imaging (DTI) in selected
brain regions (corpus callosum Wilde et al., 2006 and cingu-
lum bundle Wilde et al., 2010, respectively), while one study
used DTI to examine selected white matter regions including the
corpus callosum, interior capsule, superior longitudinal fascicu-
lus and inferior fronto-occipital fasciculus (Yuan et al., 2007).
Two studies employed both volumetric and DTI methods to
explore evidence for impaired brain growth across the whole
brain following TBI.

Patient population

Of the sixteen studies reviewed, five present various findings from
a single cohort of sixteen children and youth who previously sus-
tained a moderate-severe TBI. Six studies in total considered the
moderate to severe patient population. Three studies included
mild, moderate and severe case while two included “complicated
mTBI” [defined as children exhibiting focal pathology on acute
computed tomography (CT), regardless of having GCS scores in
the range of 13-15] in addition to children and youth survivors
of moderate and severe TBI. One study considered the full spec-
trum of TBI including mild, moderate and severe TBI. One study
defined their patient population as mild to moderate and severe,
while a final three studies considered severe TBI only.

Behavioral outcome measures

Just over two thirds (11/16) of the studies correlated a mea-
sure of behavioral function with the MRI findings. A total of
five studies did not include a behavioral outcome measure and
three studies (Wilde et al., 2005, 2006; Yuan et al., 2007) corre-
lated MRI findings with GCS or Glasgow Outcome Scale (GOS)
alone (see Supplementary Table 1). Most studies that included a
behavioral outcome measure reported positive correlations with
the structural features assessed (see Figure 2). For example, Wilde

Imaging Research Methods

B Volume MIDTI | Volume +DTI [ Cortical Thickness

FIGURE 1 | lllustrative summary of imaging research methods.

et al. (2012) found a significant positive correlation between the
emotional control subscale of the Behavior Rating Inventory of
Executive Function (BRIEF) and right medial frontal and right
anterior cingulate gyrus volume. Levin et al. (2000) reported that
the uncorrected corpus callosum area was correlated with acute
TBI severity and Vineland Adaptive Behavior Scale (VABS) score
at 36 months postinjury. Wilde et al. (2010) reported a signif-
icant correlation between a low GCS score and high apparent
diffusion coefficient (ADC). Furthermore, for the TBI group, sig-
nificant correlations were found between DTI parameters and
behavioral measures. Fearing et al. (2008) found a decreased
baseline RT on the Sternberg task to be associated with total
brainstem volume for both the control and TBI groups. Yuan
et al. (2007) found GCS scores to be positively correlated with
FA in several white matter areas including the inferior fronto-
occipital fasciculus. Braga et al. (2007) observed lesion volume
and presence of lesions left supramarginal gyrus in splenium to
be significantly associated with dyscalculia. Wilde et al. (2006)
found higher FA was related to increased cognitive processing
speed and faster interference resolution. In the TBI patients,
higher FA was also related to better functional outcome as mea-
sured by the GOS. Serra-Grabulosa et al. (2005) reported verbal
long term memory to be significantly correlated with volume of
cerebrospinal fluid (CSF) in the TBI group only. Hippocampal
volume also correlated with visual and verbal long term recall
for TBI subjects. Wilde et al. (2005) observed that greater tissue
preservation predicted better recovery on the GOS. Finally, Verger
et al. (2001) found that corpus callosum area strongly correlated
with several measures involving processing speed and visuospatial
function.

CHRONIC ATROPHY AND NEURODEGENERATIVE FINDINGS
Longitudinal studies

Cortical thickness and volumetric changes. Longitudinal inves-
tigation of cortical thickness revealed that at 18 months (rel-
ative to 3 months) post-injury, bilateral frontal, fusiform, and

Behavioural Findings

.N/A . Positive Correlation with Imaging No Correlation with Imaging

FIGURE 2 | lllustrative summary of behavioral findings.
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lingual regions remained significantly decreased in TBI relative
to orthopedic controls with additional areas of cortical thinning
emerging in bilateral frontal regions, fusiform gyrus and left pari-
etal regions. Wilde et al. (2012) found large bilateral regions of
the medial aspects of the frontal lobes and anterior cingulate
were attenuated. Most notably, there were also cortical thick-
ness increases in aspects of the medial orbital frontal lobes and
bilateral cingulate and right lateral orbital frontal lobe (Wilde
et al., 2012) which could be interpreted as either compensatory
hypertrophy or random effects. In addition, Levin et al. (2000)
report that corpus callosum area decreased from 3 to 36 months
in severely injured children and increased in the mild to mod-
erate group. Uncorrected corpus callosum area was correlated
with acute TBI severity and functional outcome at 36 months
post-injury.

White matter integrity assessed by diffusion tensor imag-
ing (DTI). None of the longitudinal studies examined this
parameter.

Cross-sectional studies

Cortical thickness and volumetric changes. All eleven studies
focusing on volumetric changes reported positive findings indica-
tive of long-term degeneration in selected brain regions. More
specifically, relative to a control group with similar demographic
characteristics and in some cases, an orthopedic or extracranial
injury, volume loss was evident in the hippocampus, amyg-
dala, globus pallidus, thalamus (gray matter only), periventricular
white matter, cerebellum, and the midbrain of the brainstem.
Whole brain volume was found to be significantly decreased
in TBI patients relative to controls while CSF and ventricu-
lar space was observed to be significantly greater. A number of
studies attempted to control for the presence of focal lesions
by analyzing volumes in brain regions with no focal lesions, as
well as patients who did not have focal injuries. These, studies
reported reduced volumes in selected brain regions suggesting
that the degeneration was not secondary to acute injury and
resulting atrophy. Finally in the one study that included mTBI
and stratified results according to severity (Beauchamp et al,
2011a,b), significantly reduced gray matter and left hippocam-
pal volume was reported for mild injuries as well as signif-
icantly increased CSF compared to an age and sex matched
sample.

White matter integrity assessed by diffusion tensor imaging
(DTI). All five studies employing DTI reported positive find-
ings indicating compromised white matter integrity at least 1
year following TBI compared to demographically similar control
subjects, some of whom sustained an orthopedic or extracranial
injury. More specifically, fractional anisotropic (FA) values were
significantly reduced in the genu, body and splenium of the cor-
pus callosum, anterior limb of the posterior capsule, posterior
limb of the anterior capsule, superior fronto-occipital fascicu-
lus, superior longitudinal fasciculus, superior fronto-occipital
fasciculus, and centrum semiovale. Moreover, FA values were
significantly reduced bilaterally in the cingulum bundles, while
ADC values were significantly increased. Similarly, TBI patients

demonstrated significantly higher mean diffusivity in the right
cerebral white matter, bilaterally in the forceps major and in the
body and splenium of the corpus callosum.

DISCUSSION

Taken together, the studies reviewed suggest there is evidence for
long-term neurodegenerative change following TBI in children
and youth. In particular both cross-sectional and longitudinal
studies revealed volume loss in selected brain regions including
the hippocampus, amygdale, globus pallidus, thalamus, periven-
tricular white matter, cerebellum, and brain stem as well as overall
decreased whole brain volume and increased CSF and ventricu-
lar space. DTI studies also report evidence for decreased axonal
integrity, particularly in the corpus callosum (Wilde et al., 2006;
Yuan et al., 2007; Porto et al., 2011). Although fewer in number,
longitudinal investigations are of critical importance and those
reviewed here (i.e., Wilde et al., 2012) highlight the dynamic and
disruptive interplay between childhood TBI and normal develop-
mental neuronal processes such as axonal thinning and increased
myelination (see Bigler, 2013).

Taken together, the findings appear to highlight a sen-
sitivity of the hippocampus and deep limbic structures in
pediatric populations, which like adults, show similarities to
CTE where there is a distinct distribution of atrophy along
the amygdalo-hippocampal-septo-hypothalamic-mesencephalic
continuum (McKee et al., 2009). They also corroborate find-
ings in the chronic phase of moderate to severe TBI in adults,
where sub-acute atrophy within the limbic system hippocampi
(Ng et al., 2008), corpus callosum (Reeves et al., 2007), and else-
where (i.e., Greenberg et al., 2008; Bigler et al., 2010; Green et al.,
2014) have been documented.

A major limitation of the studies reviewed is the lack of stud-
ies focused specifically on repetitive concussions or mTBIs. Only
one study (Beauchamp et al., 2011a,b) reported results specific to
mTBI where reduced gray matter and left hippocampal volume
was reported for mild injuries as well as significantly increased
CSF compared to an age and sex matched sample. The second
important limitation is that the methods of only a subset of the
studies speak directly to a progressive, and putatively neurodegen-
erative entity. Chronic findings in the rest of the studies reviewed
may alternatively reflect the enduring effects of the initial injuries.
These findings indicate that long-term investigation of neurode-
generative change following repetitive concussions and mTBIs in
children is warranted (Tartaglia et al., 2014).

There is widespread belief that children are at an advantage
to adults when inflicted with significant brain damage, such as
repeat concussions or mTBIs, as the developing brain has a higher
chance of reorganization or plasticity (McCrory et al., 2004). This
view is becoming increasingly challenged. The developing brain
is cognitively maturing throughout childhood and any impact
may cause a disruption in this neuronal maturation (Anderson
et al., 2001). Although the injury may occur in the same way,
the outcome needs to be treated differently as the composition
and mechanical properties of the head and brain differ in an
adult and youth (Kirkwood et al., 2006). These differences include
increased brain water content, decreased level of myelination,
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skull geometry, suture elasticity, and neck strength (Bauer and
Fritz, 2004; Kirkwood et al., 2006).

In conclusion, the mini-review provides strong evidence for
neurodegenerative change following TBI of all severities in chil-
dren and youth while clearly highlighting repetitive and chronic
mTBI in children and youth as an overlooked population. Future
research should employ multi-centerd strategies to longitudinally
investigate the possibility of neurodegenerative onset and CTE
in childhood associated with repeat mTBIs by developing age
specific normal databases for each of the imaging parameters
under assessment.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://www.frontiersin.org/journal/10.3389/fnhum.
2014.00139/abstract
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Objective: To examine the relationship between environmental enrichment (EE) and
hippocampal atrophy in the chronic stages of moderate to severe traumatic brain injury
(TBI).

Design: Retrospective analysis of prospectively collected data;
within-subjects.

observational,

Participants: Patients (N = 25) with moderate to severe TBI.

Measures: Primary predictors: (1) An aggregate of self-report rating of EE (comprising
hours of cognitive, physical, and social activities) at 5 months post-injury; (2) pre-injury
years of education as a proxy for pre-morbid EE (or cognitive reserve). Primary outcome:
bilateral hippocampal volume change from 5 to 28 months post-injury.

Results: As predicted, self-reported EE was significantly negatively correlated with
bilateral hippocampal atrophy (p < 0.05), with greater EE associated with less atrophy
from 5 to 28 months. Contrary to prediction, years of education (a proxy for cognitive
reserve) was not significantly associated with atrophy.

Conclusion: Post-injury EE may serve as a buffer against hippocampal atrophy in
the chronic stages of moderate-severe TBI. Clinical application of EE should be
considered for optimal maintenance of neurological functioning in the chronic stages of

moderate-severe TBI.

Keywords: traumatic brain injury, environmental enrichment, subacute atrophy, adult, moderate to severe

INTRODUCTION

Conventionally, moderate-severe traumatic brain injury (TBI)
has been viewed as a non-progressive brain disorder with a pre-
dictable trajectory of recovery leading to a stable course thereafter
(Lezak et al., 2004). However, growing research findings show
progressive gray matter atrophy and loss of white matter integrity
in the post-acute and chronic phases of injury (Trivedi et al., 2007;
Greenberg et al., 2008; Ng et al., 2008; Farbota et al., 2012; Adnan
etal., in press). Further, some individuals with TBI also show pro-
gressive cognitive and functional declines in the ensuing months
and years following injury (Corkin et al., 1989; Millis et al., 2001;
Himanen et al., 2006; Till et al., 2008), supporting the notion that
TBI is not a stable condition (Ng et al., 2008; Till et al., 2008).

A brain structure of key importance in TBI is the hippocam-
pus. Memory impairment is one of the most common complaints
following TBIL, in part due to the acute effects of hippocampal
injury, which include excitotoxic and hypoxic insult (Rosenfeld
et al., 2012). On top of these acute injuries, post-acute atrophy
of the hippocampus has now been demonstrated in several TBI

studies (Bigler et al., 1997; Ng et al., 2008). Tate and Bigler (2000)
have suggested that post-acutely, hippocampal cell loss may be the
result of transneuronal degeneration secondary to hippocampal
deafferentation and/or deefferentation. Indeed, the unique pat-
tern of neuronal projections within the hippocampus (Duvernoy
et al., 2005), which is comprised of six architecturally distinct
regions linked via unidirectional projections (Amaral and Witter,
1995), has been referred to as an Achilles’ heel of sorts, whereby
damage to one region of the hippocampus can lead to down-
stream damage to other regions via loss of activity-dependent sur-
vival factors (McCarthy, 2003). Thus, disuse-mediated loss, either
secondary to disconnection or to a dearth of behavioral stim-
ulation, may be an important factor in observed hippocampal
volume loss in the post-acute stages of injury.

Disuse-mediated loss—or “use it or lose it”—is a concept that
has received extensive attention in the older adult literature. It
has been argued for decades that greater day-to-day cognitive
stimulation is associated with less cognitive decline and delayed
onset of dementia. The “negative neuroplasticity” framework of
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EE, TBI, and neuroprotection

Mahncke et al. (2006), advanced to explain functional losses
in normal aging, offers a disuse-mediated framework that can
also be applied to atrophy in the chronic stages of TBI (Evans
et al., 2008). In their framework, the authors posit that cogni-
tive, perceptual, emotional, physical, psychosocial, and vocational
changes associated with aging limit engagement in the busy
schedules and complexity of activities of earlier life, leading to a
cycle of behavioral inactivation and avoidance—or learned dis-
use (Taub et al., 2006), and resulting in reduced activation of
brain networks (Blake et al., 2006). Although behavioral losses are
more sudden in brain injury, moderate-severe TBI patients, too,
are commonly unable to engage in the complex activities of work,
school and social activities as a result of TBI-induced decrements
in cognitive, physical, perceptual and emotional functioning.
These patients are especially at risk of reduced behavioral (and
thereby neural) stimulation in the sub-acute and chronic stages
of injury (after discharge from in-patient rehabilitation facilities),
where there is often reduced environmental stimulation and/or
reduced supports to foster engagement in the environment (Evans
et al., 2008; Frasca et al., 2013).

Related to the above, the concept of environmental enrichment
(EE) refers to exposure to and engagement with complex and
stimulating environments, and there is extensive evidence that EE
can beneficially influence the size, morphology and function of
the brain, through synaptic modification and synaptogenesis, the
shape and size of dendritic spines (or spine remodeling), axon
collateral sprouting, hippocampal (dentate gyrus) neurogenesis
and survival of neurons, and brain network connectivity; and
such changes have been associated with improvements in func-
tional performance (Rosenzweig and Bennett, 1996; Diamond,
2001; Mohammed et al., 2002; Draganski et al., 2006; Kasai et al.,
2010; Kolb et al., 2010; Berlucchi, 2011). Indeed, seminal reviews
of the literature conclude that brains that have received increased
stimulation, via enhanced mental and physical activity, are better
able to mount neuroprotective responses against neurodegener-
ative processes, traumatic insults and other forms of adult-onset
neural dysfunction (Nithianantharajah and Hannan, 2009).

Taken together, the above literature (Mohammed et al., 2002;
Kolb et al., 2010; Berlucchi, 2011) suggests that environmental
influences, such as intensified cognitive stimulation, might buffer
against chronic stage atrophy in moderate-severe TBI. The pri-
mary objective of the present study, therefore, was to examine
the relationship between post-injury EE, and hippocampal atro-
phy in the chronic stages of injury. To our knowledge, no studies
have yet examined this relationship. We hypothesized that greater
EE (i.e., frequency of cognitive, physical, and social engagement)
measured in the early post-acute stages of injury (i.e., 5 months
post-injury) would be associated with less long-term bilateral hip-
pocampal atrophy over the ensuing years (measured from 5 to 28
months post-injury).

The secondary objective concerned pre-injury EE factors,
namely exposure to higher levels of education in development
and early adulthood, which has been associated with better cog-
nitive recovery following TBI (Kesler et al., 2003). Given evidence
of (1) a positive association between education and cognitive
and functional recovery following TBI (Green et al., 2008) and
stroke (Elkins et al., 2006), (2) a positive association between

education and dendritic branching in healthy adult humans
(Jacobs et al., 1993), and (3) a positive correlation between
years of education and cognitive functioning in normal aging
(Corral et al., 2006; Fritsch et al., 2007), it was hypothesized
that greater years of education would be associated with less
bilateral hippocampal atrophy, measured from 5 to 28 months
post-injury.

METHODS

PARTICIPANTS

The 25 clinical participants in this study (see Table1) were
part of a larger research study being conducted at the Toronto
Rehabilitation Institute, a large publicly-funded inpatient neu-
rorehabilitation hospital. The focus of the larger study was to
investigate the natural history and mechanisms of recovery fol-
lowing moderate-severe TBI. Informed consent was obtained
from all participants in the study, and procedures for the present
study were approved by the Research Ethics Board of the Toronto
Rehabilitation Institute and the Office of Research Ethics at the
University of Toronto. Participants underwent prospective assess-
ments at approximately 5, 12, and 28 months post-injury. As the
current design was a retrospective analysis of data collected in the
course of the larger study data were only available at the 5, 12, and
28 month time points.

Inclusion criteria for the larger study comprised: (1) acute care
medical diagnosis of TBIL; (2) posttraumatic amnesia (PTA) of
1h or more and/or Glasgow Coma Scale (GCS) score of 12 or
less either at emergency or at the scene of the accident and/or
positive CT or MRI findings; (3) age between 17 and 80 years
old; (4) able to follow simple commands in English based upon
Speech Language Pathologist intake assessment; and, (5) compe-
tent to provide informed consent for study or availability of a legal
decision maker.

Exclusion criteria for the larger study included: (1)
orthopaedic injuries affecting both upper extremities; (2) diseases
primarily or frequently affecting the central nervous system,
including dementia of Alzheimer’s type, Parkinson’s disease, mul-
tiple sclerosis, Huntington’s disease, lupus, or stroke; (3) a history
of psychotic disorder; (4) non-emergence from posttraumatic
amnesia by 6 weeks post-injury, as measured by the Galveston
Orientation Amnesia Test (Levin et al., 1979); (5) TBI secondary
to another neurological event, such as a fall due to stroke; and, (6)
failure on a symptom validity test (Test of Memory Malingering)
(Tombaugh, 1996) at any of the assessments. The demographic
and injury characteristics of the clinical sample are shown in
Table 1. The additional inclusion criteria for the current study
were: relevant behavioral and MRI outcome measures at 5
months post-injury plus MRI data at 28 months post-injury.

There were 30 individuals from the larger study with all rele-
vant outcome measures at 5 months post-injury who had reached
or surpassed the 28 month post-injury time-point at the time of
data analysis. Of those, 25 underwent the 28-month post-injury
MRI and were, therefore, eligible for inclusion in the present
study, indicating a retention rate of 83%.

Of the sample included in the present study, none showed evi-
dence of severe anxiety or depression, and less than 30% reported
experiencing mild or moderate depression or anxiety during the
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Table 1 | Demographic information and hippocampal volume loss.

Subject ID Age/sex Education GCS PTA 1Q (WTAR) % Change in bilateral
hippocampal volume from
5-28 months post-injury
368 68/M 8 Unknown 5 ESL -19.79
380 48/M 12 3 4 89 —14.45
368 59/F 17 4 5 107 —14.27
376 29/M 16 3 4 124 —11.06
364 54/M 20 7 5 120 —8.82
369 25/M 12 Unknown 5 LD -7.91
362 60/M 15 Unknown 5 m —7.05
337 17/M 12 4 1 83 —6.85
363 46/M 17 3 5 Dysarthria —6.01
389 48/M 1 6 6 105 —5.49
353 27/F 18 3 5 17 —b.35
352 59/M 12 3 6 104 —4.79
339 37/M 12 3 6 89 —4.46
333 44/F 16 6 4 120 —4.06
379 31/M 16 8 6 108 -3.31
349 50/F 17 10 3 120 -3.29
338 57/F 12 13 6 98 -3.27
359 18/F 12 6 5 LD —2.55
329 19/M 9 Unknown 4 103 —-0.97
346 28/F 14 7 5 106 0.27
374 66/M 12 6 5 Aphasia 0.83
331 30/M 16 6 6 97 2.77
327 41/M I 3 4 99 2.98
330 40/F 13 3 0 116 3.34
335 25/M 16 7 4 124 5.43
(M = 41yrs; (M = 14yrs; (M =5; (M = 4.6days; (M =109, (M =—-47%; SD = 6.0)
SD = 16) SD =23) SD =3) SD = 1.5) SD =114)

first year post-injury based on the Beck Depression Inventory
(Beck, 1987) and Beck Anxiety Inventory (Beck, 1990).

MATERIALS

Lifestyle activities questionnaire

Assessment of post-injury EE was based on participants’ self-
reported frequency of engagement in a variety of activities involv-
ing cognitive, physical, and social demands. Given the absence of
reliable or valid published measures of EE in humans at the time
of data analysis, EE activities were listed on a self-report question-
naire designed for the purpose of the present study, entitled the
Lifestyle Activities Questionnaire (LAQ). Cognitive, physical, and
social activities on the LAQ were obtained from a theoretically-
derived and empirically-tested inventory developed by Salthouse
et al. (2002), which was constructed by specifying 22 common
activities that a sample of 1200 adults, ranging from the age of
18-97 years, rated in terms of their cognitive demand (where 1 =
low demand, corresponding to sleeping, and 5 = high demand,
corresponding to working on a tax form). An activity added to the
LAQ that was not on Salthouse’s inventory was the frequency of
engagement in sports or physical activity at the gym. Participants
were asked to rate the frequency with which they engaged in each
of the listed activities on an ordinal scale ranging from 1 to 5.

The scale comprised descriptors that ranged from (1) didn’t do
at all to (5) several hours, every day of the week. For statistical anal-
ysis, each number of the scale was weighted based on estimated
associated hours. “Didn’t do at all and less than once a week” was
assigned a weight of zero; “once or twice a week” was assigned a
weight of 1 (i.e., for 1 h/week); “several times a week” was assigned
a weight of 3 (3 h/week); “an hour or so most days” was assigned a
weight of 7; and “several hours a day” was assigned a weight of 20
(20 h/week). Transformation of ordinal scores into weighted scale
scores corresponding to estimated hours/week provided a mean-
ingful and more ecological marker of EE. However, for patient
responses, the scale was kept as ordinal (i.e., 1-5), because self-
reported ratings were deemed by clinical experts consulted to be
more easily understood by patients and less likely to result in
missing or inaccurate data. We suggest that this approach enabled
us to provide richer data than previous methods of aggregating
EE activities, in which individuals were classified as “active” if they
endorsed doing even one mentally-challenging activity for 1 h per
week or more, for example (Bosma et al., 2002; Richards et al.,
2003).

Items were sub-classified into cognitive, social or physical
activity types to allow for a comparison of the respective
influences of each on hippocampal volume loss. For all items,
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consensus was reached by two trained clinicians regarding assign-
ment to a cognitive, social or physical aggregate. Nineteen items
were classified as cognitive activities, 8 items were classified as
social activities, and 2 items were classified as physical activities.
For each subject, the weighted score for each item type (i.e., social,
cognitive, physical) was summed to create a sub-aggregate score
for each component of EE; the grand sum was the total score for
the larger EE aggregate.

MRI acquisition protocol

MRI scans were acquired on a General Electric (GE) Signa-
Echospeed 1.5 Tesla HD scanner (SIGNA EXCITE, GE
Healthcare, Milwaukee WI), using an eight channel head
coil. Sequences included sagittal T1 (TR/TE = 300/13 ms), slice
thickness = 5 mm, space 2.5 mm, matrix 256 x 128 axial gradient
recalled echo TR/TE = 450/20, flip angle = 20°, slice thickness =
3 mm no gap, matrix 256 x 192 axial fluid-attenuated-inversion-
recovery TR/TE = 9000/45 ms, TI (inversion time) = 2200 ms,
slice thickness = 5mm no gap, matrix 256 x 192 axial fast
spin echo proton density (PD)/T2 TR/TE 5500/30, 90 ms,
slice thickness = 3mm no gap, matrix 256 x 192. All above
mentioned sequences were obtained with a 22 cm field of view.
The high-resolution isotropic T1 weighted, three-dimensional IR
prepped radio-frequency spoiled-gradient recalled-echo images
TI/TR/TE = 12/300/5, TI, FA = 20, slice thickness = 1 mm
no gap, matrix = 256 x 256 were acquired in the axial plane
utilizing a 25 cm field of view. The entire scanning session lasted
~55 min.

Image processing and analysis

The MR images were transferred to a workstation for image
processing. The scans were received in the Digital Imaging and
Communications in Medicine file format and were subsequently
converted into (Medical Imaging Network Common Data Form)
file format that was created at McConnell Brain Imaging Centre
of the Montreal Neurological Institute. Following this procedure,
the files were anonymized.

A number of image processing steps were performed in order
to make the MRI data usable for image analysis. First, an inten-
sity non-uniformity correction was performed, followed by linear
registration of the images into stereotaxic coordinates based on
the Talairach atlas. The linear registration to Talairach coordinates
was accomplished through 3D cross-correlation between a given
volume and an average MR brain image previously converted into
the Talairach coordinate system allowing for direct anatomical
comparisons between subjects. Finally, a second non-uniformity
correction was performed after the registration, which helped to
remove any residual non-uniformity artifacts.

The hippocampi were manually outlined using Analyze 7.0
(Brain Imaging Resource, Mayo Clinic, MN) by an experienced
tracer (JM) from coronally orientated MR images in the anterior-
posterior direction. Calculations of volumes were computed auto-
matically by multiplying the number of voxels traced in each slice,
by their depth (i.e., slice thickness). As described by Watson et al.
(1992, 1997), the anterior tip of the hippocampus until the slice
before the opening of the crux of the fornix was measured as
the hippocampal head and body and included the subiculum,

CA1-(4) areas, and dentate gyrus. The hippocampus tail was
measured from the slice immediately posterior to that which rep-
resented the last slice according to the Watson protocol (Watson
et al.,, 1992, 1997) (see Maller et al., 2007 for a more detailed
description of this procedure).

All raw hippocampal volumes were expressed in mm?. For
the purpose of the present study, hippocampal volume change
between 5 months (T1) post-injury and 28 months (T2) post-
injury was measured using the following formula:

(Vol T2 — Vol T1)
(Vol T2 4 Vol T1)/2

Hippocampal volume change = * 100

DESIGN AND PROCEDURES

The study employed a retrospective, within subjects, longitudinal
design. For clinical participants, LAQs were collected and initial
MRI scans were acquired at a mean of 5.3 months (SD = 1.2;
range = 4.3-10.3 months) post-injury; follow-up MRI scans were
acquired at 28.48 months (SD = 5.5; range = 24-42 months)
post-injury.

The primary dependent measure for the study was bilateral
hippocampal volume. The primary independent measures were
(1) EE as measured by the total score of the LAQ at 5 months
post-injury and (2) years of education prior to the injury. We also
examined the relative contributions of the cognitive, social and
physical EE sub-aggregate scores.

The primary control variables were injury severity (measured
by the Glasgow Coma Scale, duration of PTA, and duration
of acute care length of stay), estimated premorbid intelligence
(based on the mean score on the Wechsler Test of Adult Reading
administered [Wechsler, 2001] at 12 and 28 months post-injury),
socioeconomic status, and age at injury.

RESULTS

Using Pearson product moment correlation, primary control
variables were correlated with hippocampal atrophy and with the
measure of overall EE. Each variable was correlated separately due
to limited power secondary to sample size. Any variables with
significant correlation were included in subsequent analyses. No
significant correlations were observed between any of the primary
control variables and EE or hippocampal atrophy, with the excep-
tion of age, which correlated significantly with the EE aggregate
(r = —0.45, p < 0.05, N = 25) whereby increasing age was asso-
ciated with less overall EE. As well, there was a trend for higher age
at injury to be associated with greater bilateral hippocampal atro-
phy (r = 0.39, p = 0.06, N = 25). These findings, combined with
previous research findings of greater deleterious effects of injury
on aging brains (Popa-Wagner et al., 2007; Onyszchuk et al., 2008;
Petcu et al., 2008), necessitated controlling for age at injury in the
present study analyses.

Partial correlation was used to test the primary hypothesis
of the study, namely the relationship between the EE aggre-
gate and bilateral hippocampal atrophy, while controlling for
age at injury. A significant negative correlation was observed
(r=—0.42, p < 0.05, df = 21) whereby greater general activity
level at 5 months post-injury was associated with less bilateral
hippocampal atrophy from 5 to 28 months post-injury.
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Partial correlation between years of education and hippocam-
pal atrophy, controlling for age at injury was used to examine
the secondary hypothesis. Contrary to prediction, no significant
relationship was observed (r = —0.05, p = 0.82, df = 22).

Lastly, we also explored preliminarily the respective contri-
bution to hippocampal atrophy of the cognitive, social and
physical sub-aggregates. Here, a hierarchical linear regression
was conducted, which revealed significant negative correlations
between bilateral hippocampal atrophy and cognitive activity
(r =—0.53, p < 0.01), and between bilateral hippocampal atro-
phy and social activity (r = —0.47, p < 0.05) but no significant
correlation between bilateral hippocampal atrophy and physical
activity.

DISCUSSION

Consistent with our prediction, there was a significant negative
association between EE (i.e., engagement in cognitive, physi-
cal, and social activities) at 5 months post-injury and bilateral
hippocampal atrophy from 5 to 28 months post-injury. Although
the observational design of the present study precludes conclu-
sions regarding causality, our findings are consistent with previ-
ous associations found between EE and enhanced hippocampal
structure, and they are potentially explained by increased produc-
tion, survival and integration of newly generated dentate gyrus
neurons (Kempermann et al., 2002; Olson et al., 2006; Tanti et al.,
2013); findings in animals—where EE has been correlated with
neurogenesis in TBI and moreover correlated with better recovery
(Kovesdi et al., 2011; Matter et al., 2011)—Dbolster such an inter-
pretation. At a behavioral level, the current findings are consistent
with use-it-or-lose-it frameworks, and support the extrapola-
tion of the Mahncke et al. (2006) framework—where reduced
schedules of activities and avoidance of cognitively-challenging
activities were purported to lead to under-stimulation of criti-
cal neural networks and loss of associated functions—to chronic
TBI (Evans et al., 2008). The findings are also consistent with
Robertson and Murre’s (1999) computational model of brain
plasticity and guided recovery of function, whereby damaged, but
potentially viable circuits may be repaired via cognitive activity,
cognitive arousal, and Hebbian learning mechanisms. As well,
these findings converge with findings from the cognitive-training
literature, which shows evidence that engagement in cognitively-
demanding tasks is associated with increased cerebral volume in
brain areas that are functionally-related to the demands of the
task (Draganski et al., 2006).

Unexpectedly, the results of the present study showed no
significant relationship between hippocampal atrophy and pre-
injury cognitive reserve, as measured by level of education. This
finding was surprising given the extensive evidence of a positive
association between level of education and cognitive functioning
in normal aging (Corral et al., 2006; Fritsch et al., 2007), stroke
recovery (Elkins et al., 2006), and TBI recovery (Kesler et al.,
2003). Therefore, the study findings do not offer evidence that
this proxy for pre-injury EE protects against the structural pro-
gression of subacute hippocampal atrophy following TBI. One
interpretation of this null finding is that a fixed degree of neural
reserve at the time of brain injury does not confer neuroprotec-
tion against progressive pathology (e.g., disconnection, [Tate and

Bigler, 2000]; neuroinflammation [Bigler, 2013; Johnson et al.,
2013]) as would be logically predicted by conventional theories
of brain reserve (Satz, 1993; Stern, 2002) and by negative associa-
tions found between premorbid cognitive reserve and progression
of pathology in Alzheimers disease (Stern, 2006), multiple sclero-
sis (Amato et al., 2013) and stroke (Willis and Hakim, 2013). In
particular, our findings suggest that in order for EE to positively
modulate brain disorders via neuroprotective and/or compen-
satory mechanisms, EE exposure must occur after the disorder
has commenced, and during the period of progression of neu-
ropathology (Nithianantharajah and Hannan, 2009). Such an
explanation is consistent with EE influences on neurogenesis, as
discussed above (Kovesdi et al., 2011; Matter et al., 2011). As
neurogenesis is an active process, it may be that temporally con-
gruent factors, namely current EE, but not past education, play
a more significant role (Lee et al., 2009; Surget et al., 2011).
Unfortunately, our retrospective analysis did not allow us to
quantitate the dentate gyrus, the site of neurogenesis.

EE in humans is viewed conventionally as being comprised
of three primary elements: cognitive, physical, and social stim-
ulation (Scarmeas and Stern, 2003; Studenski et al., 2006). Of
the three conventional elements of EE, our preliminary findings
indicated that cognitive activity accounted for the most outcome
variance in bilateral hippocampal atrophy. The question whether
it is cognitive, social or physical enrichment that confers the
greatest neuroplastic advantage is under active debate; our find-
ings are consistent with those comparison studies in animals that
found greater survival and integration of new hippocampal neu-
rons after cognitive stimulation than exercise (Kempermann et al.,
2002, 2010; Olson et al., 2006; Curlik and Shors, 2011; Shors et al.,
2012; Tanti et al., 2013).

A limitation of the present study was the small sample size
and relatively small (albeit typical) representation of female sub-
jects, which limits the generalizability of the study findings and
precluded examination of gender as a control variable.

It is important to note that in our preliminary and exploratory
analysis of the relative contributions of the sub-aggregates (cog-
nitive vs. social vs. physical stimulation), the greater number of
cognitive items on the LAQ may have conferred greater ana-
Iytic stability to the cognitive outcome measure, with the very
small number of physical items (2) providing limited stability.
Therefore, further research into the relationship between cogni-
tive vs. other types of stimulation and atrophy in the chronic
stages of TBI is needed.

Many studies of EE in humans are observational and correla-
tional in design, including the present study. Future EE research
would benefit from inclusion of elements that would permit con-
clusions regarding causality and directionality of relationships, as
offered by Salthouse et al. (2002). They suggested that random
assignment to experimental and control groups would mini-
mize influences of relevant pre-existing individual differences,
such as initial level of cognitive ability and amount of educa-
tion. Further, rigorous control of enrichment groups, in terms of
type and amount of EE, is needed as well as long-term objec-
tive monitoring of the amount and frequency of EE activities.
Though, given that objective monitoring of lifestyle activities
is often unfeasible, experience sampling might offer greater
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accuracy than retrospective self-report (Csikszentmihalyi and
Larson, 1987). Further general challenges in the measurement
and manipulation of EE in humans pertain to inter-individual
differences in motivation, interest and engagement: what is cog-
nitively challenging, stimulating, and enjoyable to one may be
overly difficult and thus stressful for another, or excessively easy
and thus insufficiently stimulating to confer neural benefits to
another. These limitations affect the strength of conclusions in
our own study and warrant future experimental studies with the
controls described above.

With regard to models of rehabilitation, the present study
arguably provides preliminary empirical support for the contex-
tualized model of cognitive rehabilitation proposed by Ylvisaker
et al. (2002), in which therapeutic activities embedded in the
patient’s real life outside of the clinical setting may lead to
greater recovery following brain injury. Cognitive rehabilita-
tion researchers have recommended that rehabilitation strategies
should be embedded in real-life contexts in order to maximize
far transfer of learned skills and to impact real-life functioning
(Murre and Robertson, 1999; Mateer and Sira, 2006). Consistent
with these recommendations and with the Ylvisaker et al. (2002)
contextualized model of rehabilitation, the majority of activities
examined in the present study were embedded in real-life con-
texts, thus increasing the practical utility of the present study
findings. Future prospective research should compare augmen-
tation or intensification of those activities that are a part of
patients’ day to day life, with EE conferred by more conven-
tional interventions such as computerized cognitively stimulating
activities. Longitudinal measures of EE are also needed. Here,
we inferred that EE at 5 months post-injury is a proxy for
ongoing EE.

Regarding future research avenues, preliminary findings indi-
cate that the default mode network (DMN; Raichle et al., 2001) in

humans is implicated in TBI, with functional connectivity decre-
ments within the DMN predicting sustained attention deficits
(Bonnelle et al., 2011; Sandrone and Bacigaluppi, 2012). Future
studies could investigate the benefits of EE factors purported to
impact connectivity within the DMN, such as meditation prac-
tice (Taylor et al., 2013), an area of burgeoning interest in the
literature on recovery from TBI.

CONCLUSIONS

The present study is the first to examine EE factors and their
relationship with hippocampal atrophy in the chronic stages of
moderate-severe TBI. EE that followed TBI and was temporally
proximal to injury had a negative association with hippocampal
atrophy, while years of education, a proxy for pre-injury EE (or
cognitive reserve) was not significantly associated. Validation of
the present findings through replication with larger samples of
TBI patients is needed, ideally in a study in which the type and
duration of EE is experimentally manipulated. EE is intimately
associated with modification of existing synapses, synaptogene-
sis as well as neurogenesis. Its role in neurorehabilitation appears
critical. The findings of this correlational study can be used to
generate testable hypotheses regarding the directional impact of
EE, as well as the active ingredients of EE for buffering against
cerebral atrophy, and its functional consequences. Such ques-
tions have significant implications for the development of effec-
tive rehabilitation methods for people suffering the long-term
consequences of moderate-severe TBI.
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Objectives: While a growing number of studies provide evidence of neural and cognitive
decline in traumatic brain injury (TBI) survivors during the post-acute stages of injury, there
is limited research as of yet on environmental factors that may influence this decline.
The purposes of this paper, therefore, are to (1) examine evidence that environmental
enrichment (EE) can influence long-term outcome following TBI, and (2) examine the
nature of post-acute environments, whether they vary in degree of EE, and what impact
these variations have on outcomes.

Methods: \We conducted a scoping review to identify studies on EE in animals and
humans, and post-discharge experiences that relate to barriers to recovery.

Results: One hundred and twenty-three articles that met inclusion criteria demonstrated
the benefits of EE on brain and behavior in healthy and brain-injured animals and humans.
Nineteen papers on post-discharge experiences revealed that variables such as insurance
coverage, financial, and social support, home therapy, and transition from hospital to
home, can have an impact on clinical outcomes.

Conclusion: There is evidence to suggest that lack of EE, whether from lack of resources
or limited ability to engage in such environments, may play a role in post-acute cognitive
and neural decline. Maximizing EE in the post-acute stages of TBI may improve long-term
outcomes for the individual, their family and society.

Keywords: traumatic brain injury, environmental enrichment, post-acute decline, adult, moderate to severe,

post-discharge, transition home

INTRODUCTION
Moderate to severe traumatic brain injury (TBI) is a ubiqui-
tous injury: studies suggest an annual incidence of upwards of
20-60 per 100,000 (Narayan et al., 2002; Bruns and Hauser,
2003; Cassidy et al., 2004; C.I.H.I., 2006). Many of these injuries
are sustained in young adulthood (C.I.LH.I., 2006; Faul et al,
2010) and result in significant impairment to cognitive, motor,
and emotional functioning. Predominant and persisting deficits
to executive functioning, attention, memory, and speed of pro-
cessing compromise psychosocial functioning and quality of life
(Sander et al., 2001; Hawthorne et al., 2009; Resch et al., 2009).
Because these deficits prevent many TBI survivors from return-
ing to pre-injury levels of activity and participation (Dikmen
et al., 1983, 1995; Lezak, 2004; Christensen et al., 2008), success-
ful community integration is now recognized as a primary goal of
rehabilitation for persons with brain injury (Sander et al., 2010).
The consequences of brain injury are particularly concern-
ing given the high incidence of TBI. Murray and Lopez (1997)
predicted that by 2020, TBI will be the third leading cause of dis-
ability in the world. Considering that males aged 15-24 years have
the highest incidence of TBI (Pickett et al., 2004; C.I.H.I., 2006;
Faul et al., 2010), this can mean decades of disability and lost pro-
ductivity. Not surprisingly, the annual burden of acute care and

rehabilitation in North America is estimated to be in the billions
of dollars (SMARTRISK, 2006; Faul et al., 2010).

A theoretically intriguing and clinically important question
that is emerging from the literature is whether an impediment
to recovery and a contributing factor to failed community
integration after moderate to severe TBI is cognitive and brain
deterioration in the post-acute stages after brain injury. TBI
recovery studies typically show an asymptotic pattern of recovery,
with rapid improvement within the first weeks and months of
injury, followed by a slower rate of improvement and then a
plateau with limited measureable recovery thereafter (Basso,
1989; Heinemann et al., 1995; Blatter et al., 1997; Holbrook et al.,
1999; Christodoulou et al., 2001; Farne et al., 2004). However,
not only do many fail to return to pre-injury levels of function
when they reach that plateau (Christensen et al., 2008), but there
is growing evidence that a subset of TBI survivors show cognitive
deterioration.

A number of studies that have examined post-acute cognitive
changes in TBI survivors have demonstrated that across domains
of functioning, a combination of maintenance, further recovery
and frank declines are observed (Ruff et al., 1991; Millis et al.,
2001; Sander et al., 2001; Himanen et al., 2006; Salmond et al.,
2006; Till et al., 2008). For example, Till et al. (2008) showed
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that nearly 30% of their sample of moderate-severe TBI patients
showed clinically significant decline (as measured by the reliable
change index) in two or more domains of cognitive functioning.

In examining changes of the brain during the post-acute stages
of TBI, imaging studies have also shown evidence of deteriora-
tion, including decreased cerebral blood flow (Kim et al., 2010),
declines in whole brain volume (Blatter et al., 1997; Mackenzie
et al., 2002; Trivedi et al., 2007; Ng et al., 2008; Sidaros et al.,
2009; Hudak et al., 2011), atrophy of discrete gray, and white
matter structures including the hippocampus and corpus callo-
sum (Wilson et al., 1988; Bigler et al., 1997; Levine et al., 2008;
Ng et al., 2008; Sidaros et al., 2008), lesion expansion (Ng et al.,
2008); and reduced white matter integrity as measured by diffu-
sion tensor imaging (Bendlin et al., 2008; Greenberg et al., 2008;
Sidaros et al., 2008; Warner et al., 2010; Farbota et al., 2012).

Correlations between brain and behavioral decline have also
been observed. In one study, 24 TBI survivors underwent MRI
scans at 8 weeks and 12 months post-injury. The authors not
only demonstrated increased atrophy during this time period,
but also negatively correlated outcomes on the Glasgow Outcome
Scale (Sidaros et al., 2009). In other studies, Hudak et al. (2011)
found that decreases in brain volume correlated with depres-
sive symptoms in the post-acute phase, and Farbota et al. (2012)
demonstrated that diffusion tensor imaging findings (fractional
anisotropy values) and neuropsychological task performance
were positively correlated.

Given mounting evidence revealing post-acute decline, we sug-
gest that it is important at this stage of research to begin to
consider what factors may hold the potential to influence, and in
particular, offset this decline.

One factor that may play a role is “environmental enrichment”
(EE). As we will discuss further in the next section, EE broadly
refers to enhanced stimulation, associated with (1) environments
that provide access to cognitive as well as physical and social
stimulation, and (2) conditions that encourage maximal partici-
pation. An extensive body of literature shows positive correlations
between EE and cognitive and neuronal status. (Scarmeas and
Stern, 2003; Will et al., 2004; Simpson and Kelly, 2011). There
have also been some findings to suggest that EE influences post-
acute decline. In Till et al’s (2008) study of post-injury cognitive
decline, the authors found a relationship between hours of ther-
apy at 5 months post-injury and degree of cognitive decline from
12 to 24 months. They concluded that lack of access to com-
plex and enriched environments, due in part to limited access to
resources, may play a critical a role in decline. In another study,
Miller and Green (in press) found that greater hippocampal vol-
ume loss in the chronic stages of TBI (12—24 months post-injury)
was negatively correlated with degree of cognitive stimulation
reported at 5 months post-injury.

These few but important findings raise the question whether
post-acute decline in these survivors was influenced by the extent
of enrichment, or lack thereof, in the environments to which they
were discharged following the early and intensive months of ther-
apy. A reduction in the level of enrichment in the later stages of
recovery from TBI might occur when the number and hours of
therapies are reduced or when patients move from in-patient neu-
rorehabilitation back to the home environment. Additionally, TBI

survivors may return to environments that are indeed complex
and enriched, but without the expertise of therapists actively pro-
viding supports and adaptations to the environments, patients
may be unable to engage due to cognitive, emotional and/or phys-
ical impairments that render the environments overwhelming or
inaccessible.

The purposes of this paper, therefore, are to (1) examine evi-
dence that EE can influence long-term outcome following TBI,
and (2) examine the nature of post-acute environments, whether
they vary in degree of EE, and what impact these variations have
on outcomes. To accomplish these aims, we will undertake a scop-
ing review summarizing literature related to EE and post-acute
environments.

SCOPING REVIEW METHODS

This paper addresses two of the reasons for undertaking a scoping
review identified by Arksey and O’Malley (2005): to summarize
and disseminate research findings and to identify research gaps in
the existing literature. The scoping review typically unfolds in five
steps: (1) identify the research question; (2) identify all pertinent
studies; (3) select the studies for detailed analysis; (4) chart the
data according to key concepts; and (5) collate and summarize
the findings of the selected studies (Arksey and O’Malley, 2005;
Rumrill et al., 2010):

IDENTIFY THE RESEARCH QUESTION

The research questions addressed in this paper are whether (1) EE
can influence long-term recovery, and (2) post-discharge environ-
ments vary in degree of EE, and whether such variations influence
outcomes.

IDENTIFY ALL PERTINENT STUDIES

The literature review aimed to identify a comprehensive set of
articles detailing the effects of EE in animals and humans, and
the post-discharge experiences related to recovery and regain-
ing independence in the post-acute stages after TBI. Articles that
addressed these topics were obtained through use of a traditional
keyword-driven electronic search guided by the following terms:
TBI; recovery; EE; environmental complexity; active lifestyle;
stimulation; neuroplasticity; cognitive reserve; intervention;
multi-disciplinary; multi-contextual; post-rehabilitation; tran-
sition home; barriers; community integration; re-engagement.
Peer-reviewed journals were searched using the PubMed and
Cochrane Collaboration research databases as well as the Google
Scholar search engine, for articles published between 1987 and
2012. Additionally, hand searches were conducted of references
from key articles to follow up on seminal work and promising lit-
erature that might not have been captured by the databases used.

SELECT STUDIES FOR DETAILED ANALYSIS

To be considered for inclusion in the review, articles had to meet
the following criteria: (1) describe EE (or components of EE) in
animals or adult humans or (2) describe the post-discharge expe-
rience, and more specifically, the transition from hospital to home
in adult brain-injury survivors; and (3) be available in English.
No methodological limitations were applied to screen for levels of
evidence.
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CHART DATA ACCORDING TO KEY CONCEPTS

Articles that met the inclusion criteria were reviewed in detail and
categorized based on population examined, methodology, and
study objectives to discover commonalities and provide connec-
tions between the sets of literatures reviewed.

COLLATE AND SUMMARIZE FINDINGS

The results are presented to correspond with the objectives of this
paper. A numerical summary of the articles included is followed
by a summary of the literature.

RESULTS

Database searches identified 2053 articles. Of these, 142 were
included in the review based on the selection criteria listed
above. Table 1 provides a brief summary of the articles that were
included. Tables 2 and 3 provide a more detailed summary of the
papers that specifically addressed EE in brain-injured animals and
humans, as well as EE and post-discharge experiences, respec-
tively. Tables 2 and 3 detail the populations, methods, objectives,
and main findings of the articles that were included.

ENVIRONMENTAL ENRICHMENT HAS BENEFICIAL EFFECTS
ON BRAIN AND BEHAVIOR IN ANIMALS AND HUMANS
DEFINING ENVIRONMENTAL ENRICHMENT

A number of definitions have been proposed for EE, and it is often
defined in relative terms. In animal studies, EEs (e.g., cages with
running wheels, novel toys, several animals) are typically con-
trasted with standard or impoverished environments (e.g., cages
with a single animal, and only the basic necessities for living). In
these studies, researchers have stressed the importance of hav-
ing cognitive, social and physical stimulation for environments
to be considered enriched and a key property is the maintenance
of novelty, for example through regularly changing toys and food
(Diamond, 2001; Simpson and Kelly, 2011).

Kramer et al. (2004) have suggested that while numerous
positive changes in cognitive functioning, neuroanatomy, and
neurochemistry have been demonstrated as a result of exposure
to EE in animals, we must examine the degree to which these
findings translate to humans, and that an operational definition
of EE applicable to humans needs to be established. Whereas

Table 1 | Numerical summary of articles reviewed.

Literature Number of Methodologies Populations
topic studies
Beneficial 123: Animal literature: Healthy and
effects of EE animals—>55; quantitative, brain-injured
humans—68 experimental; animals,
Human literature: humans
quantitative,
correlational,
observational,
intervention
Post- 19 Qualitative, Brain-injured
discharge observational, humans

correlational,
reviews, case study

experiences

novel toys and food, running wheels, and housing several animals
together maps on well to cognitive, physical, and social stimu-
lation in animals, identification of such concrete mappings in
humans has proven more difficult. Subject factors, such as moti-
vation and mental effort play a large role in reaping the benefits
of EE. Thus, personality and earlier life experiences may influence
engagement with the environment, such that what is a stimulating
and engaging environment for one person may not be for another
(Johansson, 2003). Thus, for humans, the definition of EE is more
complex, addressing both the nature of the environment and
factors that influence engagement with it.

These ideas of Kramer et al. (2004) are consistent with ear-
lier work by Schooler (1987), who defined the related concept
of environmental complexity as being determined by stimulus
and demand characteristics. He theorized that greater diversity of
stimuli in one’s environment could lead to more options/plans of
action to consider and decisions to make. When cognitive efforts
are reinforced and rewarded, people are motivated to continue
engaging in complex environments, which in turn enhances cog-
nitive functioning. Thus, enhancing cognitive functioning further
promotes participation in complex environments, illustrating a
dynamic facet of EE and its benefits. Enrichment, therefore,
reflects environmental complexity (e.g., opportunity to partici-
pate in different sports, clubs or social networks, and to engage
in intellectually demanding activities), one’s inclination to partic-
ipate in the environment, and the frequency of participation.

Given the limitations in defining, manipulating and control-
ling EE in human studies, animal studies have arguably provided
the most compelling evidence for the causal effects of EE.

BENEFITS OF ENVIRONMENTAL ENRICHMENT
Environmental enrichment in healthy animals
In 1947, Hebb examined if rats exposed to EE would improve
behaviorally on problem-solving tasks, compared to a control
group (Hebb, 1947). EE rats were free to roam his home while
control rats were housed in standard laboratory cages. Hebb
found performance was superior in the EE group. Since then,
more systematically controlled studies have had similar findings.
Exposure to EE has been associated with increases in cognitive
functioning, specifically improvements in response selectivity,
learning ability, spatial and problem solving skills, memory,
and processing speed (Mohammed et al., 1990; Rosenzweig and
Bennett, 1996; Nilsson et al., 1999; Van Praag et al., 2000;
Kobayashi et al., 2002; Milgram, 2003; Valero et al., 2011;
Leger et al., 2012; Speisman et al., 2012; Yang et al., 2013).
Reductions in boredom (Meagher and Mason, 2012) and frus-
tration (Latham and Mason, 2010) have been demonstrated as
well. The benefits of EE are also observable at cellular and
molecular levels. There is evidence of increased neurogenesis,
synaptogenesis and dendritic spine density in parts of the brain
associated with memory and learning (i.e., hippocampus, den-
tate gyrus and cerebellar Purkinje cells) in response to EE (Kolb
and Whishaw, 1998; Johansson, 2000, 2002; Van Praag et al,
2000; Churchill et al., 2002; Kempermann et al., 2002; Valero
et al., 2011; Eckert and Abraham, 2012; Jung and Herms, 2012;
Leger et al., 2012; Speisman et al., 2012; Fares et al., 2013; Yang
et al.,, 2013). Increases in brain weight and cortical thickness
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Table 2 | Detailed summary of articles included in “Brain-injured animals and EE” and “Brain-injured humans and EE” scoping review.

Authors Methods

(1) Main objectives and (2) Findings

BRAIN-INJURED ANIMALS AND EE
Hamm et al., 1996 Brain-injured and sham-injured rats in
EE and standard environment (SE)

(1) Determine whether exposure to EE would promote recovery of cognitive function;
(2) Brain-injured rats in EE vs. SE: EE rats showed more improvement in Morris Water
Maze task; Brain-injured rats in EE vs. sham-injured: performed at same level.

Johansson and Brain-injured rats randomly assigned
Ohlsson, 1996 to EE, social-stimulation only or
physical-stimulation only environment

(1) Determine relative importance of social and physical activity to EE; (2) No
difference in infarct size between groups. EE group performed better than physical
group in all tests, better than social group on rotating pole. With time EE group
performed better than social group in limb placement, climbing, inclined plane. Social
group performed better than physical group on inclined plane and in climbing at all
times, by 13 weeks also in limb placement test and on beam.

Passineau et al., Brain-injured and sham-injured rats
2001 randomly assigned to EE and SE

(1) Examine effect of EE on behavior and on histological integrity of brain tissue
selectively vulnerable to brain trauma; (2) Injured animals in EE showed shorter
latencies to find platform in Morris Water Maze task vs. injured/SE animals on day 12
post-TBI. Both injured groups showed deficits vs. sham groups. At 14 days post-TBI,
EE animals had approximately 2x smaller lesion areas in regions of cerebral cortex
posterior to injury epicenter compared to injured/SE animals. Overall lesion volume for
entire injured cortical hemisphere was smaller in animals recovering in EE.

Dobrossy and Brain-injured rodents; review
Dunnett, 2001

(1) Review degree to which housing conditions or behavioral training can modify
survival, integration or function of transplanted tissue; (2) Behavioral training
experience can promote behavioral, and functional compensation, and influence
neuroplasticity at cellular, and systems levels of neuronal reorganization.

Johansson, 2003 Brain-injured rats; review (1) Review influence of post-ischemic environmental factors, possible clinical
implications; (2) EE improves functional outcome, increases dendrite branching,
number of dendritic spines in contralateral cortex, influences expression of many
genes, modifies lesion-induced stem cell differentiation in hippocampus.

Dobrossy and Brain-injured rats with and without (1) Examine effects of differential housing conditions on striatal graft morphology and

Dunnett, 2004 neural grafts randomly assigned to EE  functional recovery; (2) Functional recovery accompanied by reduction in infarct size

and SE and more afferent connections.

Will et al., 2004 Brain-injured rats; review (1) Compare three main non-invasive therapeutic strategies for achieving rehabilitation
after brain damage: EE, physical exercise, specific formal training; (2) EE increased
neurogenesis in hippocampus and up-regulation of neurotropic factors (e.g., NGF) that
result in decreased spontaneous apoptosis and increased neuronal survival.

Gobbo and O'Mara, Brain-injured rats housed under EE or (1) Investigate if EE can protect rats against the cognitive and neurological

2004 SE, 6 weeks before, 4 weeks after consequences of transient ischemia; (2) EE improved learning and memory; does not

surgery protect against actual loss of CA1 pyramidal cells. Brain-derived neurotrophic factor
levels were increased.

Lippert-Gruener Brain-injured and sham-injured rats (1) Investigate effects of EE, EE+ MEQOS, and SE on cognitive and motor function, and

et al., 2007 assigned to EE, EE + multi-modal cortical lesion volume; (2) Rats in EE and EE+MEQOS demonstrated improvement over

early onset stimulation (MEQS), or SE

SE, but no change in lesion size.

Pereira et al., 2007 Brain-injured and sham-injured rats
randomly assigned to EE and SE

(1) Examine effects of daily EE on memory deficits in water maze and cerebral
damage; (2) Spatial reference, working memory impairments were completely
reversed by EE; Reduction of both hippocampal volume and cortical area, ipsilateral to
arterial occlusion, no EE effect on morphological measurements.

Hoffman et al., 2008 Brain-injured and sham-injured rats
randomly assigned to early EE,
delayed EE, continuous EE or no EE

(1) Examine whether EE-mediated benefits are dependent on exposure to EE during
neurobehavioral training; (2) A3 cell loss significantly attenuated in TBI + continuous
EE group vs. TBI 4+ no EE group. Beam-walking was facilitated in TBI groups that
received early or continuous EE vs. those receiving delayed or no EE. Cognitive
training enhanced in TBI groups that received continuous or delayed EE vs. early or no
EE groups.

(Continued)
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Table 2 | Continued

Authors Methods

(1) Main objectives and (2) Findings

Sozda et al., 2010 Brain-injured and sham-injured rats
assigned to typical EE, EE —social,
EE —stimuli, SE, SE +stimuli

(1) Investigate effects of typical EE, EE —social, EE —stimuli, SE, SE +stimuli on
motor and cognitive function, lesion volume, brain volume loss; (2) Typical EE groups
performed same as sham group, and showed most improvement compared to other
TBI groups in terms of spatial learning and memory retention, lesion size

reduction.

Sun et al., 2010 Brain-injured rats randomly assigned (1) Investigate effects of EE on cognitive impairment, levels of BDNF and NMDA
to EE or SE receptor subunit 1 (NR1) and subunit 2B (NR2B) in hippocampus; (2) EE exposure
improved spatial cognitive performance and non-spatial memory performance. EE
increased levels of BDNF and NR1 protein in hippocampus.
Matter et al., 2010 Brain-injured or sham-injured rats (1) Further assess effects of time of initiation and duration of EE on neurobehavioral

randomly assigned to 8 groups
receiving continuous, early or delayed
EE with either 1 or 2 weeks of
exposure

recovery by evaluating and directly comparing all the temporal permutations; (2)
Motor ability was enhanced in TBI groups that received early EE (i.e., during testing)
vs. standard housing. Acquisition of spatial learning facilitated in groups receiving
delayed EE (i.e., during training).

De Witt et al., 2011 Brain-injured and sham-injured rats
randomly assigned to EE, EE (2 h), EE
(4h), EE (6h), or SE

(1) Determine whether abbreviated EE (i.e., rehab-relevant dose response) confers
benefits similar to typical EE; (2) TBI + EE (2h) and TBI + EE (4 h) groups not
different from TBI + STD group in behavioral assessment. TBI + EE (6 h) group
exhibited enhancement of motor and cognitive performance when compared with
TBI + STD group, TBI + EE (2 h) and TBI + EE (4 h) groups, and did not differ from
TBI + EE (typical) group.

Cheng et al., 2012 Brain-injured and sham-injured rats
randomly assigned to 3 weeks of EE
or SE. In phase 2: half of rats in EE
transferred to SE conditions (TBI +
EE + SE and sham + EE + SE;
re-assessed 1/month for 6 months)

(1) Determine whether EE-mediated motor and cognitive benefits persist after its
withdrawal; (2) TBI + EE and TBI + EE + STD groups performed better in the water
maze than the TBI 4+ STD group, did not differ from one another. Data replicate
several studies showing that EE enhances recovery after brain injury, and extend by
demonstrating that cognitive benefits are maintained for at least 6 months
post-rehabilitation.

Shin et al., 2013 Brain-injured and sham-injured rats
assigned to EE or SE

(1) Investigate effects of EE on substantia nigra gene expression; (2) EE-induced
gene alterations after TBI included genes important for signal transduction, in
particular calcium signaling pathways, membrane homeostasis, and metabolism.

Monaco et al., 2013 Brain-injured and sham-injured rats
assigned to EE or SE

BRAIN-INJURED HUMANS AND EE
Blackerby, 1990 Acute moderate-severe TBI
(n = 145); retrospective; quantitative

(1) Assess effect of EE on functional and histological outcome in female rats after
TBI; (2) EE improved motor function and spatial learning; reduced lesion size and
increased hippocampal cell survival.

(1) Investigate effects of different levels of rehabilitation intensity on length of stay in
two hospital-based coma and acute rehabilitation populations; (2) After increasing
treatment intensity and changes in case management, patients were discharged an
average of 1.6 months earlier than before changes.

Toglia, 1991 Brain injury; concept paper (1) Review literature on learning and generalization and direct applications to
treatment; (2) Five components identified in cognitive psychology literature as critical
to process of generalization: (a) use of multiple environments, (b) identification of
criteria for transfer, (c) meta-cognitive training, (d) emphasis on processing
strategies, and (e) use of meaningful activities.

Spivack et al., 1992 Acute moderate-severe TBI (n = 95); (1) Examine effects of intensity of treatment and length of stay during inpatient

prospective; quantitative: repeated rehabilitation hospitalization; (2) Patients with longer length of stay (LOS) made more
measures progress across all outcome variables than patients with shorter LOS; In long LOS

group, two treatment-intensity groups initially equivalent, and at discharge
high-intensity treatment group surpassed low-intensity treatment group.

(Continued)
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Table 2 | Continued

Authors

Methods

(1) Main objectives and (2) Findings

Willer et al., 1999

Post-acute/chronic severe TBI

(n = 46); prospective; quantitative:
case control matched design,
repeated measures

(1) Compare outcomes of a post-acute residential rehabilitation program with a
matched sample receiving limited services in their homes or on an outpatient basis;
(2) Individuals who received intensive rehabilitation services in community-based
residential program exhibited considerable improvement in functional abilities
(cognitive skills, motor skills). Treatment group showed greater improvement in
community integration.

Sohlberg et al., 2000

Chronic moderate-severe TBI, ABI
(n = 14); prospective; quantitative:
repeated measures

(1) Compare attention processing training with an educational and support method;
(2) 10 weeks of brain injury education seemed most effective in improving
self-reports of psychosocial function. Attention process training influenced
self-reports of cognitive function, had stronger influence on performance of
executive attention tasks. Vigilance, orienting networks showed little specific
improvement.

Cicerone et al., 2000

TBI/Stroke; review

(1) Establish evidence-based recommendations for clinical practice of cognitive
rehabilitation from methodical review of scientific literature concerning effectiveness
of cognitive rehabilitation; (2) Attention deficits: limited evidence exists for
generalization of benefits attributable to attention remediation, tendency to observe
gains on tasks most closely related to training tasks; Multi-modal interventions: can
significantly improve neuropsychological performance in many skill areas.
Maintenance, generalization of benefits from cognitive rehabilitation greatest when
treatment is provided for appropriately long periods of time, when efforts are made
by clinician and patient to identify and apply interventions to personally relevant
areas of functioning, when patients are able to assume responsibility for using
compensatory strategies in everyday functioning.

De Weerdt et al.,
2000

Acute stroke (n = 56); prospective;
quantitative: observational

(1) Observe how stroke patients spend their time in a rehabilitation unit; (2) Patients
most frequently involved in therapeutic activities, Belgium: 28% of day, Switzerland:
45%. Belgian patients: 27 % of day in own room, Swiss: 49% of day. Swiss patients
spent nearly 1.5 h per day more in therapy. Differences between two settings could

only partially be explained by more favorable patient-staff ratios in Swiss setting.

Fasotti et al., 2000

Post-acute/chronic severe TBI
(n = 22); prospective; quantitative:
repeated measures

(1) Compare the effectiveness of Time Pressure Management (TPM) training with
concentration training in which verbal instruction was the key element; (2) TPM
produces greater gains than concentration training and appears to generalize to
other measures of speed and memory function.

Zhu et al., 2001

Post-acute moderate-severe TBI
(n = 36); prospective; quantitative:
repeated measures

(1) Evaluate effects of different levels of intensive rehabilitation treatment on
functional outcome; (2) Increasing amount of rehabilitation from conventional
2-4 h/day improved functional outcome as measured by GOS. More patients in
intensive group returned to gainful work, either original or modified job.
Improvement most significant in early post-injury period at 2-3 months.

Shiel et al., 2001

Moderate-severe TBI (n = 56);
prospective; quantitative: repeated
measures

(1) Investigate effect of increased intensity of rehabilitation on rate at which
independence was regained and duration of hospital admission; (2) Increasing hours
per week of therapy can accelerate rate of recovery of personal independence and
result in being discharged from hospital sooner. No evidence of ceiling effect of
therapeutic intensity beyond which no further response observed.

Park and Ingles, 2001

ABI; meta-analysis

(1) Examine the efficacy of attention rehabilitation; (2) Direct-retraining methods
produced only small non-significant improvements in performance. Few studies that
attempted to rehabilitate specific skills requiring attention showed statistically
significant improvements after training and had considerably larger effect sizes.
Results suggest learning that occurs as a function of training is specific, does not
tend to generalize or transfer to tasks that differ considerably from those used in
training.
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Table 2 | Continued

Authors

Methods

(1) Main objectives and (2) Findings

Powell et al., 2002

Post-acute/chronic severe TBI
(n = 94); prospective; quantitative:
RCT

(1) Evaluation of multidisciplinary community based outreach rehabilitation; (2)
Outreach participants significantly more likely to show gains on Barthel Index,
BICRO-39 total score, self-organization, psychological well-being subscales. Strong
trends for BICRO personal care and mobility, on FIM+FAM for personal care and
cognitive functions.

Slade et al., 2002

Acute stroke/TBI (n = 161);
prospective; quantitative: RCT

(1) Examined if increased intensity of therapy would decrease length of stay; (2)
Accounting for impairment/disability mix, and consequent response of therapy,
enhanced levels of physiotherapy and occupational therapy led to benefits for
experimental group, resulting in decrease length of stay.

Cifu et al., 2003

Moderate-severe TBI (n = 491);
prospective; quantitative: RCT

(1) Identify factors relating to intensity of rehabilitation services received and to
ascertain relation between injury outcomes, demographics, types of therapy, and
intensity of rehabilitation services provided; (2) Findings support assertions that
increased therapy intensity, particularly physical and psychological therapies,
enhances functional outcomes.

Rath et al., 2003

Chronic mild-severe TBI (n = 60);
prospective; quantitative: repeated
measures

(1) Compare efficacy of a group-treatment protocol using a remedial programme that
aims to reduce difficulties in emotional self-regulation, and to facilitate steps used in
problem solving with a conventional neuropsychological rehabilitation programme; (2)
Participants in innovative group improved in problem solving as assessed using a
variety of measures, including (i) executive function, (ii) problem-solving self-appraisal,
(iii) self-appraised emotional self-regulation and clear thinking, (iv) objective observer
ratings of role-played scenarios. Improvements were maintained at follow-up.

Boman et al., 2004

Mild-moderate TBI (n = 10);
prospective; experimental: repeated
measures

(1) Examine efficacy of cognitive rehabilitation in the patient’s home or vocational
environment; (2) Positive effect on some measures on impairment level, no
differences on activity or participation levels at follow-up; indicates home-based
cognitive training improves some attentional and memory functions and facilitates
learning of strategies.

Cicerone et al.,
2004

Post-acute/chronic moderate-severe
TBI (n = 56); prospective;
quantitative: repeated measures

(1) Evaluate effectiveness of an intensive cognitive rehabilitation program (ICRP)
compared with standard neurorehabilitation (SRP); (2) ICRP participants over twice as
likely to show clinical benefit on Community Integration Questionnaire. ICRP
participants showed improvement in overall neuropsychological functioning;
participants with clinically significant improvement on Community Integration
Questionnaire showed greater improvement of neuropsychological functioning.
Satisfaction with cognitive functioning made significant contribution to
post-treatment community integration.

De Wit et al., 2005

Stroke (n = 60); prospective;
quantitative: observational

(1) Identify differences in use of time by stroke patients in 4 rehabilitation centers in 4
countries; (2) Patients in Belgium and UK spent more time in passive behavior, in
rooms, without any interaction compared with patients in Germany and Switzerland.
Latter centers had more structured rehabilitation program. May have resulted in more
therapy time, more challenging environment for patients, physically and mentally.

TurnerStokes et al.,
2005

Mild-severe ABI; Cochrane review

(1) Assess effects of multi-disciplinary rehabilitation in adults aged 16-65 years; (2)
For patients with moderate- severe ABI already in therapy, there was strong evidence
that more intensive programmes are associated with earlier functional gains, and
“moderate evidence" that continued outpatient therapy could help to sustain gains
made in early post-acute rehabilitation.

Cicerone et al.,
2005

TBI, stroke; review

(1) Update previous evidence-based recommendations of the Brain Injury
Interdisciplinary Special Interest Group of the American Congress of Rehabilitation
Medicine for cognitive rehabilitation; (2) Consensus that cognitive rehabilitation
should focus on reducing disability, helping restore social role functioning, rather than
exclusively on remediation of impairments. Most studies evaluated outcome of
interventions at impairment level rather than effect on performance of activities or
changes in social participation.
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Table 2 | Continued

Authors

Methods

(1) Main objectives and (2) Findings

Zhu et al., 2007

Acute/post-acute moderate-severe
TBI (n = 68); Prospective; RCT

(1) Evaluate the effects of an increase in the intensity of rehabilitation on functional
outcome; (2) More patients in the high intensity group than in the control group who
achieved a maximum FIM total score at the third month and a maximum Glasgow
Outcome Scale score at the second and third months.

Kleim and Jones,
2008

Healthy adult/TBI; review

(1) Review 10 principles of experience-dependent neural plasticity and
considerations in applying them to the damaged brain; (2) Optimism that the nature
of brain plasticity can be capitalized upon to improve rehabilitation efforts and to
optimize functional outcome.

Kennedy et al., 2008

TBI; Systematic review, meta-analysis

(1) Review studies that focused on executive functions of problem solving, planning,
organizing and multitasking; (2) Compelling evidence from 10 intervention studies
that using step-by-step meta-cognitive strategy instruction improves problem
solving, etc. for personally relevant activities or problem situations; Changes more
likely to be observed at level of activities and participation in daily living than on
standardized tests (i.e., impairment outcomes).

Spikman et al., 2009

ABI (n = 75); prospective;
quantitative: RCT, repeated measures

(1) Evaluate the effects of a treatment for dysexecutive problems on daily life
functioning; (2) Experimental patients resumed previous roles significantly more
than before treatment. From post-treatment to follow-up, only experimental group
showed further improvement over time; DEX showed decrease of executive
complaints similar for both groups. On DEX-therapist, significantly less executive
problems after treatment for experimental group. Executive abilities observed by
professionals improved more in experimental group.

Toglia et al., 2010

Chronic moderate TBI (n = 4);
quantitative: single-subject design;
repeated measures

(1) Refine, explore and provide preliminary testing of the multi-context approach in
promoting strategy use across situations and increasing self-regulation, awareness
and functional performance; (2) Participants demonstrated positive changes in
self-regulatory skills and strategy use across tasks. Examination of individual
participants revealed important, varying patterns of change in strategy use, learning
transfer and self-awareness across intervention.

Cernich et al., 2010

Review; TBI

(1) Review of available evidence of cognition following TBI; (2) Recommendations: (i)
Access to sub-acute rehabilitation that is holistic in nature and involves
multi-disciplinary team to in work in an integrated fashion to support physical,
cognitive and social skill retraining is vital to support positive outcome following TBI;
(i) Trials of medication to assist with attention, memory impairment appear
well-supported by the available evidence; (i) RCTs demonstrate utility of specific
rehabilitation approached to attention retraining and retraining of executive function;
(iv) Training in use of supportive devices to support individual's daily activities
remains central to independent function.

Leon-Carrion et al.,
2012

Acute severe TBI (n = 19);
quantitative: observational

(1) Explore the course and timing of functional recovery in patients who have
emerged from coma; (2) To achieve a good response and outcome nearing normalicy;,
a patient needs over 300 h of intensive rehabilitation.

Hayden et al., 2013

Acute-chronic mild-severe TBI
(n = 1274); retrospective; quantitative

(1) Evaluate functional improvement after admission to post-acute rehabilitation;

(2) Improved functioning after post-acute rehabilitation, regardless of severity of
impairment or time since injury to admission to program. Rate of improvement
greater for those admitted within 3 months of injury. Individuals with severe
impairment demonstrated less improvement when admitted later in time after injury.

Acute, 0-3 months post-injury, post-acute, 3—12 months post-injury; chronic, greater than 12 months post-injury.

have also been demonstrated, as have increases in the amount of
nerve growth factor, brain derived neurotropic factor, myelina-
tion, acetylcholinesterase activity, neurotransmitters, glial prolif-
eration, blood vessels (number and size), and protein synthesis
(Rosenzweig, 1966; West and Greenough, 1972; Bennett et al.,

1974; Mohammed et al., 1990; Rosenzweig and Bennett, 1996;
Kolb and Whishaw, 1998; Van Praag et al., 2000; Diamond, 2001;
Churchill et al., 2002; Pietropaolo et al., 2004; Will et al., 2004;
Bennett et al., 2006; Hoffman et al., 2008; Gabriel et al., 2009a,b;
Lores-Arnaiz et al., 2010; Qiu et al., 2011, 2012; Williamson et al.,
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Table 3 | Detailed summary of articles included in “Post-discharge experiences and EE” scoping review.

Authors

Methods

(1) Main objectives and (2) Findings

POST-DISCHARGE FACTORS THAT INFLUENCE STIMULATION

Corrigan et al., 2004

Chronic mild-severe TBI (n = 1802);
prospective; quantitative

(1) Provide population-based estimates of perceived needs following TBI and the
prevalence of unmet needs; (2) Many reported still requiring help managing
cognitive changes, emotional changes, and managing finances.

Staudenmayer et al.,

2007

Post-acute severe TBI (n = 211);
prospective; quantitative

(1) Determine whether there are specific types of functional deficits that
disproportionately affect ethnic minorities after TBI; (2) Minorities demonstrated
worse long-term functional outcome, less social and financial resources suggested
as related/causal variables.

Shafi et al., 2007

Post-acute severe TBI (n = 344);
prospective; quantitative

(1) Analyze whether racial or ethnic disparities exist in trauma care, specifically
related to access to rehabilitation services and functional outcomes of patients with
TBI; (2) Ethnic minorities less likely to be insured; more likely to have moderate-
severe disability at follow-up. Data suggest insured patients less likely to be
disabled, relationship strongest for private insurance.

Till et al., 2008

Post-acute moderate -severe TBI
(n = 33); quantitative: observational
cohort: 5, 12, 24 months post-injury

(1) Assess prospectively degree of post-acute long-term cognitive decline after TBI;
(2) Amount of therapy received at 5 months post-injury significantly higher in group
of non-decliners vs. decliners; individuals who were insured received more hours of
therapy after discharge than those not insured.

Sander et al., 2009

Post-acute mild-severe TBI (n = 151);

prospective; quantitative

(1) Determine contribution of race/ethnicity and income to community integration at
approximately 6 months following TBI; (2) After controlling for age, education, injury
severity, race/ethnicity, income made a significant contribution to variance in social
integration, total score and scores on Belonging and Independent Participation
scales of the Community Integral Measure. Lower income was associated with
worse community integration.

Keightley et al., 2011

TBI, ABI + caregivers (n = 17);
qualitative

(1) Explore barriers and enablers surrounding transition from health care to home
community settings for Aboriginal clients recovering from ABI in northwestern
Ontario; (2) Lack of awareness, education and resources acknowledged as key
challenges to successful transitioning by clients and healthcare providers.

Sander et al., 2011

Post-acute mild-severe TBI (n = 167);

prospective; mixed methods

(1) Investigate meaning of community integration in an ethnically diverse sample; (2)
Financial issues, such as home ownership and insufficient funds, were perceived as
contributing to decreased participation in the community.

Turner et al., 2009b

Post-acute mild-severe TBI, ABI +
caregivers (n = 38); qualitative;
pre-discharge, 1, 3 months
post-discharge

(1) Explore people's lived experiences of reengagement in meaningful occupations
during hospital-to-home transition phase after ABI; (2) Not being able to participate in
desired occupations was source of stress and frustration. Many family caregivers
reported participation in meaningful occupations was fundamental element of
recovery gains. Other key elements: establishing routines or schedules and
occupying one's time. Participation in meaningful occupations perceived to enhance
functional recovery during transition.

POST-DISCHARGE FACTORS THAT INFLUENCE ENGAGEMENT

Freeman, 1997

Severe TBI; Concept paper

(1) Explore methods used to establish a rehabilitation program in the home, the
initial moves, the family dynamics, the advantages, and some of the programs
required for the restoration of function of sensory, cognitive and motor abilities; (2)
Family environment provides wide variety of activities, which are inclusive of person,
guarantees provision of stimulation over a wide spectrum of inputs and activities.

Rotondi et al., 2007

Chronic moderate-severe TBI +
caregivers (n = 185); qualitative

(1) Determine expressed needs of persons with TBI and their primary family
caregivers; (2) Inadequate preparation of primary support persons and persons who
experienced TBI for personality and behavioral sequelae prior to discharge from the
hospital appeared to be a common complaint.

McCormack and
Liddiard, 2009

Chronic severe TBI (n = 1); case
study

(1) Examines a model of community rehabilitation; (2) Supportive and effective
familial care system and specialist community interdisciplinary rehabilitation was
effective in facilitating recovery.
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Table 3 | Continued

Authors

Methods

(1) Main objectives and (2) Findings

Keightley et al., 2011

TBI, ABI + caregivers (n = 17);
qualitative

(1) Explore barriers and enablers surrounding transition from health care to home
community settings for Aboriginal clients recovering from ABI in north western
Ontario; (2) Lack of awareness, education and resources acknowledged as key
challenges to successful transitioning by clients and healthcare providers.

Sander et al., 2011

Post-acute mild-severe TBI (n = 167);
prospective; mixed methods

(1) Investigate meaning of community integration in an ethnically diverse sample; (2)
Feeling integrated into the community relates to aspects of the environment as
much as to involvement in specific activities.

Turner et al.,, 2011b

Post-acute mild-severe TBI, ABI +
caregivers (n = 38); qualitative;
pre-discharge, 1, 3 months
post-discharge

(1) Explore service and support needs of individuals with ABI and family caregivers
during transition phase from hospital to home; (2) Individuals with ABI experience a
range of service and support needs during the early transition phase, many of which
are currently unmet. Findings also indicated that support for family caregivers and
access to early community rehabilitation were the two areas in which participants
most commonly reported experiencing unmet needs.

Rusconi and
TurnerStokes, 2003

Post-acute/chronic TBI, ABI, SCI
(n = 53); quantitative: cross-sectional
cohort survey

(1) Evaluate aftercare of patients discharged from specialist rehabilitation unit with
respect to use of equipment and follow-up by therapy and care services and to
assess change in dependency and care needs; (2) Many patients observed they
were ill-prepared for sudden change from an intensive therapy programme on unit to
a much less frequent and more self-reliant programme in community.

Rittman et al., 2004

Post-acute stroke + caregivers
(n = 51); qualitative

(1) Evaluate the transition from hospital to home during the first month after
discharge following acute stroke; (2) When routines are not re-established, survivors
and caregivers experience more chaos, disruption during the transition. When talking
about ways days are spent, most survivors describe problems with boredom and not
having meaningful activities in their lives.

Turner et al., 2007

Chronic TBI, ABI + caregivers
(n = 24); qualitative

(1) Explore transition experiences from hospital to home of a purposive sample of
individuals with ABI; (2) Many participants found it difficult to locate and access
suitable post-discharge therapy services. Friendship and social networks played
important role during transition process. Post-discharge boredom, particularly during
first 1-2 months at home, commonly expressed.

Turner et al., 2009b

Post-acute mild-severe TBI, ABI +
caregivers (n = 38); qualitative;
pre-discharge, 1, 3 months
post-discharge

(1) Explore people's lived experiences of reengagement in meaningful occupations
during hospital-to-home transition phase after ABI; (2) Not being able to participate in
desired occupations was source of stress, frustration for many participants. Many
family caregivers reported participation in meaningful occupations was fundamental
element of recovery gains. Other key elements of transition success included
establishing routines or schedules and occupying one'’s time. Results demonstrated
participation in meaningful occupations was perceived to enhance functional
recovery during transition; underscores importance of encouraging and facilitating
participation in meaningful occupations.

Hoogerdijk et al.,
2011

Chronic mild-severe TBI (n = 4);
qualitative

(1) Better understand how individuals with TBI make sense of adaptation process
and their performance of occupations within this process; (2) Results indicate
adaptation process following TBI is a necessary struggle to gain new identity;
facilitated by engagement in familiar occupations in familiar environments; a
protracted learning process that continues long after rehabilitation ends; individual,
situated.

Turner et al.,, 2011a

Post-acute mild-severe TBI, ABI +
caregivers (n = 38); qualitative;
pre-discharge, 1, 3 months
post-discharge

(1) Explore perspectives of individuals with ABI and their family caregivers
concerning recovery and adjustment during the early transition phase from hospital
to home; (2) Findings highlight that while returning home was typically perceived to
facilitate ongoing recovery, process of adjusting emotionally to life at home posed
significant challenge for many participants during transition phase.
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Table 3 | Continued

Authors Methods

(1) Main objectives and (2) Findings

Nalder et al., 2012a Post-acute moderate -severe TBI +
caregivers (n = 210); prospective;
quantitative: repeated measures:
discharge, 1, 3, 6 months

post-discharge

(1) Identify factors associated with perceived success of transition from hospital to
home after TBI; (2) Greater perceived success of transition associated with higher
levels of health-related quality of life, level of community integration, more severe
injury. Sentinel events (e.g., returning to work, independent community access,
changing living situation) associated with greater perceived success; financial strain,
difficulty accessing therapy services associated with less success.

Nalder et al., 2012b Post-acute moderate -severe TBI +
caregivers (n = 210); prospective;
quantitative: repeated measures:
discharge, 1, 3, 6 months

post-discharge

(1) Describe timing and factors associated with occurrence of sentinel events
(financial strain, difficulty accessing therapy, return to work, accommodation change
and independent transport use) during transition to community for individuals with
TBI; (2) General positive sentinel events (e.g., regaining independence, returning to
work) more likely experienced by individuals with higher levels of global functioning
and psychosocial integration. Individuals with lower levels of functioning at greater
risk of experiencing more negative sentinel events (e.g. financial strain). Individuals
with more severe injury and poorer adjustment more likely to report difficulty
accessing therapy.

Acute, 0-3 months post-injury, post-acute, 3—12 months post-injury; chronic, greater than 12 months post-injury.

2012; Fares et al., 2013; Vazquez-Sanroman et al., 2013; Yang et al.,
2013).

In examining properties of EE that produce beneficial effects,
factors such as intensity and duration emerge as critical for reap-
ing the most benefits. Bennett et al. (2006) examined the effects
of long-term continuous EE on memory performance in aged
mice. Mice received a 10-week treatment of either 5 min of daily
handling housed in impoverished environments (i.e., clear plastic
shoe boxes), 3 h of daily exposure to a basic EE (i.e., small bin with
fresh bedding, a running wheel, a plastic rodent dwelling, a plas-
tic tube for climbing, a few toys), or continuous complex EE (i.e.,
larger bin to allow for more mice to be housed together, and for
larger and more complex objects). Continuously enriched older
mice performed significantly better than other groups of aged
mice in spatial memory tasks, and were indistinguishable from
younger control mice in their performance.

Amaral et al. (2008) examined durations of EE in mice and
influences on behavioral changes (open field habituation and
locomotion). They compared mice exposed to 1, 4, and 8 weeks
of EE. While mice exposed to 4 and 8 weeks showed behav-
ioral effects, the 1-week group did not. Furthermore, mice in the
4-week exposure group demonstrated effects lasting 2 months
post-EE, but only mice in the 8-week EE group demonstrated
effects lasting up to 6 months. The authors concluded that (1)
a minimum EE period is necessary to induce beneficial behav-
ioral effects, (2) the effect of EE can persist at least partially for
many months after its cessation, and (3) the degree of persistence
is greater in animals exposed to longer durations of EE. Relevant
to the discharge environment of humans and the importance of
ongoing therapy/stimulation, these findings showed that the ben-
efits of EE are lost when animals are removed from enriched
environments.

Environmental enrichment in healthy humans
Scarmeas and Stern (2003) undertook a review of the relationship
between lifestyle and cognitive reserve, which they defined as the

degree to which the brain can create and use networks or cognitive
paradigms that are more efficient or flexible, and thus less suscep-
tible to disruption. They asked whether exercising the brain had
the same healthy effects as exercising the body. They found that
greater participation in intellectual and social leisure activities was
associated with less cognitive decline in healthy older adults and
a lower incidence of dementia. These important “use it or lose
it” findings support the need for EE in the sub-acute and chronic
stages of TBI to avert decline. The authors proposed that leisure
activities and an active lifestyle might buffer against cognitive
decline by: (1) increasing synaptic density, which results in more
efficient cognitive functioning of unaffected neurons; (2) more
efficient use of the same brain networks; and (3) more efficient
use of alternative brain networks. They also found that although
it is a very active area of research, our understanding of the spe-
cific active ingredients that buffer against cognitive decline has
not been fully elucidated.

In addition to studies examining how mentally active lifestyles
are associated with cognitive benefits (Gribbin et al., 1980;
Pushkar et al., 1997; Wang et al., 2002; Wilson et al., 2002, 2003;
Crowe et al., 2003; Verghese et al., 2003; Newson and Kemps,
2005; Fujiwara et al., 2009), studies have also illustrated the bene-
fits of maintaining physically active (Clarkson-Smith and Hartley,
1989; Schuit et al., 2001; Pignatti et al., 2002; Voss et al., 2011;
Xu et al., 2011) and socially active lifestyles (Bassuk et al., 1999;
Fratiglioni et al., 2000; Mahoney et al., 2000; Seeman et al., 2001).
However, they are correlational in design and leave open the pos-
sibility that higher functioning people seek out the continuous
exposure.

A number of further studies have shown the benefits of
EE for healthy older adults (Huppert, 1991; Christensen and
Mackinnon, 1993; Davidson and Bar-Yam, 2006; Sampson
et al., 2009; Marioni et al., 2012a,b; Paillard-Borg et al., 2012).
Winocur and Moscovitch (1990) compared cognitive function-
ing in community-dwelling and institutionalized older adults.
After controlling for variables such as IQ, age, and health, they

Frontiers in Human Neuroscience

www.frontiersin.org

April 2013 | Volume 7 | Article 31 | 70


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

Frasca et al.

EE, TBI, and post-acute decline

found that community-dwelling older adults had higher lev-
els of cognitive functioning. They also identified a subgroup of
high-functioning institutionalized older adults who performed
similarly to the community-dwelling group. For this subgroup,
they postulated that cognitive functioning may have been influ-
enced by adjustment to institutional life, such that more social
activity was correlated with better cognitive functioning, as was
found in a prior study (Winocur et al., 1987). Winocur and
Moscovitch suggested that lower cognitive functioning observed
in the institutionalized group might be a result of an under-
stimulating environment. This interpretation is also consistent
with the position of Schooler and Mulatu (2001), who suggested
that even if people have higher levels of education, it is the con-
tinued practice in complex activities that maintains their cognitive
abilities—speaking directly to the thesis of this paper.

A number of studies have examined the benefits of continuous
exposure (Blackerby, 1990; Spivack et al., 1992; Willer et al., 1999;
De Weerdt et al., 2000; Shiel et al., 2001; Zhu et al., 2001; Cifu
et al., 2003; De Wit et al., 2005), and interventions that incorpo-
rate many elements of EE, such as cognitive, social, and physical
stimulation (Hayslip et al.,, 1995; Neely and Backman, 1995;
Fasotti et al., 2000; Powell et al., 2002; Vance and Johns, 2002;
Gunther et al., 2003; Rath et al., 2003; Noice and Noice, 2004;
Van De Winckel et al., 2004; Green et al., 2006; Stine-Morrow
etal.,2007; Spikman et al., 2009). These types of interventions can
be contrasted with interventions involving manipulations over a
discrete period of time that are designed to enhance a specific
cognitive domain or skill. The former have broadly led to more
generalizable gains, both cognitively and physically.

Brain-injured animals and environmental enrichment
Brain-injured animals show clear-cut benefits from exposure to
EE. Studies comparing recovery in brain-injured animals reared
in EEs to those reared in standard environments have demon-
strated increased neurogenesis, upregulation of neurotrophic fac-
tors, increased neuronal survival, increased afferent innervation,
as well as reductions in spontaneous apoptosis and infarct size
(Van Praag et al., 2000; Dobrossy and Dunnett, 2001, 2004;
Passineau et al., 2001; Gobbo and O’Mara, 2004; Will et al., 2004;
Pereira et al., 2007; Hoffman et al., 2008; Sozda et al., 2010; Sun
et al., 2010; Monaco et al., 2013; Shin et al., 2013). Superior per-
formance on tasks of learning and memory, and spatial reference
has also been found (Hamm et al., 1996; Johansson and Ohlsson,
1996; Passineau et al., 2001; Gobbo and O’Mara, 2004; Will et al.,
2004; Lippert-Gruener et al., 2007; Pereira et al., 2007; Hoffman
et al., 2008; Sozda et al.,, 2010; Monaco et al., 2013). Hamm
etal. (1996) compared cognitive functioning in brain-injured and
sham-brain-injured rats housed in EEs to those housed in stan-
dard environments. Rats housed in EEs were in social groups and
had access to a variety of foods, novel toys, scented objects, and a
running wheel. At 15 days post-injury, brain-injured rats exposed
to EE performed significantly better than brain-injured rats in
standard environments. Interestingly, they also found that brain-
injured rats recovering in EE performed just as well as non-brain
injured animals.

In an older but seminal study by Johansson and Ohlsson
(1996), brain-injured rats recovering in comprehensive EE (i.e.,

cognitive, social, and physical enrichment) were compared to
those recovering in either enriched social environments or
enriched exercise environments. Rats in the EE group were placed
in one cage with several other rats, and novel toys and objects
that promoted exercise, whereas rats in the social-interaction
group were caged with other rats without objects or toys, and
rats in the exercise group were individually caged with access to
a running wheel. The social-interaction group improved more
than the exercise group; however, the EE group improved more
than either group. More recently, Hoffman et al. (2008) demon-
strated the importance of timing and duration of EE, comparing
brain-injured rats exposed to continuous EE to those in early and
temporary EE (immediately post-injury lasting 1 week), late EE
(commencing 1 week post-injury) and no EE. The continuous EE
group not only had significantly less hippocampal cell loss, but
also performed better on motor and cognitive tests. Interestingly,
they found an advantage of continuous and early EE for motor
tasks, but an advantage of continuous and delayed EE for cogni-
tive tasks. The benefits of increased EE-exposure in brain-injured
rats have since been replicated (De Witt et al., 2011; Matter et al.,
2010), and, moreover, shown to last for up to 6 months (Cheng
et al.,, 2012).

These studies provide evidence that EE help animals to recover
functions to levels that make them indistinguishable from healthy
controls, and that continual EE is necessary to maintain both
neural and cognitive improvements. The benefits of EE are sub-
stantial, but not permanent, thus highlighting the importance of
ongoing stimulation. These findings are particularly relevant to
the post-discharge environment, and the factors may contribute
to decline.

Brain-injured humans and environmental enrichment

EE interventions for brain-injured humans can be grouped into
two broad types: those that provide increased hours and duration
of therapy (without prescription of specific content of thera-
pies) and those that address discrete impairments and focus on
improvement of a specific skill. Note that in clinical practice,
the latter might be referred to as “training” rather than EE.
However, we include them here as they entail increased cognitive
stimulation.

While EE intervention designs have not been as comprehen-
sive in human TBI studies, the effects of some of the classical
properties of EE, such as novelty, intensity, and duration, have
been examined. However, much like in healthy individuals, inter-
ventions for TBI survivors aimed at training specific skills have
often resulted in poor generalization to everyday performance
(Ruff et al., 1991; Cicerone et al., 2000, 2005; Sohlberg et al., 2000;
Park and Ingles, 2001; Boman et al., 2004; Kennedy et al., 2008).
In contrast to skills training, Cicerone et al. (2000) have sug-
gested that cognitive rehabilitation should not focus exclusively
on remediation of impairments, but should reduce disability and
help restore social role functioning. In an earlier framework,
Toglia (1991) proposed a “multi-context” treatment approach
to enhance generalizability that contained hallmarks of what
later became EE: namely, varied stimulation and environments
that are meaningful to the person that thereby enhance engage-
ment. Interventions that have incorporated such components
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have demonstrated better generalizability, as well as improve-
ments in community integration (Fasotti et al., 2000; Powell et al.,
2002; Vance and Johns, 2002; Rath et al., 2003; Van De Winckel
et al., 2004; Toglia et al., 2010; Leon-Carrion et al., 2012).

The second broad category of interventions that are more
intensive have also resulted in significant functional gains (Willer
et al., 1999; Cicerone et al., 2004). Cicerone et al. (2004)
compared the effectiveness of an intensive cognitive rehabilita-
tion program to standard neurorehabilitation for persons with
TBI. Participants in the intensive program demonstrated greater
improvement in cognitive function (composite score based on
attention, speed of processing, memory and executive function
test scores) as well as greater improvement in community inte-
gration. Increasing hours of therapy has also led to greater
functional and cognitive gains and faster recoveries (Blackerby,
1990; Spivack et al., 1992; De Weerdt et al., 2000; Shiel et al.,
2001; Zhu et al., 2001; Slade et al., 2002; Cifu et al., 2003;
De Wit et al., 2005; Zhu et al.,, 2007). Turner-Stokes et al’s
(2005) review of multi-disciplinary rehabilitation for brain injury
recommended that “intensive intervention appears to lead to
earlier gains” Therefore, they concluded that “Patients dis-
charged from in-patient rehabilitation should have access to
out-patient or community-based services appropriate to their
needs.” Cernich et al. (2010) provided a similar recommenda-
tion in their review of cognitive rehabilitation following TBI.
Recently, Hayden et al. (2013) provided support for this rec-
ommendation, demonstrating functional gains for TBI survivors
receiving rehabilitation services in the post-acute phase after
brain injury.

ABSENCE OR REDUCTION OF ENVIRONMENTAL ENRICHMENT
If exposure to EE is beneficial at both behavioral and neural levels,
it logically follows that the absence or reduction of EE would lead
to poorer behavioral and neural health. Experience-dependent
plasticity refers to changes in the brain that result from behavioral
experiences. While stimulation can enhance or maintain neural
pathways, the absence of stimulation can depress or weaken them
with associated loss of a function that was previously acquired
or mastered (Rubinov et al., 2009; Warraich and Kleim, 2010).
Overall, there appears to be a growing consensus that maintaining
and increasing neuroplasticity of the brain depends on continual
and intensive cognitive, physical, and social stimulation (Kleim
and Jones, 2008). TBI survivors transitioning from a rehabilita-
tion setting to a home setting are therefore vulnerable to reversal
of those gains made in the early and intensive therapeutic setting.
This assertion is supported by the flipside of EE experiments:
animals that are exposed to less stimulating or impoverished envi-
ronments do not fare as well. As described above, mice with
less EE exposure have lower performances on spatial memory
tasks, as compared to continuously enriched mice (Bennett et al.,
2006), and rats that received less EE exposure maintain bene-
fits for a shorter period of time (Amaral et al., 2008). Similarly,
brain injured rats recovering in impoverished environments show
poorer recovery of cognitive and motor functioning (Hamm et al.,
1996; Hoffman et al., 2008; Matter et al., 2010; De Witt et al.,
2011) and do not maintain benefits gained from short-term EE
(Matter et al., 2010; De Witt et al., 2011; Cheng et al., 2012).

Furthermore, there is evidence that effects of environmen-
tal conditions are reversible (Bernstein, 1972; Winocur, 1998).
Winocur (1998) demonstrated that when he transferred rats from
impoverished to enriched environments, they improved signif-
icantly, whereas rats transferred from enriched and standard
environments to impoverished ones declined. Similarly, more
sedentary lifestyles have been linked to disease and disability,
and overall poorer health (Huppert, 1991; Pushkar et al., 1997;
Mackinnor et al., 2003; Salthouse, 2006; Shors et al., 2012).

ENVIRONMENTAL ENRICHMENT, POST-ACUTE DECLINE AND
SUB-ACUTE ATROPHY

As therapies diminish in frequency over time (e.g., when patients
move from in-patient neurorehabilitation to the home or a
chronic-care facility), the amount of EE may also lessen. In the
context of chronic TBI, Turner and Green (2008) examined the
principles of negative neuroplasticity (maladaptive morphologi-
cal changes to the brain in response to environmental factors),
as described by Mahncke et al. (2006a,b), in the context of nor-
mal aging. These are: (1) reduced schedules of activity, (2) noisy
processing in peripheral and central sensory systems, (3) alter-
ations in neuromodulary control, and (4) negative learning. They
suggest that a similar downward spiral of negative neuroplas-
tic change may undermine long-term outcome in TBI due to
similar environmental changes (as well as physiological changes)
that result in withdrawal from communities and social networks,
resulting in reduced stimulation. Such changes are withdrawal
from the workforce (or school), physical losses that preclude
travel, and perceptual and cognitive decrements that compromise
communication.

As previously noted, in the case where neural pathways are
under-stimulated, it is possible to lose the function that was
acquired or mastered (Rubinov et al., 2009; Warraich and Kleim,
2010). Findings of increased neural representation after train-
ing (Cirillo et al., 2011; Cardinali et al., 2012) and different
brain activation when comparing exposure vs. deprivation of
stimulation (Klinge et al., 2012) provide evidence for experience-
dependent neuroplasticity. This raises the question whether
under-stimulation of neural pathways, due to disuse, may be
responsible for post-acute neural degeneration seen in TBI sur-
vivors. If so, EE exposure may play a role in minimizing, or
averting, this problem.

With respect to neural degeneration, mechanisms of apop-
tosis have been modeled in animals to understand the cascade
of events that takes place after TBI (Raghupathi et al., 2000;
Keane et al., 2001; Raghupathi, 2004). Coulson et al. (2004) pro-
vided support for their hypothesis that synaptic input may be
the key to regulating neuronal survival and death pathways fol-
lowing neurotrauma. Synaptic activity regulates expression levels
of neurotrophins and facilitates growth factor signaling. There
is evidence that EE exposure enhances nerve growth factor and
brain-derived neurotropic factor in animals (Clarkson-Smith and
Hartley, 1989; Blackerby, 1990; Bassuk et al., 1999; De Weerdt
et al., 2000; Mahoney et al., 2000; Wang et al., 2002; Wilson et al.,
2002; Cifu et al., 2003; Johansson, 2003; Rath et al., 2003; Spikman
et al., 2009). As well, animal studies have demonstrated that EE
can enhance neurogenesis and attenuate apoptosis in the injured
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brain (Van Praag et al., 2000; Dobrossy and Dunnett, 2001, 2004;
Passineau et al., 2001; Gobbo and O’Mara, 2004; Will et al., 2004;
Pereira et al., 2007; Hoffman et al., 2008). Lastly, neurons deprived
of synaptic input can be rescued from death by an increased sup-
ply of growth factors (Coulson et al., 2004). Taken together, these
findings offer the possibility that EE can help to prevent neuronal
death.

The relation between changes in brain structure and neuropsy-
chological performance has also been recently explored (Farbota
et al., 2012), providing further evidence that as we see declines at
a neural levels, we also see parallel declines in cognitive function-
ing. Recent work from our laboratory has demonstrated that in
TBI survivors, more engagement in EE, defined as participation
in activities involving cognitive, physical, and social demands, is
correlated with less hippocampal volume loss in the post-acute
stages (Miller and Green, in press). While these findings are corre-
lational, they provide preliminary evidence of the positive impact
that an enriched environment can have in TBI survivors.

The research reviewed within this section of the scoping review
supports that EE improves outcomes and that a dearth of EE
results in poorer outcomes. Studies demonstrate continued and
repeated EE exposure (Blackerby, 1990; Spivack et al., 1992; De
Weerdst et al., 2000; Schooler and Mulatu, 2001; Shiel et al., 2001;
Zhu et al., 2001, 2007; Cifu et al., 2003; De Wit et al., 2005;
Amaral et al., 2008), which provides intensive cognitive, social,
and physical stimulation is necessary to induce beneficial effects
(Willer et al., 1999; Cicerone et al., 2004; Bennett et al., 2006).
Furthermore, if this exposure is reduced or removed, the bene-
fits will not be maintained and may diminish (Bernstein, 1972;
Winocur, 1998; Cheng et al., 2012). Synaptic input may be nec-
essary to maintain and strengthen neural pathways and connec-
tions, particularly those at risk after brain injury (Coulson et al.,
2004; Turner and Green, 2008). Moreover, this research supports
our contention that for the subset of people with moderate-severe
TBI that show post-acute cognitive decline and neural deteriora-
tion in the post-acute phase, there may be some environmental
variables that contribute to their negative outcomes.

POST-DISCHARGE EXPERIENCES AND ENVIRONMENTAL
ENRICHMENT

In the first section, we discussed findings revealing that the brain
atrophies and that cognitive abilities decline in the post-acute
stages of brain injury. In the second section, we discussed findings
that demonstrate that EE can alter the brain (both healthy and
damaged), and perhaps most importantly that it has the potential
to minimize atrophy after brain injury. Moreover, a mechanism of
disuse-mediated atrophy has been proposed (i.e., synaptic input
and neuronal survival) (Coulson et al., 2004).

A critical question, then, is to what extent do post-discharge
factors reflect EE? This is important because it is possible that the
post-discharge environment may be un-enriched, and this would
in theory exacerbate/lead to post-acute cognitive and neural
declines. Thus, it is of value to explore the factors that influence
the environments in which people with brain injuries return with
respect to level of enrichment, so that factors can be adjusted to
provide optimal levels of EE. In the current section, we will discuss
how post-discharge variables are conceptually related to EE and

we will also discuss findings that show how these examples of EE
(or lack thereof) correspond to human TBI outcomes.

WHAT IS ENVIRONMENTAL ENRICHMENT IN THE POST-DISCHARGE
ENVIRONMENT?

Continued participation in environments that are challenging,
yet at levels that allow people to participate and remain moti-
vated to do so, is the crux of EE. In the section “Environmental
Enrichment in Healthy Humans® we summarized findings
demonstrating that people who (1) attend more social events, (2)
are more physically active, and (3) engage in activities with con-
tinuous novelty (e.g., learning a new language, playing bridge) are
mentally healthier. While demographic variables (i.e., age, pre-
morbid intelligence, level of education) influence outcome after
brain injury (Ruff et al., 1991; Green et al., 2008), environmental
variables (e.g., access to insurance coverage) also play a vital role
in recovery, as will be discussed. We contend that these variables
map onto EE in that they provide cognitive, social, and physi-
cal stimulation through access to therapy, community resources,
fostering return to meaningful occupations, and encouraging
engagement in their environments.

POST-DISCHARGE ENVIRONMENTAL FACTORS THAT INFLUENCE
MENTAL AND PHYSICAL STIMULATION

A number of factors influence the degree of cognitive, social, and
physical stimulation TBI survivors experience either directly (e.g.,
presence of community resources such as a support groups or fit-
ness centers) or indirectly (e.g., by influencing access to therapy).
These include insurance, financial support, social support, and
community resources.

Insurance

As recommended by Turner-Stokes et al. (2005), after discharge
from in-patient rehabilitation, TBI survivors should have access
to out-patient or community-based services appropriate to their
needs to facilitate the recovery process. Till et al. (2008) demon-
strated that post-acute cognitive decline was negatively correlated
with hours of therapy, which was associated with insurance cov-
erage. It has been widely demonstrated that individuals who have
insurance coverage receive more access to therapy after discharge
than those who do not (Pressman, 2007; Heffernan et al., 2011;
Chen et al., 2012; Lundqvist and Samuelsson, 2012). Those that
are insured have better access to post-acute medical care, which
includes physical, occupational, and cognitive therapies, as well
as home health and nursing needs, modification of living environ-
ment, vocational training, and job retraining (Shafi et al., 2007).
In line with these findings, Shafi et al. (2007) found that ethnic
minorities were less likely to be insured and more likely to have
moderate to severe disability at follow-up.

Financial support

Diminished financial resources may reduce opportunities for
accessing EEs. For example, Sander et al. (2009) reported
that after controlling for age, education, injury severity, and
race/ethnicity, income made a significant contribution to the vari-
ance in social integration, and in a more recent study, Sander
etal. (2011) reported that TBI survivors perceived financial issues
(e.g., home ownership, insufficient funds), as contributing to
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decreased participation in the community. Similar to Shafi et al.
(2007) discussed previously, Staudenmayer et al. (2007) examined
ethnic disparities in long-term functional outcomes after TBI.
They concluded that less social and financial resources were likely
implicated as an explanation. Additionally, in a study examining
perceived needs after brain injury, many TBI survivors reported
still requiring help managing money 1 year post-injury (Corrigan
et al., 2004), which may compound the challenges of dimin-
ished finances after TBI. Increased financial burden can mean less
access to expensive resources (e.g., therapy, participating in social
activities, transportation).

Social support

Logically, a supportive social network influences participation in
therapy (Sander et al., 2009; Turner et al., 2009b; Keightley et al.,
2011), for example by providing transportation, accompaniment
to therapies, supervision for recommended regimens for which
safety is of concern (e.g., a gym program). Turner et al. (2007)
found that those who had more supportive and closer networks at
home had better transitions from the hospital setting to the home
environment, as this was related to more access to social activities
and transportation outside the home.

POST-DISCHARGE FACTORS THAT INFLUENCE ENGAGEMENT

Without private insurance, and with less social and financial
resources, TBI survivors may be less able to engage in stimulat-
ing activities to facilitate recovery. However, as we will discuss,
there are also factors that are purported to influence the level
of engagement in the post-discharge environment, such as the
amount of family support and patient education provided, as well
as the structure and routine present in their home environment.

Family support

In Freeman’s (1997) review of community-based rehabilitation
for TBI survivors, he suggested that the level of care in the
home setting, with a strong support network, can play a major
role in successful rehabilitation. The family environment may
provide a wide variety of activities that are inclusive, stimulat-
ing, and meaningful to the individual. Importantly, these are all
properties found to be critical for experience-dependent plastic-
ity (Kleim and Jones, 2008) and generalization of relearnt skills
(Toglia, 1991). In a case study by McCormack and Liddiard
(2009), a TBI survivor receiving community rehabilitation was
followed for 3 years. The authors concluded that the supportive
and effective care system in his family facilitated his recovery fol-
lowing severe TBI. His progress was attributed to active familial
involvement that fostered goal setting and carry-over between ses-
sions. Furthermore, learning took place in his home environment,
increasing his ability to generalize skills. The authors concluded
that these findings “add further weight . . . to the thesis that, with
the right support, there is no place like home.”

Post-discharge information and education

Several studies have indicated that the most often-reported bar-
rier is adequate preparation prior to discharge (Rotondi et al.,
2007; Sander et al., 2009; Keightley et al., 2011; Sander et al., 2011;
Turner et al., 2011b). Many TBI survivors and their caregivers
report that they were not given enough information regarding

brain injuries (e.g., behavioral sequelae), how to access com-
munity resources (e.g., rehabilitation, emotional support, respite
services), or how to access or implement home therapies (Rotondi
et al., 2007; Sander et al., 2009, 2011; Keightley et al., 2011;
Turner et al., 2011b). Corrigan et al. (2004) reported that TBI
survivors who initially reported requiring help participating in
recreation still did not have their perceived needs (viewed as a
measure of quality of life) met 1 year post-injury. Likewise, Sander
et al. (2011) reported that for TBI survivors, feeling more inte-
grated into the community was related to greater participation in
their environments. Without receiving appropriate assistance and
information/educational resources to facilitate the post-discharge
process, successful community integration will continue to be a
challenge.

Routine and schedules

Many studies document that TBI survivors report feeling ill-
prepared for the transition from hospital to home (Rusconi and
Turner-Stokes, 2003). Several qualitative studies have explored
the transition home, and the barriers or difficulties that TBI sur-
vivors experience (Rittman et al., 2004; Turner et al., 2007, 2009b,
2011a). Rittman et al. (2004) found that, post-discharge, com-
monly reported problems were increased idle time, boredom,
and little-to-no engagement in meaningful activities. Survivors
often reported, ... finding something new every day that they
couldn’t do ...” What appears to influence the above is routine,
or lack thereof. When routines were not re-established, survivors
and caregivers experienced more chaos and disruption in the
transition home. Turner et al. (2011a) examined perspectives
concerning recovery and adjustment during the transition phase
from hospital to home, and found that the process of adjusting
emotionally to life at home posed significant challenges for many
brain-injury survivors during this phase.

Turner et al’s (2007) qualitative study of brain injury survivors’
experiences with the transition from hospital to home made sim-
ilar observations in terms of difficulty re-engaging in meaningful
activities and occupations. However, those who were able to cre-
ate a routine or structure once at home had better transitions.
Essentially, this facilitated participation in their environments by
providing organization in their daily schedules, which had been
previously often provided for them in the rehabilitation setting.

Turner et al. (2009b) extended their work by examining re-
engagement in meaningful occupations during the transition
from hospital to home in brain-injury survivors. Many survivors
reported that recovery sped up at home, and caregivers frequently
attributed this to key elements such as creating routines and
schedules, which enabled participation in meaningful activities.
However, for those that did not have such experiences, not being
able to participate in desired occupations led to stress and frus-
tration. Turner et al. (2009b) found that “for some participants,
the impact of this change in environment, coupled with the real-
ity of not being able to engage in their desired occupations, led
to a relatively unproductive lifestyle in which the main activity of
their day involved little more than watching television or playing
computer games.” In Hoogerdijk et al’s (2011) study of identity
after TBI, the authors suggested that the adaptation process is
a necessary struggle to gain new identity and it is facilitated by
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engagement in familiar occupations in familiar environments. In
line with this finding, Nalder et al. (2012a,b) reported that TBI
survivors that were able to reengage in meaningful occupations
had greater perceived success of the transition from hospital to
home. Reengagement in meaningful occupations was often expe-
rienced by individuals with higher levels of global functioning and
psychosocial integration.

SUMMARY OF POST-DISCHARGE EXPERIENCES AND

ENVIRONMENTAL ENRICHMMENT

The research presented in this section of the scoping review
provides evidence that there are variables in the post-discharge
environment that influence the amount stimulation and other
variables that influence the level of engagement in EE. Largely,
evidence suggests that those with better access and resources
that map onto EE (i.e., insurance coverage, financial and social
support) and those that are in environments that encourage
participation (i.e., strong familial support, access to educational
resources, more structure) have better functional outcomes.

DISCUSSION

The most direct (preliminary) evidence of the benefits of EE in
the post-acute stages of recovery comes from work by Miller and
Green (in press), where more engagement in enriched environ-
ments, defined as participation in activities involving cognitive,
physical, and social demands, was correlated with less hippocam-
pal volume loss. Further direct evidence of comes from Till et al’s
(2008) finding of a relationship between hours of therapy at
5 months post-injury and degree of cognitive decline, which the
authors speculated was ay be due in part to lack of access to
complex and enriched environments.

As we have discussed, a large corpus of studies have demon-
strated the benefits of EE in healthy and brain-injured animals.
There is evidence of neuroplastic change after EE exposure,
with beneficial changes to neuroanatomy and neurochemistry
(Kramer et al., 2004). These studies further support Coulson
et al’s (2004) hypothesis that synaptic input is critical to off-
set atrophy, in that increased input regulates neuronal survival,
and prevents or attenuates apoptosis. This is of particular rele-
vance to the neural decline observed in the post-acute stages after
TBI. Turner and Green’s (2008) re-formulation of the work of
Mahncke et al. (2006a,b) in healthy older adults—that negative
neuroplasticity (i.e., reduced activity schedules) may undermine
long-term outcome in TBI—is also in accord with the hypothesis
that EE may indeed play an important role in recovery.

In humans, engaging in cognitively, socially, and physically
stimulating activities is related to better cognitive functioning in
younger and older adults. Studies have also demonstrated that
therapies for TBI survivors delivering continuous and intensified
interventions result in better recovery at all levels of analysis, as
well as better functional gains. These therapies have critical ele-
ments of EE, such as novelty, intensity, and prolonged periods of
engagement in meaningful activities.

According to Schooler’s (1987) model of environmental com-
plexity, when cognitive efforts are reinforced and rewarded,
people are motivated to continue engaging in complex environ-
ments, which in turn enhances cognitive functioning. However,

TBI survivors may show reduced participation in complex envi-
ronments, due to cognitive impairment, lack of psychological
support/facilitation, or lack of resources, and thereby fail to
obtain the emotional and neuromodulatory rewards for engaging.
These conditions create a downward spiral of negative neuro-
plasticity (Turner and Green, 2008). Animal literature examining
EE has provided critical evidence for the benefits of maintain-
ing high levels of enrichment and stimulation post-discharge
(Hamm et al., 1996; Bennett et al., 2006; Amaral et al., 2008;
Hoffman et al., 2008). Findings that support the “Use it or Lose
it” theory also suggest that continued engagement in mentally
effortful activities is necessary to maintain cognitive function-
ing (Huppert, 1991; Pushkar et al., 1997; Mackinnor et al., 2003;
Salthouse, 2006; Shors et al., 2012), and that an individual’s
environment (e.g., stressful or under-stimulating) can influence
level of activity (Winocur and Moscovitch, 1990; Winocur, 1998).
While TBI survivors may benefit from capacity-enhancing and
intensified therapies provided in hospital, animal models have
demonstrated that the effects of this enrichment will only con-
tinue to persist with longer exposure periods (Amaral et al., 2008).
Furthermore, transitioning from a more stimulating/complex
environment to a lesser one may result in a loss of benefits
(Winocur, 1998).

The aim of this paper was to examine the question whether
EE in the sub-acute and chronic stages of injury can influence
progressive neural and cognitive decline. The aim of the first sec-
tion was to establish the role of EE in long-term outcomes, and
in particular, in offsetting decline; the aim of the second section
was to illustrate that in the post-acute stages of injury, a num-
ber of factors influence the degree of EE. We have argued that
post-discharge environments map onto conventional variables
considered to create EE. Access to rehabilitative, social, and com-
munity resources, as well as strong support networks, provides
essential cognitive, social, and physical stimulation. Moreover,
these factors have shown to influence outcomes.

While there is strong evidence to suggest that TBI may be
a progressive injury, more research needs to be conducted to
further elucidate the role of EE in influencing this decline. It
is important to note that the exact active ingredients of cur-
rent interventions that incorporate multi-context environments
and higher intensity therapies are still unclear, and how they
compare to therapies that incorporate all elements of EE is
still unknown. Furthermore, studies are needed that examine
whether there is a correlation between post-acute brain changes
and declines in function, as well as the type of environments
that TBI survivors return to post-discharge. Turner et al. (2008)
recommended that research is needed to explore the transi-
tion home after brain injury in order to “(1) Develop a com-
prehensive theoretical framework of the transition phase; and
(2) facilitate both the validation of current intervention strate-
gies and the development of innovative/tailored intervention
approaches.”

As reported by caregivers and TBI survivors, creating a rou-
tine and structure around daily activities facilitated engagement.
Furthermore, activities that are meaningful and at an appro-
priate level (e.g., tailored to the individuals specific impair-
ments) to facilitate participation are critical. Researchers that have
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examined the needs of TBI survivors and their caregivers in the
post-acute phase have recommended increased education pro-
vided by health care institutions would be beneficial to ease the
transition from hospital to home (Turner et al., 2007, 2009a,
2011b; Arango-Lasprilla et al., 2011). Based on the results of our
scoping review, we suggest that more resources and guidelines on
how to create structure and daily routines, as well as informa-
tion regarding self-administered therapies and activities for the
individual and their caregiver, would be beneficial. Further reha-
bilitation support during the post-acute stages of recovery, such as
home assessments or on-going therapy maintenance, would also
be optimal. Gan et al. (2010) examined the support needs after
brain injury and made several recommendations for support ser-
vices. They suggested that family systems-based services should
be accessible, life-long, individualized and flexible, as well as
efficient, and that support system-based services should include
proper diagnoses, incorporate a multi-component approach, pro-
vide brain-injury-specific services that are responsive to needs
with proactive follow-ups, and importantly, provide continuous
education. The benefits of social peer-mentoring programs as an
intervention to enhance improvements in social integration for
TBI survivors has also shown promise in recent studies and is
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“Chronic traumatic encephalopathy” (CTE) is described as a slowly progressive
neurodegenerative disease believed to result from multiple concussions. Traditionally,
concussions were considered benign events and although most people recover fully,
about 10% develop a post-concussive syndrome with persisting neurological, cognitive
and neuropsychiatric symptoms. CTE was once thought to be unique to boxers, but it has
now been observed in many different athletes having suffered multiple concussions as
well as in military personal after repeated blast injuries. Much remains unknown about
the development of CTE but its pathological substrate is usually tau, similar to that seen
in Alzheimer's disease (AD) and frontotemporal lobar degeneration (FTLD). The aim of
this “perspective” is to compare and contrast clinical and pathological CTE with the
other neurodegenerative proteinopathies and highlight that there is an urgent need for
understanding the relationship between concussion and the development of CTE as it
may provide a window into the development of a proteinopathy and thus new avenues for
treatment.

Keywords: concussions, chronic traumatic encephalopathy, neurodegenerative disease, Alzheimer’s disease,
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CONCUSSIONS: AN EVOLUTION IN OUR UNDERSTANDING

“Chronic traumatic encephalopathy” (CTE) is described as a
slowly progressive neurodegenerative disease with pathological
tau accumulation at the depths of the sulci in superficial layers
of the cortex. Clinically CTE is believed to include neuropsy-
chiatric, cognitive and motor deficits that manifest years after
implicated concussive or subconcussive events (McKee et al.,
2009). It is believed to be a consequence of repeated mild brain
traumas also known as concussions. Although the majority of
concussions are fully resolved within 3 months (Iverson, 2007),
and conventional neuroimaging and neuropsychological testing
are typically normal (Broglio and Puetz, 2008), the notion of
concussion as a completely benign event (e.g., “bell-ringer”) is
outdated. Most people return to baseline after a single concus-
sion but an estimated 10% of cases result in serious and persisting
somatic, affective, cognitive, and/or movement sequelae (Wood,

frontotemporal lobar degeneration, tau

2004). There is growing clinical and societal concern about the
effects of multiple concussions (Jordan, 2013) although one meta-
analyses revealed no significant effects after multiple concussions
(Belanger et al., 2010). CTE was first described in Miller (1966)
as a constellation of symptoms typical of neurodegenerative dis-
ease. Clinically and pathologically it bears resemblance to other
neurodegenerative diseases, now thought of as proteinopathies,
which includes Alzheimer’s disease (AD) and frontotemporal
lobar degeneration (FTLD). Although widespread media atten-
tion has spawned a dogma on the delayed effects of multiple
concussions (Corsellis and Brierley, 1959; Corsellis et al., 1973;
Omalu et al., 2005, 2010a; Gavett et al., 2010; Costanza et al., 2011;
Stern et al., 2011; Goldstein et al., 2012; McKee et al., 2013), there
remains much to be known on the clinical and pathophysiology of
CTE. A better understanding of the differences and similarities of
CTE and the other proteinopathies may help guide future studies.
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CTE joins the neurodegenerative family

MULTIPLE CONCUSSIONS AND CHRONIC TRAUMATIC
ENCEPHALOPATHY

PUNCH DRUNK SYNDROME, DEMENTIA PUGILISTICA, CHRONIC
TRAUMATIC ENCEPHALOPATHY

In 1928, Martland introduced the term “punch-drunk” state
(Martland, 1928) in reference to the chronic motor and psychi-
atric consequences of blows to the head in boxing. Millspaugh
(1937) coined “dementia pugilistica” to describe similar cases.
A few decades later, Critchley (1957) reported on 69 cases
of progressive neurological disease in boxers and proposed
“chronic progressive traumatic encephalopathy of boxers” He
described an insidious and gradual development of mental
and physical anomalies marked by a “euphoric dementia” with
emotional lability, little insight, progressive bradyphrenia, and
memory deficits, along with changes in behavior. Critchley added
that many patients displayed mood-swings, intense irritabil-
ity, and occasionally, uninhibited violent behavior. He noted
“fatuous cheerfulness” as the commonest mood finding but
also reported paranoid depression. Motor findings included
pyramidal, extra-pyramidal, and cerebellar signs, with tremor
and dysarthria the most frequently reported. Sensory percep-
tual findings included deafness and poor vision. His patients
also complained of persistent dull headaches, postural dizzi-
ness, and unsteady gait, reminiscent of acute concussion and
post-concussive syndrome. In 1969, Roberts reported on 224
former boxers and found that 17% suffered from significant
memory loss, aggression, confusion, or depression and that there
was direct correlation of incidence to number of fights and
overall length of boxing career (Roberts, 1969). Many obser-
vational studies, some prospective, have also been undertaken,
including a systematic review of 36 of an initial 943 studies
on the chronic effects of amateur boxing (Loosemore et al.,
2007).

The early literature on the chronic effects of multiple con-
cussions focused on boxing, but multiple concussions sustained
under different circumstances can also produce chronic effects.
The term CTE has been coined to encompass progressive neu-
rodegenerative effects observed after multiple concussions sus-
tained in any context (Miller, 1966).

Clinical CTE cases overlap with punch-drunk syndrome.
CTE is usually described as an evolving constellation of cog-
nitive, psychiatric and motor symptoms (McKee et al., 2009).
Cognitive findings may precede, co-occur or follow psychi-
atric findings, and can include impaired concentration, atten-
tion, and memory along with disorientation, confusion, and
speech abnormalities later on McKee et al. (2009). Emotional
lability, inappropriate behavior, paranoia, outbursts of aggres-
sive behavior and explosivity, mood disturbance, disinhibition,
psychosis, and dysexecutive symptoms are observed. Dizziness
and headaches are frequent (McKee et al., 2009). Psychiatric
symptoms are observable at all stages of CTE, with no clear
dose response between extent of neuropathology and clin-
ical symptoms (McKee et al, 2013). Parkinsonian symp-
toms of tremor, masked facies, wide based gait, poor speech,
ocular abnormalities, bradykinesia, and dementia appear as
the disease progresses (Omalu et al, 2011a; McKee et al,
2013).

WHO IS AT RISK?

The majority of cases of suspected CTE have been reported in ath-
letes in contact sports, including boxing, hockey, wrestling, soccer,
and North American football (Corsellis et al., 1973; Omalu et al.,
2006, 2010b; McKee et al., 2009; Dekosky et al., 2010; Gavett et al.,
2011; Neselius et al., 2012). CTE has also been associated with
physical abuse and epilepsy (McKee et al., 2009). More recently,
CTE was reported in a war veteran having suffered blast-injury
without signs of overt concussion (Omalu et al., 2011b).

CTE requires post-mortem assessment and all post-mortem
studies to date contain samples that are not representative of
either the general population or even of multiply concussed pop-
ulations. McKee et al. (2009) reported that 46/51 (90%) of neu-
ropathologically confirmed CTE cases occurred in athletes who
had played contact sports. However, in general, brains referred for
autopsy are those of individuals who displayed overt neurologi-
cal signs at the time of death and therefore were at elevated risk
of underlying pathology compared to the large number of ath-
letes who play contact sports but do not show neurological signs
throughout their life.

McKee et al. (2013) recently published an expansion of
her previous study with 85 brains from former athletes, vet-
erans and civilians with a history of multiple concussions.
Importantly, there was no evidence of CTE despite repeti-
tive concussion in 17/85 (20%) of cases, and in 15/85 cases
(37%) there was significant comorbid pathology of AD, Lewy
body disease (LBD), motor neuron disease (MND), or FTLD.
In advanced cases, a comorbid condition such as AD, LBD,
or FTLD was present in almost half the cases (10/25) These
findings converge with a recent study undertaken by our
group, which showed that even with a history of multiple
concussions from contact sport and a positive clinical pre-
sentation before death, a diagnosis of CTE is not inevitable
on neuropathological examination. Our case series included
the brains of six retired professional players of the Canadian
Football League with a history of multiple concussions (Hazrati
et al., 2013) and all clinically symptomatic before death. While
each case displayed significant neuropathological changes on
post-mortem examination, only three showed pathology con-
sistent with CTE. In the other three cases, the neuropatho-
logical diagnoses were Parkinson’s Disease (PD), Amyotrophic
Lateral Sclerosis (ALS), and AD. Even the cases with CTE
had co-pathology, including AD, PD, or vasculopathy. This
study demonstrates that there is not always a direct rela-
tionship between multiple concussions, clinical symptomology,
and CTE.

In a recent retrospective analysis a higher incidence of mortal-
ity from neurodegenerative disease including AD- and ALS was
reported among former National Football League players, com-
pared to the general population (Lehman et al., 2012). Notably,
however, players (vs. the rest of the general US population stud-
ied), and in particular players in speed positions, showed the
lowest death rate for other causes of death including cardiovas-
cular disease and cancer, the largest killers of the general US
population. These data may thus inflate the apparent risk of neu-
rodegenerative disease and argue for prospective research into the
biological effects of multiple concussions.
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AGE OF ONSET

Critchley (1957) reports age of onset on 11 cases of punch-drunk
syndrome: two were still boxing, six were in their 20, two were
in their 30s, and one was 61 years old. McKee et al. (2009)
reported CTE symptom onset at ages ranging from 25 to 76 years;
one-third were symptomatic at retirement and half were symp-
tomatic within 4 years of their retirement. Although Omalu et al.
(2011a) proposed an asymptomatic period between playing of the
sport and symptom onset, in his series of 10 cases, four were
in their 30s, three were in their 40s, and three were in their
50s. Thus, very few of the players had a prolonged asymptomatic
or latent period. There has been no differentiation between the
delayed onset of CTE-associated symptoms and the more imme-
diate onset observed in boxers. Importantly, in the absence of
serial, longitudinal evaluations in the above studies, we cannot
rule out symptom onset prior to formal diagnosis.

Whether CTE and the punch-drunk syndrome are dissociable
entities is still unclear. While both syndromes can be associated
with the cumulative effects of concussion, it is conceivable that
CTE reflects a delayed onset entity, while the punch-drunk syn-
drome represents a continuation and progression of symptoms
from an acute concussive state (Gardner et al., 2014). Also uncer-
tain is whether some players are in a prolonged or more severe
postconcussive syndrome that may have a different pathophysiol-
ogy than the players who develop symptoms decades after their
last concussion.

CHRONIC TRAUMATIC ENCEPHALOPATHY vs. OTHER
PROTEINOPATHIES

CLINICAL COMPARISONS

The clinical diagnosis of CTE is currently not feasible due to the
overlap with other neurodegenerative conditions. AD is the most
common neurodegenerative disease in those over age 65 (Prince
et al,, 2013) and most often presents with impaired learning and
recall of recently learned information (McKhann et al., 2011).
Neuropsychiatric symptoms including depression, apathy, agita-
tion, and irritability, as in CTE, are not uncommon (Cummings,
1997).

FTLD is the most common neurodegenerative disease in those
less than 65, and includes several clinical syndromes involv-
ing changes in behavior, language, and motor function. The
main clinical phenotypes are: behavioral variant frontotempo-
ral dementia (bvFTD), primary progressive aphasia, FTD-motor
neuron disease (FTD-MND), progressive supranuclear palsy
(PSP), and corticobasal syndrome (CBS). Although these syn-
dromes strongly overlap in clinical, genetic, and pathological fea-
tures their syndrome specific clinical expression differs markedly
due to focal pathology (Brun, 1993) (Figure 1A). bvFID, as its
name implies, is primarily a behavioral syndrome characterized
by dramatic personality and behavioral changes. The apathy,
loss of social norms, and decreased empathy seen in bvFTD are
frequent symptoms in traumatic brain injury (TBI) including
moderate-severe TBI, concussion, and CTE and are attributed to
frontal lobe degeneration (Damasio et al., 1991; Stuss et al., 2001;
Jordan, 2013) in particular orbitofrontal and ventromedial pre-
frontal cortex, as well as insula (Rosen et al., 2005). The language
variants, as well as CBS (a progressive, asymmetric, akinetic-rigid

A Symptom overlap B  Pathological overlap
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FIGURE 1 | The interrelationships between concussion,
post-concussion syndrome (PCS), chronic traumatic encephalopathy
(CTE), and all the neurodegenerative diseases. (A) There is considerable
symptom overlap between concussion, PCS, CTE, and the
neurodegenerative diseases. (B) Pathologically the relationship between
concussion, PCS, CTE, and all the neurodegenerative diseases is unclear. In
CTE there is substantial evidence for overlapping pathology of tau, TDP-43,
amyloid, and alpha-synuclein with neurodegenerative diseases. In
neurodegenerative diseases such as AD, PD, and LBD, there is also
overlapping pathology. The pathology of concussion and PCS and their
relationship to CTE remains to be explored. AD, Alzheimer's Disease;
ALS-PDC, amyotrophic lateral sclerosis-parkinson's dementia complex
(Guam); CBD, corticobasal degeneration; CBS, corticobasal syndrome; CTE,
chronic traumatic encephalopathy; LBD, Lewy Body Disease; FTD,
frontotemporal dementia; MND, motor neuron disease; PCS,
Post-concussive syndrome; PSP, progressive supranuclear palsy; PD,
Parkinson'’s disease. “?" indicates uncertainty about overlap.

syndrome) and PSP (cognitive and behavioral deficits and promi-
nent oculomotor and movement impairments) (Litvan et al.,
1996) have less in common with CTE. bvFTD-like symptoms can
co-occur in patients with MND (Lomen-Hoerth et al., 2003), and
some patients with CTE have presented with MND phenotype
and a TAR-DNA binding protein 43 (TDP-43) pathology (McKee
et al., 2010). Parkinsonism and cognitive deficits as seen in LBD
and PD are also seen in CTE and there are cases of LBD and PD
subsequent to multiple concussions (Hazrati et al., 2013; McKee
etal., 2013).

The overlap in signs and symptoms of CTE and other neu-
rodegenerative diseases, especially bvFTD, is likely a result of
focal involvement of frontal networks that subserve numer-
ous higher functions including personality/emotional life, exec-
utive function, and motivation (Stuss and Levine, 2002). A
better understanding of the pathophysiology of any of the neu-
rodegenerative diseases may shed light on the risk factors for
developing CTE.

PATHOLOGICAL SIGNS OF CTE vs. OTHER NEURODEGENERATIVE
DISEASE

Only a limited number of cases of suspected CTE have undergone
pathological examination but post-mortem assessments show a
distinct pattern from other proteinopathies including dilated ven-
tricles, a fenestrated, and cavum septum pellucidum, significant
atrophy of the medial temporal lobes, thalamus, and mammillary
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bodies and occasionally pallor of the locus coeruleus and sub-
stantia nigra (McKee et al., 2009; Gavett et al., 2011; Stern
et al., 2011). Hyperphosphorylated tau deposits in neurons of
specific areas of the brains of boxers and professional football
players, thus adding CTE to the list of known tauopathies that
includes PSP, CBD, FTLD, Guam-Parkinson Dementia Complex,
and AD. Tau is a protein that binds to and stabilizes microtubules
required for maintaining neuronal shape and for transport of
cellular cargo (Brunden et al., 2009). The distribution of these
pathological changes is along the amygdalo-hippocampal-septo-
hypothalamic-mesencephalic continuum, which is part of the
emotional or visceral brain (McKee et al., 2009). The pathological
changes are greatest in the depths of sulci, perivascularly around
small vessels, and in the superficial cortical layers (II/III). This tau
distribution pattern is distinct from other tauopathies. In AD, the
neurofibrillary tangles (NFTs) are more regular, are primarily in
layers II and V of the cortex, and are neither perivascular nor pri-
marily at the depths of the sulci. In PSP, the NFTs are mainly in the
basal ganglia and hindbrain structures. Other distinguishing pat-
terns of tau deposition seen in CTE include irregular and patchy
distributions and also prominence in the periventricular and sub-
pial areas. Unlike AD, CTE usually lacks significant amounts of
beta-amyloid plaque deposition (Braak and Braak, 1997; McKee
et al., 2009; Gavett et al., 2011; Stern et al., 2011).

In select cases of CTE, widespread TDP-43 immunopositive
inclusions have been observed (McKee et al., 2010). Lesions
involving the corticospinal tracts and the anterior horns of the
spinal cord are associated with clinical motor findings of spas-
ticity, weakness, and fasciculations similar to those seen in ALS
(McKee et al., 2010). The pathological accumulation of TDP-43
is also seen in FTLD and like tau can cause various FTLD syn-
dromes (Whitwell and Josephs, 2011). Alpha-synuclein positive
Lewy bodies as seen in PD and LBD and Alzheimer’s beta-amyloid
pathology has also occasionally been reported in CTE (McKee
et al., 2013).

Similarities exist between CTE and the chronic effects of mod-
erate and severe TBI, in which there can be neurodegeneration in
the chronic phase months to years after TBI with sub-acute atro-
phy within the hippocampi (Ng et al., 2008) and elsewhere (Green
et al., 2010). Interestingly, the corpus callosum (unmyelinated
axons in particular) is vulnerable to protein deposition post-TBI,
suggesting commonality with CTE (Reeves et al., 2005, 2012).

Recently Omalu et al. (2011a) proposed four histomorpho-
logic phenotypes in CTE based on the distribution of NFTs and
neuritic threads in the cortex, brainstem, subcortical nuclei, basal
ganglia, and cerebellum, and they include amyloid plaques in one
phenotype. In contrast, McKee et al. (2013) proposed a staging
scheme for CTE severity based on tau distribution which would
range from focal epicentres of phosphorylated tau (p-tau) usu-
ally in the frontal cortex and typically around small vessels at
the depths of sulci to widespread p-tau pathology in a patchy
irregular distribution in cortical areas and medial temporal lobe
as well as in thalamus, hypothalamus, mammillary bodies, basal
ganglia, brainstem and in white matter tracts. Currently, the
clinical-pathological relationship is unknown and questions as
to whether differences relate to different types of CTE, differ-
ent types of injury and/or different clinical syndromes remain.

There is some evidence for pathological and clinical differences
between the classic CTE cases and the “modern” form described
in the last few years (Gardner et al., 2014). These authors argue
that the classic form of CTE does not appear to advance in a
predictable and sequential series of stages, and progression of
physical symptoms is only present in approximately one-third
of cases. Clearly long-term, prospective clinical studies followed
by detailed neuropathological examination are needed to help
unravel this issue.

It has become increasingly apparent that CTE frequently coex-
ists with other pathologies. In our series of six cases, the three
patients with CTE also exhibited other neurodegenerative pathol-
ogy as noted above (Hazrati et al., 2013). McKee’s recent case
series (McKee et al., 2013) found co-pathology of CTE with AD,
LBD or both in 17 cases and CTE and MND in eight cases. The
relative contribution of the different pathological substrates to
the clinical symptoms is currently unknown and requires further
study. A recent review of the contemporary cases in the literature
found that over 50% had copathology with CTE and only 20%
had pure CTE (Gardner et al., 2014).

In vivo diagnosis of the specific proteinopathy responsible for
a neurodegenerative disease is now the goal. Currently, amyloid
imaging and cerebrospinal fluid (CSF) biomarkers of amyloid and
tau for the in vivo diagnosis of AD are available although not in
clinical use (Sperling and Johnson, 2013). Regarding the other
neurodegenerative diseases, neither imaging nor fluid biomarkers
are available for their diagnosis although there are some exper-
imental data coming out in PD (Parnetti et al., 2013; Schapira,
2013) and FTLD (Hu et al., 2010, 2013). In CTE, concussion,
and post-concussion syndrome there are a few studies suggesting
abnormalities including elevated levels of CSF tau (Neselius et al.,
2012; Shenton et al., 2012; Zetterberg et al., 2013) but these lack
pathological confirmation and haven’t been reproduced. CTE is
still in its infancy with regard to defining the clinical syndrome
and determining in vivo biomarkers of the underlying pathology.

SUMMARY AND CONCLUSIONS: MUCH REMAINS TO BE
KNOWN

Tau deposition and pathological changes in a particular distri-
bution have been observed in cases of multiple concussions.
The evidence to date concerning CTE, its association with mul-
tiple concussions, and its clinical signs and symptoms comes
from case reports, cases series, and retrospective analyses (Graves
et al., 1990; Schofield et al., 1997; Mehta et al., 1999; McKee
et al., 2013). The symptoms described in CTE overlap with those
described in concussion, PCS and the neurodegenerative diseases.
Figure 1A. There is a selection bias for many of the reported
cases, some died from violent deaths such as suicide or drug
overdose and/or were otherwise clinically symptomatic with cog-
nitive symptoms. There are now an increasing number of reports
of cases with multiple concussions but no evidence of CTE at
autopsy (Hazrati et al., 2013; McKee et al, 2013). The exact
relationship between multiple concussions and CTE is ambigu-
ous. Moreover, one must distinguish clinically and pathologically
between static, non-progressive cumulative effects of multiple
concussions vs. progressive findings of symptomatic neurodegen-
erative disease. Complicating the situation are cases of a single,
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but more serious TBI associated with increased risk of dementia
(Blennow et al., 2012; Sayed et al., 2013) as well as atrophy and
loss of white matter integrity in the sub-acute and chronic stages
of injury (Greenberg et al., 2008; Ng et al., 2008; Whitwell and
Josephs, 2011; Adnan et al., 2013)

Prospective, longitudinal studies with neuropathological anal-
ysis that sample a broader cross section of individuals, including
those with a history of multiple concussions but without positive
clinical neurological findings prior to death are critically needed.
Understanding the relationship of multiple concussions to CTE
as well as possible modifiers is paramount for preventing or ame-
liorating this illness and for finding a cure. Furthermore, and
most importantly, by evoking a diagnosis of CTE as a cause of
the symptoms and signs and symptoms in multiple concussions,
and failing to address treatable and potentially reversible causes of
the suffering is a disservice to the patient and a lost opportunity
to understand their sequelae (Wortzel et al., 2013).

CTE now joins the family of tauopathies that includes PSP,
bvFTD, and AD but there a number of cases of associated TDP
and amyloid pathology, which requires further study and clin-
ical correlate (Figure 1B). As well, the pathological relationship
of CTE with concussion and post-concussion syndrome remains
to be explored. As we move toward protein specific treatments,
in vivo diagnosis of CTE at an early stage will be impera-
tive for implementing appropriate treatments and to delay, halt,
or reverse its progression. In order to do this, good clinical-
pathological studies will be required and appropriate biomarkers
will have to be developed.
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INTRODUCTION

Background: Chronic traumatic encephalopathy (CTE) is the term coined for the
neurodegenerative disease often suspected in athletes with histories of repeated
concussion and progressive dementia. Histologically, CTE is defined as a tauopathy with
a distribution of tau-positive neurofibrillary tangles (NFTs) that is distinct from other
tauopathies, and usually shows an absence of beta-amyloid deposits, in contrast to
Alzheimer's disease (AD). Although the connection between repeated concussions and
CTE-type neurodegeneration has been recently proposed, this causal relationship has not
yet been firmly established. Also, the prevalence of CTE among athletes with multiple
concussions is unknown.

Methods: We performed a consecutive case series brain autopsy study on six retired
professional football players from the Canadian Football League (CFL) with histories of
multiple concussions and significant neurological decline.

Results: All participants had progressive neurocognitive decline prior to death; however,
only 3 cases had post-mortem neuropathological findings consistent with CTE. The other
3 participants had pathological diagnoses of AD, amyotrophic lateral sclerosis (ALS), and
Parkinson’s disease (PD). Moreover, the CTE cases showed co-morbid pathology of cancer,
vascular disease, and AD.

Discussion: Our case studies highlight that not all athletes with history of repeated
concussions and neurological symptomology present neuropathological changes of CTE.
These preliminary findings support the need for further research into the link between
concussion and CTE as well as the need to expand the research to other possible
causes of taupathy in athletes. They point to a critical need for prospective studies with
good sampling methods to allow us to understand the relationship between multiple
concussions and the development of CTE.

Keywords: chronic traumatic encephalopathy,
neurodegenerative disease

repetitive brain injury, professional athletes, dementia,

long-term neurodegenerative changes (McKee et al., 2009, 2010;

Sport-related concussions affect millions of people in North
America annually (Pickett et al., 2004). Among Canadian univer-
sity hockey players, concussion accounts for 13% of all injures,
ranking as the second most common injury after sprains or
strains (Rishiraj et al., 2009). Although concussions were pre-
viously considered reversible injuries with transient symptoms,
a number of recent studies have emerged linking repeated con-
cussions and possibly asymptomatic subconcussive impacts with

Omalu et al., 2011; Stern et al., 2011).

The clinical neurocognitive impact of repetitive head injury
was described by Martland in 1928 in “poorly skilled boxers”
who withstood multiple blows to the head in efforts to posi-
tion themselves in close proximity to their opponents to land a
punch; subsequent symptoms included ataxia, amnesia, demen-
tia, dysarthria, parkinsonism, and other motor and coordination
deficits (Martland, 1928; Parker, 1934). In addition, behavioral
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and personality changes, aggression, jealousy, paranoia, and an
increased incidence of physical domestic disputes and suicide
were noted (Parker, 1934; Mendez, 1995; McKee et al., 2009;
Omalu et al., 2010a).

Recently, the term chronic traumatic encephalopathy (CTE)
was coined to refer to the clinical constellation of neurocogni-
tive decline in conjunction with neuropathological findings of
abnormal hyperphosphorylated-tau neuronal deposits in a pat-
tern distinguishable from other tauopathies. CTE has been asso-
ciated with many contact sports, including football, wrestling,
hockey, and rugby (Corsellis et al., 1973; Omalu et al., 2005, 2006,
2010a,b,c, 2011; McKee et al., 2009, 2010; Gavett et al., 2011; Stern
etal., 2011).

Because of the clinical and social ramifications of CTE and
its putative relationship to concussion history, further research
is critically needed to better understand the prevalence and
risk factors for CTE. As well, the relationship between mul-
tiple concussions, positive clinical symptoms and the presence
of CTE is also unclear. The current case series examines this
relationship.

CTE can only be definitively diagnosed post-mortem. Given
the relative rarity of cases of CTE, and the even rarer opportu-
nity for post-mortem examination of individuals with a history
of concussions at risk for CTE, it is important to provide a
description of these clinical cases as they emerge.

On gross neuropathological examination, typical advanced
CTE findings include dilated ventricles, fenestrated cavum septi
pellucidi, and significant atrophy of the medial temporal lobes,
thalamus, and mammillary bodies (McKee et al., 2009; Gavett
etal, 2011; Stern etal.,, 2011). There can also be pallor of the locus
coeruleus and substantia nigra (McKee et al., 2009; Gavett et al.,
2011; Stern et al., 2011). Microscopically, CTE typically features
tau-positive NFTs and astrocytic tangles, and neuropil neurites
in a distribution distinctly different from other tauopathies such
as Progressive Supranuclear Palsy, Corticobasal degeneration, and
Alzheimers’ Disease (AD) (McKee et al., 2009; Omalu et al., 2011).
In CTE, these changes are patchy, localized to the depths of sulci,
perivascularly around small vessels, in subpial areas and in the
superficial cortical layers (II/III) (McKee et al., 2009; Omalu et al.,
2011). In contrast to AD, CTE, as defined in recent literature
(McKee et al., 2009; Omalu et al., 2011) lacks significant amounts
of Alzheimer’s-like beta-amyloid plaques (McKee et al., 2009;
Gavettetal., 2011; Omalu et al., 2011; Stern et al., 2011). The neu-
ropathology of CTE has been recently expanded to encompass in
some cases the possible presence of widespread TDP-43-positive
inclusions in the brainstem, basal ganglia, and cortex (McKee
et al.,, 2010). In such cases, the presence of these lesions in the
corticospinal tract and anterior horn of the spinal cord may be
associated with clinical findings of spasticity, weakness, and fasci-
culations, similar to the clinical presentation ALS (McKee et al.,
2010).

Here, we report on the clinical and pathological case histories
for 6 retired Canadian Football League (CFL) athletes who under-
went autopsies limited to the central nervous system. We address
the question whether retired professional athletes with a history
of multiple concussions and the presence of neurological find-
ings will invariably manifest as CTE (alone or with co-morbid

pathology) or whether this history can be associated with other
diagnoses.

METHODS

This study was approved by the Ethics Review Board of the
University Health Network. Informed consent to participate in
this study was provided by each participant or the participant’s
designated next of kin.

PARTICIPANTS

The brains of six adults consecutively referred for autopsy were
examined. Participants comprised a convenience sample of adults
who played professional football (CFL) with a history of multiple
concussions and medically- or family-member documented his-
tories of progressive cognitive, psychiatric, and/or motor symp-
toms (see Table 1).

DESIGN

This was a retrospective, case series design of consecutively
referred brains for autopsy. Analyses are descriptive, using the fol-
lowing possible primary outcomes: neuropathological diagnosis
of (i) CTE alone, (ii) CTE plus other neurological disorder, (iii)
other neurodegenerative disorder and (iv) no neurodegenerative
disorder.

PROCEDURES

Clinical details were collected from next of kin, treating physi-
cians, and medical records. The clinical data was obtained
through structured interviews of the family members as well
through clinical consult notes sent by treating physicians. The
brain autopsy was authorized by next of kin.

Neuropathological analysis protocol

The post-mortem time varied from 4 to 72h. At autopsy, the
brains were immediately placed in neutral formalin and sectioned
after two weeks. At the time of autopsy, a piece of frontal lobe
was snap frozen for future proteomic/genetic studies. The brains
were photographed and extensively sampled from several cor-
tical, subcortical, cerebellar and brainstem areas. Tissue blocks
were processed and embedded in paraffin. Six micron coronal
sections were stained with Luxol fast blue and hematoxylin and
eosin (H&E/LFB), Bielschowsky silver impregnation or Gallyas
silver stain, and by immunohistochemistry with the following
antibodies: hyperphosphorylated-tau (mouse monoclonal ATS8;
Pierce Endogen, Rockford IL; 1:2000), [alpha]-synuclein (rab-
bit polyclonal; Chemicon, Temecula, CA; 1:15,000), and A[beta]
(mouse monoclonal, Dako North America Inc., Carpinteria, CA;
1:2000) (after formic acid pretreatment). Other antibodies used
for immunostaining were: glial fibrillary acidic protein (GFAP-
Chemicon; 1:2000), TDP-43 (rabbit polyclonal to TAR DNA-
binding protein, 1:1000; Abcam, Cambridge, MA), and ubiquitin
(rabbit polyclonal, 1:2000; Dako North America Inc., Carpinteria,
CA). The neuropathological diagnoses were based on most recent
neuropathological criteria provided by consensus studies for AD
(Hyman et al., 2012), Parkinson’s disease (PD) (Dickson, 2012)
and fronto-temporal dementia (Cairns et al., 2007). CTE diagno-
sis was based on recent publications (McKee et al., 2009; Omalu
etal., 2011).
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RESULTS

OVERVIEW OF CASES

All six participants had been professional football athletes in the
CFL, and had played multiple positions including offensive and
defensive positions. All participants had histories of multiple con-
cussions, but information about the exact frequency and intensity
of head injury could not be determined. Their ages ranged from
61 to 87 years with disease durations of 3-17 years from the
onset of first reported neurodegenerative symptoms to death.
Additional details are provided in Table 1.

CASE FINDINGS

Case 1

Sport history. This patient played football from a young
age, continued through university and played professionally in
the CFL for 5 years. He played multiple positions, but was
predominantly a halfback and kick returner. He had many
concussions.

Clinical history. Around age 70, the patient first developed
memory impairment, including getting lost, and difficulty con-
centrating. Apathy was also noted in his early 70s. His hygiene
was not impaired, but he rummaged through the family’s garbage
and pulled out old items. His eating habits changed, as he became
bothered by the texture of certain foods, especially meat. He was a
restless sleeper, but did not display violent behavior during sleep.
He also developed language deficits including word-finding diffi-
culty and semantic paraphasias. By 85 he had developed signifi-
cant expressive aphasia while his comprehension remained intact
until a few weeks before his death. He also showed significant
neuropsychiatric symptoms that included increased irritability
and agitation. His motor function was preserved until late in his
course of illness; he was still walking until age 86 when he became
confined to a wheelchair due to unsteadiness. The patient died at
age 86 years.

Family history. His family history was significant for a brother
who developed AD in his 70’s and dementia in his paternal aunt
and grandfather. Both his parents died young from unrelated
causes.

Neuropathological findings. Neuropathological examination
showed a moderately atrophic brain (1290 g) with mild but pref-
erential wasting of the frontal and temporal lobes (Figure 1). The
ventricles (including the temporal horns of the lateral ventri-
cles) were moderately enlarged. There was cavum septi pellucidi,
thinning of the corpus callosum and atrophy of the amygdala
and mamillary bodies. The hippocampi appeared normal in size.
Examination of the midbrain revealed depigmentation of the
substantia nigra (SN) (Figure 1).

Microscopically, the brain showed widespread tauopathy.
More specifically, hyperphosphorylated-tau staining showed con-
centration of neurofibrillary tangles (NFTs) predominantly in
the superficial layers in the gray matter and depths of sulci
(Figure 2). There was continuous tau-positive glia in the sub-
pial and patchy areas seen in the grey/white matter junction
and around blood vessels. Numerous NFT were also noted

in the deeper layers of the cortex as well. Tau distribution
was diffuse throughout the brain involving the frontal, tempo-
ral (highest populations), and inferior parietal lobes, indusium
griseum, and striate and cingulate cortices. There was heavy
tau staining in the amygdala and throughout the hippocam-
pus (CAl-4, subiculum and trans-enthorhinal cortex). There
were patchy tau-positive inclusions seen throughout the brain-
stem, as well as in the nucleus basalis of Meynert, the thalamus,
hypothalamus, and mammillary bodies. Numerous senile plaques
were observed throughout the brain, most notably in the trans-
entorhinal cortex. TDP-43 staining was not a feature of this
case.

Neuropathological diagnosis. Overall, the pathological patterns
of staining showed characteristics of both CTE and severe AD
(Braak Stage VI/VI).

Case 2

Sport history. This participant played football, hockey, and rugby
from a young age, including 12 years in the CFL playing defense.
He had many concussions.

Clinical history. The patient first developed emotional lability
and slurred speech at age 56 years, and was subsequently diag-
nosed with bulbar onset ALS. Over the next few years, he lost his
speech and ability to swallow, requiring a feeding tube at age 59
and a tracheotomy at age 61. His limb movements, personality,
and cognitive function remained relatively preserved, although
there was a mild decline in short memory function at age 60. He
died at age 61.

Family history. No family history of a neurodegenerative disease.

Neuropathological findings. Neuropathological examination
showed normal brain weight (1540g) and normal exterior
appearance without atrophy (Figure 1). Ventricles were of nor-
mal size with no cavum septi pellucid. SN showed normal
pigmentation.

Microscopic examination revealed loss of neurons in the
motor nuclei of multiple cranial nerves—predominantly cra-
nial nerves VII and XII—with TDP-43 positive intracytoplasmic
inclusions (Figure2). Some intracytoplasmic TDP-43-positive
inclusions and neuronal loss was also noted in the cervical spinal
cord involving the lower motor neurons. Inclusions were also
noted in the primary motor cortex, and to a lesser extent, in the
dentate gyrus. Pathological deposition of hyperphosphorylated
tau was very scarce and limited to the trans-entorhinal cortex in
the shape of NFTs in neurons. A few beta-amyloid plaques were
also noted.

Neuropathological diagnosis. These neuropathological findings
were consistent with the diagnosis of amyotrophic lateral sclerosis
(ALS).

Case 3

Sport history. This participant retired after al2-year CFL career,
playing both offense and defense positions. He had many
concussions.
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FIGURE 1| Gross macroscopic findings on neuropathological
examination. Selected examples from each case are presented as
three vertical panels with lateral views of the unsectioned brain (upper
panel), coronal sections through various parts of the cerebrum (middle
panel), and axial sections through the brainstem (lower panel). (A)
Case 1: There is mild-to-moderate atrophy with ventricular enlargement
and cavum septi pellucidi. Thinning of the corpus callosum and mild
depigmentation of the substantia nigra is also evident. (B) Case 2:
Unsectioned brain, ventricles, and sections of the midbrain and
substantia nigra appear within normal limits with no apparent evidence
of neurodegeneration. (C) Case 3: Preferential mild-to-moderate atrophy

of frontal and temporal lobes with significant enlargement of ventricles
seen on coronal sections. A fenestrated septum pellucidum and
atrophied amygdala and hippocampus are also seen on this section.
The substantia nigra of this patient shows significant loss of
pigmentation. (D) Case 4: There is mild frontal and temporal lobe
atrophy with enlarged ventricles and cavum septi pellucidi. Axial
sections of the brainstem show normal appearing substantia nigra and
a metastatic lesion in the pons. (E) Case 5: Atrophic brain is seen
with moderately enlarged ventricles and a normally pigmented
substantia nigra. (F) Case 6: Minimal atrophy and ventricular
enlargement are seen, and there is mild loss in the substantia nigra.
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B CASE 2

FIGURE 2 | Selected microscopic findings on neuropathological
examination. (A) Case 1: High power view of sample of cerebral cortex
stained for hyperphosphorylated-tau shows concentration of neurofibrillary
tangles predominantly in the superficial layers of the gray matter and in the
depths of sulci, which is characteristic of CTE. (B) Case 2: Magnified motor
neuron in ventral horn of spinal cord shows a representative intracytoplasmic
TDP-43 inclusion. Inset shows a hyalin inclusion. (C) Case 3: Alpha-synuclein
staining showing Lewy bodies and neurites which are seen throughout the

cortex, substantia nigra, and locus ceruleus. This patient also had features of
CTE (not shown). Inset shows higher power view of cytoplasmic Lewy body.
(D) Case 4: Immunohistochemisty showing widespread reactivity against
tau-positive neurofibrillary and astrocytic tangles in multiple layers. (E)

Case 5: Bielschowsky silver stain showing numerous neurofibrillary
tombstones in the hippocampus. (F) Case 6: HandE/LFB and alpha-synuclein
staining of representative cortical section showing diffuse Lewy bodies and
Lewy neurites. Inset shows Lewy body.

Clinical findings. His wife noticed personality changes, includ-
ing flat affect and depressed mood, when he was age 50. At age 55,
he developed some short-term memory impairment. In his 60s,
his family noticed executive deficits in that he could no longer
manage his company. At the age of 62, she noticed some sub-
tle changes in his gait. He walked more slowly, and less steadily.
He also had a major depressive episode that year and under-
went electroconvulsive therapy. He developed a tremor, rigidity, a
parkinsonian gait, and rapid eye movement (REM) sleep behavior
disorder, and also lost his sense of olfaction. His wife also noted
apathy and reduced empathy. In his early 70s, he became disin-
hibited, had delusions, hallucinations, and episodes of agitation
and aggression. He was diagnosed with PD, but the early cognitive
changes at the onset of his disease and the subsequent hallucina-
tions were more typical of dementia with Lewy bodies (DLB). The
patient died at age 79.

Family history. His sister was reported to have PD. Both his
parents suffered from depression.

Neuropathological findings. Neuropathological examination of
the brain revealed a moderately atrophic brain with a weight
of 1090 g after fixation (Figurel). Moderate volume loss was
noted in the frontal, temporal, and parietal lobes, and mild
atrophy was noted in the occipital lobe. There was signifi-
cant ventricular enlargement, thinning of the corpus callosum,

and cavum septi pellucidi. Coronal sectioning of the brain
revealed significant atrophy of the amygdala and hippocam-
pus. The brainstem examination revealed pallor of the SN
(Figure 1).

Microscopic examination revealed a widespread tauopathy
in the form of neurofibrillary and astrocytic tangles cluster-
ing in patches in the superficial layers of most cortical areas
in both the sulci and gyral crowns. The primary visual cortex
was spared. Tau-immunopositive neurons were most pronounced
in the amygdala and hippocampus. There were diffuse astro-
cytic tangles noted around blood vessels and throughout the
parenchyma. Tau-positive inclusions and neurites also popu-
lated the subcortical structures including the striatum, globus
pallidus, dentate nucleus of the cerebellum, thalamus, subtha-
lamic nucleus, substantia nigra, hypothalamus, septal nuclei,
nucleus basalis of Meynert, mammillary bodies, periventricu-
lar white matter, locus ceruleus, red nucleus and the nucleus of
the third cranial nerve. Localized TDP-43 staining of the amyg-
dala and hippocampus revealed numerous inclusions. Alpha-
synuclein staining revealed numerous Lewy bodies and Lewy neu-
rites throughout the cortex, substantia nigra and locus ceruleus
suggested advanced Lewy body disease (Figure2). There were
senile plaques in the hippocampus and cortical areas that were
tau-positive, and stained with Congo red and Gallyas silver. Luxol
fast blue stain showed abnormal pallor of the white matter. There
was also neuronal loss in the substantia nigra, locus ceruleus,
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hippocampus, and nucleus basalis of Meynert. Given the exten-
sive neuronal and astrocytic tauopathy, TDP-43 inclusions and
synucleinopathy.

Neuropathological diagnosis. This case was diagnosed with
combined CTE and diffuse Lewy body disease.

Case 4
Sport history. This participant played football in high school and
in the CFL for 6 years. He had many concussions.

Clinical findings. When the patient was 55-years old, his sister
noted that he had difficulty with short-term memory and that he
was less able to formulate arguments. He subsequently developed
visuospatial impairments and was reported to get lost in familiar
environments. He developed apathy and agitation, and became
very depressed. His loss of judgment led to bankruptcy and at the
age of 66, he became a ward of the state. He developed language
deficits and exhibited word substitution, and was incoherent at
times. He became depressed and had paranoid delusions. His past
medical history was unremarkable except for recurrent phlebitis.
The patient developed lung cancer and died of its complications
at age 67.

Family history. His paternal grandfather had vascular dementia.

Neuropathological findings. Neuropathological examination
revealed a brain weight of 1400g with mild atrophy of the
frontal and temporal lobes (Figure 1). There were findings con-
sistent with widespread metastatic disease from a lung carcinoma
and severe vascular atherosclerotic disease with recent multifo-
cal brain infarctions. There was also thinning of the olfactory
tracts and hypothalamus. Coronal sections of the brain showed an
enlarged ventricular system, corpus callosum atrophy, and cavum
septi pellucidi. Pigmentation of the SN appeared within normal
limits (Figure 1).

Microscopically, there was mild to moderate neuronal loss
and gliosis in CA1l, subiculum, entorhinal cortex, amygdala,
mammillary bodies, and medial thalamic nuclei. There was gran-
ulovacuolar degeneration noted in the CAl and subiculum area
with pronounced subpial gliosis in the trans-entorhinal cortex.
Immunohistochemically, there was widespread tau-positive neu-
rofibrillary and astrocytic tangles in multiple layers (superficial >
deep) of the cortex, especially in the depths of sulci (Figure2).
There were some inclusions noted in the gyral crowns. These
inclusions were consistently found in all cortical areas with a
predilection for the medial temporal, hippocampus, and amyg-
dala areas. NFTs were also noted in thalamus, peri-ventricular
hypothalamic areas extending into the mamillary bodies, the
nucleus basalis of Meynert and clustering around blood ves-
sels. Beta-amyloid staining revealed amyloid plaques. TDP-43 and
alpha-synuclein staining were unremarkable.

Neuropathological diagnosis. Overall, neuropathological find-
ings and the distribution of tauopathy were compatible with
changes seen in CTE. Although there were multiple infarcts noted,
they appeared to be relatively recent infarcts and could not fully
account for the participant’s longer-term dementia.

Case5
Sport history. This patient played in the CFL for 8 years. He had
many concussions.

Clinical findings. At age 64, he began to show behavioral
changes, including anger, poor judgment, and irritability. Over
the next few years his memory worsened and he began to get lost.
He then began having hallucinations of strangers in his home and
also developed some misidentification for others and himself. He
seemed to no longer recognize himself as he would attack mirrors
when he walked in front of them. He developed delusions that
people were stealing from him and had episodes of aggression and
agitation, as well as impaired motor function. The patient died at
age 74.

Family history. His mother had late onset AD and his father had
late onset dementia.

Neuropathological findings. His brain was atrophic with a
weight of 1300 g after fixation with moderate ventricular enlarge-
ment (Figure 1). SN showed normal pigmentation.

Microscopic examination revealed numerous NFTs in neurons
of the deep cortical layers (Figure 2). These were concentrated
to the trans-entorhinal cortex, hippocampus, and isocortex with
significant extension into the primary visual cortex. There was
also significant presence of tangles in nucleus basalis of Meynert,
amygdala, substantia nigra, and in the Edinger—Westphal nucleus.
Supplementing the tangles were numerous dense-core, beta-
amyloid positive plaques. No evident TDP-43 or alpha-synuclein
staining was seen.

Neuropathological diagnosis. Overall, findings were consistent
with severe AD (Braak Stage VI/VI) without any pathological
evidence of CTE.

Case 6
Sport history. He began playing football in high school and
played seven years in the CFL. He suffered multiple concussions.

Clinical findings. At age 48, his wife noted that he was becom-
ing withdrawn and then he gradually changed from a confident,
assertive, energetic person to an anxious, insecure, and more
lethargic person. At age 50, he noted his handwriting had become
messier, and also complained of some cramping and numbness in
his feet and decreased ability for playing baseball. He also began
exhibiting memory deficits, which became progressively worse
over the subsequent years. A few years later, his wife noted his
speech was slurred and hypophonic and the slowing of his move-
ments became more apparent. He did not have a tremor. At age
54, his wife became concerned about his judgment based on poor
business decisions. He became obsessive about bladder inconti-
nence and went to the bathroom multiple times a day, yet seemed
incongruously unperturbed when accidents did happen. By age
55, he was having repeated episodes of loss of bladder control. He
had vivid dreams that he was convinced were real, but no REM
sleep behavior disorder. His judgment continued to deteriorate,
and he became less attentive to hygiene. He had delusions and
hallucinations, but these stopped with discontinuation of Sinemet

Frontiers in Human Neuroscience

www.frontiersin.org

May 2013 | Volume 7 | Article 222 | 94


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

Hazrati et al.

Neurodegenerative diseases in head injuries

therapy. He eventually had episodes of agitation and developed
great difficulty ambulating. He had prosopagnosia at age 58. At
that time, he began showing difficulty recalling the names of his
children. His past medical history was unremarkable. The patient
died at age 63.

Family history. No family history of a neurodegenerative disease.

Neuropathological findings. Neuropathological examination
showed a brain of normal weight (1450g) with mild diffuse
cortical atrophy. Ventricles were mildly dilated (Figure 1).

On microscopic examination, there was diffuse Lewy body
disease with Lewy bodies and Lewy neuritis in the cerebral cor-
tex, olfactory bulbs, indusium griseum, SN and limbic system,
including the CA2-4 subdivisions of the hippocampus (Figure 2).
There was extensive neuronal loss in the SN pars compacta,
locus ceruleus, dorsal nucleus of CN X and nucleus basalis of
Meynert. There was very limited tau labeling in the hippocam-
pus, the amygdala, and peri-amygdala cortex. There was, how-
ever, widespread distribution of diffuse amyloid plaques. TDP-43
staining in this case was unremarkable.

Neuropathological diagnosis. Overall, this case showed typi-
cal changes of long-term progressive PD. While the tau-deposits
in the hippocampal area were age-appropriate Alzheimer-type
changes (Braak Stage I1/VI), there was no evidence of AD. There
was also no pathological evidence consistent with CTE.

DISCUSSION

At present, the diagnosis of CTE requires post-mortem examina-
tion. In our case series, a history of participation in professional
football and a history of multiple concussions, combined with
positive clinical signs and symptoms of progressive neurodegen-
erative disease, were not inevitably associated in each of the 6 cases
with a post-mortem diagnosis of CTE. The neuropathological
diagnosis of our six cases comprised: CTE + AD, CTE + diffuse
Lewy body disease, CTE + multiple infarcts, AD, ALS, and PD
(see Table 1). In our case series of professional football athletes,
we observed that the reported progressive neurological findings in
some athletes participating in contact sports were associated with
CTE, while other athletes had more common neurodegenerative
conditions, namely AD, PD, and ALS. Moreover, those individuals
with post-mortem diagnosis of CTE had co-morbid pathologi-
cal findings that may also have contributed to the clinical signs
and symptoms. Thus, our findings advocate caution in the clinical
diagnosis of CTE in patients with histories of contact sports and
neurocognitive decline, as other diagnoses of neurodegenerative
diseases are also possible. Our findings are consistent with a liter-
ature review by Nowak et al. (2009), in which dementia in retired
boxers could be explained by pathologies aside from dementia
pugilistica (Nowak et al., 2009—see also McKee et al., 2013). In
contrast, other previous studies either focused on describing CTE
in professional athletes (Omalu et al., 2005, 2006, 2010b,c; McKee
etal., 2009, 2010) or found that a majority of professional athletes
had CTE (Omalu et al., 2011).

These findings raise questions regarding the relationship
between multiple concussions in professional football alumni

and CTE, the prevalence of CTE in this population and the risk
factors. Previous post-mortem research with larger samples of
professional athletes with multiple concussions has suggested a
very high incidence rate; however, such studies have been limited
by biased samples restricted to clinically symptomatic cases and
a lack of medical post-mortem controls with co-morbidities con-
sistent with the professional athlete histories, including compa-
rable medication/substance histories as well as pain disorders, of
potential relevance given increasing evidence for the role of neu-
roinflammatory processes in pain disorders (Davis and Moayedi,
2012).

Our findings cannot address these limitations, but suggest the
testable hypothesis that the mapping between multiple concus-
sion history in former professional athletes plus positive progres-
sive clinical findings is not one-to-one with CTE, a hypothesis
supported by the expectation that aging professional athletes
should be as susceptible as the general aging population to neu-
rodegenerative diseases such as AD, vascular dementia, PD or
ALS.

A limitation of our retrospective clinical case series was that
historical information was subject to recall bias. The participants’
informants could not provide the actual number or severity of the
concussions, although there was sufficient information to indicate
that each player had sustained multiple concussions throughout
their careers. When these players were active participants, concus-
sions were not well recognized, and if recognized, were treated as
a minor injury.

CONCLUSION

Our initial experience with this cohort of retired professional
football athletes with multiple concussions and progressive neu-
rocognitive decline demonstrates that these cases did not uni-
formly have neuropathological findings of CTE. Some cases with
CTE pathology had concomitant pathologies that could also
contribute to cognitive decline. Thus, it is difficult to estab-
lish a definitive link between a history of multiple concus-
sions and CTE. Neuropathological examination remains essential
for diagnosis of CTE, as other types of brain degeneration
may be present in professional athletes with neurocognitive
decline. Further research is needed to establish the relationship
between multiple concussions and the development of CTE and
to examine the prevalence and the risk factors that mediate
the relationship between multiple concussions and development
of CTE.
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Traumatic brain injury (TBI) has recently been reconceptualized as a chronic, evolving
disease process. This new view necessitates quantitative assessment of post-injury
changes in brain structure that may allow more accurate monitoring and prediction
of recovery. In particular, TBI is known to trigger neurodegenerative processes and
therefore quantifying progression of diffuse atrophy over time is currently of utmost
interest. However, there are various methodological issues inherent to longitudinal
morphometry in TBI. In this paper, we first overview several of these methodological
challenges: lesion evolution, neurosurgical procedures, power, bias, and non-linearity.
We then introduce a sensitive, reliable, and unbiased longitudinal multivariate analysis
protocol that combines dimensionality reduction and region of interest approaches. This
analysis pipeline is demonstrated using a small dataset consisting of four chronic TBI
SUrvivors.

Keywords: longitudinal, power, bias, magnetic resonance imaging, sparse canonical correlation analysis

INTRODUCTION

Traumatic brain injury (TBI) triggers a cascade of events that lead
to long-term neuropathological and behavioral consequences.
Recently, more and more researchers have been conceptualizing
TBI as a chronic disease with dynamic and evolving recovery and
degeneration processes (e.g., Masel and Dewitt, 2010). Among
the post-injury changes in moderate to severe TBI, widespread
volume reduction in brain parenchyma, frequently called dif-
fuse atrophy, is probably most prominent and significant (Bigler,
2005; Povlishock and Katz, 2005). An important mechanism
of this diffuse change is Wallerian degeneration due to trau-
matic axonal injury, which may continue months and years after
injury. Describing the spatial and temporal characteristics of
these degenerative morphological changes may provide impor-
tant clues for the mechanisms underlying individual differences in
functional recovery or decline, ultimately contributing to devel-
opment of better treatment. In mild TBI, due to limited sensitivity
of conventional cross-sectional approach, objective evidence of
brain injury has been difficult to obtain. Employing a within-
subject longitudinal design, future morphometry studies in this
group may reveal evidence of sutle brain changes over time.
Ideally, the neural degeneration processes can be tracked longi-
tudinally by conducting repeated assessments using sensitive and
reliable in vivo non-invasive imaging methods such as structural
magnetic resonance imaging (MRI). However, only a handful
of studies with a limited number of assessment time points
are available to date (e.g., Ross, 2011). Because an increasing
number of longitudinal studies are expected in the future, it
would be useful to review the methodological challenges inher-
ent in analyzing longitudinal imaging data at the early stage of

this area of research. The first goal of this paper is to briefly
overview the following methodological considerations in longitu-
dinal morphometry of TBI: lesion evolution (structural changes
in lesion over time), neurosurgical procedures (surgery on cen-
tral nervous system), power (probability to detect changes when
they are truly present), bias (directional error in parameter esti-
mation), and non-linearity (relationship that cannot be described
by the first degree equations). Another purpose of this article is to
introduce a novel method that combines dimensionality reduc-
tion and region of interest approaches (Avants et al., 2010a),
which intends to serve as an example of sensitive, reliable, and
unbiased longitudinal multivariate change detection protocols.
This analysis pipeline will be demonstrated and validated using
a pilot TBI dataset. We focus on structural MRI measures to
quantify neurodegeneration such as volume change and corti-
cal thickness indices. However, the principles and conclusions
from this paper may be generalized to data using other imag-
ing modalities and techniques such as diffusion tensor imaging
and functional MRI. In addition, the same logic can be applied to
quantify neural regeneration.

METHODOLOGICAL CHALLENGES IN LONGITUDINAL
MORPHOMETRY OF TBI

LESION EVOLUTION

From the moment of injury, the brain goes through numerous
structural changes, both focal and diffuse in nature (Gennarelli
and Graham, 2005; Povlishock and Katz, 2005; Kubal, 2012). We
here review two types of lesion characteristics that can confound
progressive atrophy measurement in a longitudinal imaging study
of TBL
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Edema

Posttraumatic edema is accumulation of water in the intracellular
and/or extracellular spaces of the brain. The precise time course
for human posttraumatic cerebral edema has yet to be deter-
mined. If this “brain swelling” is diffuse, it effectively leads to an
overestimation of brain volume. Therefore, if the first assessment
in a longitudinal study is in the acute phase, researchers must
exercise great caution because the changes due to the initial sta-
bilization of the brain are confounded with subsequent atrophy.
This results in overestimation of the amount of atrophy over time.
If one’s primary interest is in the post-acute phase, the first mea-
surement can be done after edema is completely resorbed, e.g.,
1-2 months after the injury (e.g., Bendlin et al., 2008; Ng et al,,
2008; Sidaros et al., 2009).

Focal encephalomalacia

If the brain suffers from various types of bleeding (hematoma and
hemorrhage) or bruises (contusions), local tissue abnormalities
appear in the imaging. The size of the lesion in the acute phase
is known to evolve (increase or decrease) over time depending
on various factors (e.g., Chang et al., 2006). In the post-acute
phase, if the cells surviving the acute phase develop atrophy, the
size of focal encephalomalacia is likely to grow slowly. Changes
in focal lesions over time make it difficult to accurately quan-
tify diffuse atrophy, especially in the perilesional areas. One way
to deal with focal abnormalities is to exclude participants with
focal injuries or conduct a subgroup analysis by dividing partici-
pants into two groups according to the presence of focal lesions.
Typically, a lesion volume threshold is employed because it is
practically infeasible to exclude the brains with focal lesions of any
size. Using different thresholds for cortical and subcortical lesions
may make sense considering that smaller lesions in the subcorti-
cal regions often have more detrimental functional consequences.
However, excluding those with focal lesions will introduce a sever-
ity bias. Another way to control the effects of focal lesion is to
restrict the analysis only to the areas where no focal lesions are
found for all participants. To achieve this, lesion masks are built
(typically manually) for each brain and then combined to form a
“lesion frequency map” (e.g., Levine et al., 2008; Kim et al., 2010).
Recent efforts to develop automatic lesion detection algorithms
have shown some success in reducing the burden of manual lesion
drawing (e.g., Hillary and Biswal, 2009; Ghosh et al., 2011).

NEUROSURGICAL PROCEDURES

Various neurosurgical procedures, performed to stabilize the
injured brain (e.g., evacuation of hematomas/hemorrhages, con-
trolling intra-cranial pressure, etc.), are invasive and cause tempo-
rary and/or permanent alterations of the brain. Edema and glial
scarring from surgical procedures typically need weeks to months
to stabilize, making it challenging to separate the unique effect
of surgery and true neural degeneration on longitudinal imag-
ing measures. If neurosurgery leaves focal alterations, they may
be dealt with similar methods used for focal encephalomalacia
(see section “Focal encephalomalacia”). However, research is lack-
ing in this area. Most neurosurgeries are done during the acute
phase. However, procedures such as cranioplasty can be done in
the post-acute phase and require careful follow-up. For example,

it was recently reported that a significant portion of patients who
undergo cranioplasty develop fluid collection underneath the site
of operation (Chang et al., 2010; Lee et al., 2011), which may dis-
tort brain volume measurement. Even more important is the issue
of late cranioplasty and how having skull replaced part-way into
a longitudinal study might affect the results.

POWER

Statistical power in structural neuroimaging depends on vari-
ous factors including effect size, measurement error, method of
multiple comparison correction, and sample size. Unfortunately,
in longitudinal studies of patients with moderate to severe TBI,
sample size is typically small due to participant attrition and
numerous exclusion criteria including metal implants, lesion
characteristics, and patient movement in the MRI scanner. In
mild TBI, while fewer participants’ data are lost, the effect
size of longitudinal change is expected to be relatively small.
Therefore, adopting a sensitive and reliable imaging analysis pro-
tocol becomes more crucial to achieve powerful longitudinal
change detection. There are various ways to quantify longitudi-
nal changes in the imaging data (e.g., Bosc et al., 2003; Holland
et al., 2012). They can be classified into two broad categories:
(1) regions-of-interest (ROI) or segmentation based approaches
and (2) deformation or registration based methods. Here we
briefly discuss these two change detection methods in the context
of power.

One way to improve detection power in small imaging datasets
is to use a limited number of a priori ROIs and measure longitudi-
nal changes within those ROIs. Typically, ROIs are constructed at
each time point for each individual by an “expert” human rater or
an automatic segmentation algorithm. The majority of previous
longitudinal imaging studies in TBI used this approach (e.g., Ng
etal., 2008; Warner et al., 2010; Xu et al., 2010). Assuming that the
size and location of the ROIs are on target, this approach is likely
to increase statistical power. However, reliable a priori hypothe-
ses are frequently unavailable due to the lack of existing research
and thus potentially important changes in unselected regions can
be missed. In addition, due to heterogeneous injury mechanisms
and lesion characteristics in TBI, using the same set of a priori
ROIs across different samples may not be ideal. An important
limitation of manually defining ROI is that human raters do
not reproduce the same results when measurement is repeated,
introducing repeat measurement error. Maintaining high intra-
and inter-rater reliability costs a substantial amount of time and
effort. Automating ROI construction using computer algorithms
is a potential solution. However, automatic segmentation of brain
structures, especially when a lesion is present, still remains one of
the most challenging tasks.

To overcome some of the limitations of the ROI or segmenta-
tion based approach, some researchers have adopted deformation
based methods of change detection. These methods do not rely
on the researcher to identify specific ROIs and are well-suited to
exploratory studies. In deformation or tensor based morphom-
etry (DBM/TBM; e.g., Ashburner et al., 1998; Ashburner and
Friston, 2000), one image (e.g., a patient’s) is directly warped
to the other (e.g., a template) using non-linear deformable spa-
tial registration and the resulting deformation fields are used for
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quantification of volume differences between the two images.
Reliability of this approach is, in general, much higher than
manual drawing. Deformation based methods may be used for
serial studies as well. To quantify longitudinal changes, a sub-
ject’s brain at one time point may be directly warped to the
same person’s brain at later time point (e.g., Sidaros et al., 2009).
Directly comparing images effectively bypasses the repeat mea-
surement error issue, offering advantages in terms of statistical
power. For TBI, large deformation registration schemes (for an
introduction, see Ashburner, 2007) should be used to allow detec-
tion of a wide range of volume changes (Kim et al., 2008).
Custom or population-specific templates can also help increase
detection power (Lepore et al., 2007). Many large deformation
algorithms, some of them using diffeomorphisms, are freely avail-
able and their performance was recently compared in a large-scale
evaluation study (Klein et al., 2009).

More recently, multivariate pattern analysis (MVPA) has been
employed to increase detection power over univariate approaches,
particularly in fMRI studies (e.g., Haxby et al., 2001). In the last
section, we will illustrate an image analysis pipeline that uses
MVPA to interrogate longitudinal TBI effects.

BIAS

Bias, a directional error in parameter estimation, can arise in lon-
gitudinal morphometry when data from different time points
are not treated equivalently. In that sense, avoiding bias in the
ROI/segmentation based approach is relatively straightforward
because the same system of measurement can be applied to the
data at each time point. For example, one can keep the expert
raters blinded to the order of measurements or even randomize
the images from different time points. In DBM/TBM, however,
due to the fact that the images from two or more time points are
directly compared, there is a possibility that the images undergo
systematically different processing steps.

The issue of bias in longitudinal DBM/TBM has recently
become the focus of discussion among researchers investigat-
ing the trajectory of atrophy using the Alzheimer’s disease
Neuroimaging Initiative database (ADNI; www.loni.ucla.edu/
ADNI). Partly due to this discussion, several nice summaries on
this topic are available in the literature (Holland et al., 2012; Hua
et al., 2011; Thompson and Holland, 2011) and they enumer-
ate sources of bias and rules to follow to prevent those biases
from affecting the estimate of longitudinal changes. One impor-
tant issue is designating images at each time point as the source
(i.e., image to be warped) or the target (i.e., image to be warped
to). Symmetric or inverse-consistent registration methods should
be used to avoid bias from asymmetric registration processes. An
inverse-consistent or symmetric registration is an algorithm that
yields the same correspondences between the images from two
time points when the order of them is switched (e.g., Avants et al.,
2008). If inverse-consistency cannot be guaranteed by the regis-
tration algorithm itself, symmetry may still be achieved by first
measuring the changes in both directions independently and then
averaging them (Thompson and Holland, 2011). In addition, all
images from different time points should undergo the same num-
ber of interpolations. For example, Yushkevich and colleagues
recently showed that distributing interpolation equally across all

of a subject’s images is critical for eliminating bias (Yushkevich
et al., 2010).

NON-LINEARITY
To our knowledge, most existing longitudinal morphometry
studies in TBI have had only two measurement points. As studies
with multiple time points emerge, it would be important to con-
sider the potential non-linear nature of the post-injury atrophy.
First of all, true biological non-linearity needs to be distinguished
from the spurious non-linearity caused by bias. A good exam-
ple is a controversial study conducted by Hua and colleagues
(2010), in which structural atrophy of AD patients was quanti-
fied between the baseline and four follow-up scans using TBM.
Cumulative atrophy was determined by warping all of the follow-
up images to the same baseline image. As a result, the authors
found an unexpected non-linearity—i.e., a rapid jump of the
atrophy rate between the baseline and the first follow-up point,
with more linear increase thereafter. This jump was due to the
fact that this study design confounded both interpolation effects
and atrophy effects, which have a similar magnitude (approxi-
mately 1% change). Subsequent re-analysis studies showed that
this trend was replicated even in healthy controls and that a large
portion of the bias could be corrected by using inverse-consistent
registration methods (Hua et al., 2011; Thompson and Holland,
2011) which interpolate every time point in the same way.
Allowing for the possibility of true biological non-linearity in
the atrophy rate after TBI, the next question becomes the exact
shape of non-linear degeneration and how much individual vari-
ability exists. Growth curve analysis, which is known to be capable
of accommodating many mathematical functions, missing data
points, variable time intervals, and individual differences, may be
a fruitful approach to explore. Mixed effects models have similar
advantages.

EXAMPLE OF LONGITUDINAL MULTIVARIATE
MORPHOMETRY: A PILOT STUDY

RATIONALE

MVPA has gained acceptance for its ability to combine the ben-
efits of both prior-constrained ROI studies and the exploratory
nature of DBM/TBM. This multivariate approach reduces the
multiple comparisons problems by clustering regions together
in an automated way (known as dimensionality reduction in
machine learning) and then allowing hypotheses to be tested on
this reduced set of areas. We here hypothesize that, even in a small,
heterogeneous TBI sample, there are common areas across indi-
viduals that undergo neurodegeneration and that can be detected
as regions of correlated white matter (WM) and gray matter (GM)
changes (Avants et al., 2010b).

METHOD

In this study, we used best-practice pre-processing to determine
two quantitative measures (i.e., cortical thickness and WM vol-
ume change) throughout the whole brain in four survivors of dif-
fuse TBI (average age at baseline = 38.3) serial T1 data (Figure 1).
The average time post-injury at baseline was 6.6 months and the
average assessment interval was 15.8 months. We then applied a
dimensionality reduction technique, sparse canonical correlation
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FIGURE 1 | Four TBI survivors’ representative axial scans at the baseline.

FIGURE 2 | SCCAN reveals multiple cortical and white matter regions of
longitudinal atrophy. Cortical areas (cool colors) include posterior temporal
lobes, posterior cingulate, and superior parietal lobe. The white matter and

deep gray matter (warm colors) regions includes the thalamus (orange,
second row), primary motor tract, and the mid- and posterior bodies of the
corpus callosum.

analysis for neuroimaging (SCCAN), to obtain a limited num-
ber of ROIs that are sensitive and specific to longitudinal change
that is related across tissues (Avants et al., 2010a,b). As reviewed
above, quantitative longitudinal analyses must be conducted with
unbiased techniques if the image-based measurements are to be
interpreted physically (Yushkevich et al., 2010). Thus, we used
Advanced Normalization Tools (ANTs) and a population-specific
template (Avants et al., 2010c; Reuter et al., 2012) to com-
pute the unbiased deformable mapping between each subject’s

baseline and follow-up image. The resulting diffeomorphic map-
ping quantifies longitudinal volume changes. We also employed
prior-based spatiotemporal maximum a posteriori image seg-
mentation to extract change in the cortical GM over time (Avants
et al., 2011) and to identify cortical thickness alterations in each
subject. This processing protocol leads to two complementary
measures that may be used to assess atrophy—i.e., WM vol-
ume change via Jacobian determinant and GM cortical thickness.
Thickness is, in general, more sensitive than volumetric measures
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because it incorporates tissue-specific information (Hutton et al.,
2009). Both measures were annualized.

We hypothesized that, in chronic TBI, spatially distinct but
covarying atrophy would be observed in both WM and GW and
that this atrophy rate would be greater than zero. In summary,
the procedure was as follows: (1) Apply the unbiased longitudinal
mapping methods (Avants et al., 2010a; Yushkevich et al., 2010);
(2) Quantify the annualized volumetric change in WM and the
annualized atrophy in GM; (3) Employ SCCAN to identify four
localized regions of GM and four correlated and localized regions
in WM to be tested for significant atrophy; (4) Use the one-sample
t-test with false discovery rate correction (FDR) to determine if
the atrophy in SCCAN-identified regions is significant. We arbi-
trarily limited the number of regions to 4 for WM and 4 for GM
considering the small number of participants.

RESULTS AND DISCUSSION

Seven of eight regions (4 WM, 3 GM) were significant at the FDR-
corrected p < 0.1 level (Figure2). In line with previous TBM
studies with larger samples (Kim et al., 2008; Sidaros et al., 2009),
these regions included thalamus, corpus callosum, and poste-
rior cingulate (see Figure 2 legend for the complete list). In the

most significant region (p < 0.015), the estimated atrophy rates
for WM and GM were 7.3 4= 3.9% and 4.2 £ 1.8%, respectively
(mean £ SD of the amount of atrophy in percentage). FDR-
corrected p < 0.05 is also achievable if only the most highly
correlated regions are tested.

This preliminary study reveals significant longitudinal atro-
phy patterns after correction for multiple comparisons despite
the very few subjects involved. Three main points emerge from
this design: (1) significant and localized regions with atrophy may
be identified by employing MVPA in longitudinal morphome-
try of TBI; (2) unbiased approaches are essential for identifying
quantitative atrophy measures and retain enough power to be
effective in small cohorts; (3) this paradigm is easily extended
to include additional modalities and will be more reliable with
additional subjects. In addition, future research comparing the
current method with alternative approaches are warranted.
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