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Abstract Based on growing findings of brain volume loss and
deleterious white matter alterations during the chronic stages of
injury, researchers posit that moderate-severe traumatic brain
injury (TBI) may act to “age” the brain by reducing reserve
capacity and inducing neurodegeneration. Evidence that these
changes correlate with poorer cognitive and functional outcomes
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corroborates this progressive characterization of chronic TBI.
Borrowing from a framework developed to explain cognitive
aging (Mahncke et al., Progress in Brain Research, 157, 81–109,
2006a; Mahncke et al., Proceedings of the National Academy of
Sciences of the United States of America, 103(33), 12523–
12528, 2006b), we suggest here that environmental factors (specifically environmental impoverishment and cognitive disuse)
contribute to a downward spiral of negative neuroplastic change
that may modulate the brain changes described above. In this
context, we review new literature supporting the original aging
framework, and its extrapolation to chronic TBI. We conclude
that negative neuroplasticity may be one of the mechanisms
underlying cognitive and neural decline in chronic TBI, but that
there are a number of points of intervention that would permit
mitigation of this decline and better long-term clinical outcomes.
Keywords Traumatic brain injury . Negative neuroplasticity .
Post-acute decline . Adult . Cognitive aging . Moderate to
severe traumatic brain injury
Traumatic brain injury (TBI) can severely disrupt the cognitive, social, emotional and physical functioning of affected
individuals. These negative consequences exact a further toll
on friends, family, colleagues and community members
(Andelic et al. 2010; Hawthorne et al. 2009; Resch et al.
2009). TBI also causes a significant financial burden for
society more broadly (McGarry et al. 2002; Polinder et al.
2005). Given that TBI affects an estimated 10 million people
worldwide each year (Hyder et al. 2007), and that many
people living with TBI—especially moderate to severe
TBI—require rehabilitation services for an extended period
of time (National Institutes of Health 1998), research and
clinical efforts to improve recovery from TBI are imperative.
Traditionally, TBI has been conceptualized as a discrete
event—an injury—followed by a protracted, but
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circumscribed, recovery period (Masel and DeWitt 2010; Ng
et al. 2008). This recovery period has been conventionally
characterized by gradual gains in functioning, an eventual
plateau at a level that is less than that of pre-injury functioning
(Christensen et al. 2008; Povlishock and Katz 2005), and
maintenance of gains thereafter. However, there is mounting
evidence that this view of recovery does not fully capture the
long term trajectory of TBI, and in particular the chronic effects
(Till et al. 2008; Millis et al. 2001; Himanen et al. 2006). For
some TBI patients, the above-noted plateau in functioning is
followed by cognitive decline during the early and later chronic
stages of injury (Hammond et al. 2004; Masel and DeWitt
2010; Millis et al. 2001; Ruff et al. 1991; Till et al. 2008;
Himanen et al. 2006). In a study by Ruff et al. (1991), one third
of patients in their sample showed a 20 % or greater drop in
verbal learning from 6 to 12 months post-injury. In a study by
our group conducted from 1 to 2 years post-injury (Till et al.
2008), just over 25 % of patients showed substantive decline in
two or more domains of cognitive function; and, in a study by
Himanen et al. (2006), 56 % of patients showed cognitive
decline from approximately 2.5 to 30 years post-injury.
Substantive neural losses in the chronic stages of injury are
observed as well. Our group has shown lesion expansion,
atrophy of the whole brain and hippocampi, and loss of white
matter integrity from approximately 4.5 months to 2.5 years
post-injury (Adnan et al. 2013; Greenberg et al. 2008; Ng et al.
2008). (Importantly, the initial time point of these studies was
late enough that changes were unlikely to be attributable to the
resolution of acute neurological events such as resolution of
edema and gliosis.) A number of other groups have observed
similar such structural losses across time (Farbota et al. 2012a,
b; Sidaros et al. 2009; Johnson et al. 2013).
A small number of studies have found a link between
volumetric change and behavioural change (Bigler et al.
1997; Blatter et al. 1997). For example, Farbota et al.
(2012a) used diffusion tensor imaging (DTI) to examine
changes in white matter integrity in a small sample of chronic
stage TBI patients over a 4-year post-injury period; over this
time span, TBI patients demonstrated fractional anisotropy
(FA) reductions in the corpus callosum that were associated
with poorer performance on a test of manual motor functioning (i.e., finger tapping).
Finally, our group has demonstrated that structural losses in
the chronic stages of injury are ubiquitous (Green et al. 2014). In
a sample of 56 patients with complex-mild to severe TBI, 54
showed significant volume losses as compared to controls in the
whole brain, right or left hippocampus or corpus callosum, with
the majority showing losses on three of these four measures.
Encouragingly, there is some suggestion that the mechanisms underlying these deleterious changes may be modifiable factors that occur post-injury. In the above study, the very
high prevalence of significant decline in our heterogeneous
sample (96 %) implicates post-injury factors rather than pre-
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morbid risk factors (e.g., genetic pre-disposition), which
would be present in only a subset. Bolstering this interpretation was our finding in a separate study of these patients that
degree of self-reported environmental enrichment (cognitive
stimulation in particular) at 5 months post-injury was negatively associated with degree of bilateral hippocampal volume
atrophy from 5 to 28 months post-injury (Miller et al. 2013), a
finding offering the possibility that post-injury environmental
factors might mitigate volumetric losses.
Post-TBI neurophysiological mechanisms that have been
implicated in neurodegeneration include protein deposition
(e.g., amyloid and tau) and neuroinflammation (Bigler 2013a,
b; Smith et al. 2013; Johnson et al. 2013). Johnson et al. (2013)
found evidence of increased neuroinflammation (dense regions
of reactive microglia) in the corpus callosum of TBI patients in
the sub-acute and chronic stages of injury as compared to
healthy controls, as well as reduced thickness of this structure.
Several other studies have found associations between neuroinflammation and chronic stage cognitive impairments (for a
review see Kumar and Loane 2012; Ramlackhansingh et al.
2011). It is critical to underscore that while these post-injury
factors are currently compromising long-term outcomes, they
also open new avenues for intervention, and thus offer new
hope for improving long-term outcomes.
Despite the growing awareness of the chronic and apparently progressive nature of TBI (Ng et al. 2008; Till et al.
2008; Green et al. 2014; Adnan et al. 2013), there has yet to be
a neurorehabilitation framework that characterizes this downward course of cognitive and brain function in the chronic
stages of TBI and the factors that contribute to decline. Such a
framework could serve several purposes: to highlight points of
intervention for improving recovery, to develop testable hypotheses for future research, and to disseminate the reconceptualization of moderate-severe TBI as a deteriorative disorder.
To this end, we extrapolate from the “negative plasticity”
framework of Mahncke et al. (2006a) that was proposed to
explain cognitive decline in older adults. As described in greater
detail later, their framework describes a self-reinforcing, downward spiral of negative brain plasticity whereby declining brain
function is attributable to a combination of disuse (called “reduced schedules of activity”), reduced quality of sensoryperceptual processing, and weakened neuromodulatory control.
In combination, these factors increase reliance on simplified
cognitive processing at the expense of more complex processing
capacity (called “negative learning”). These processing changes
result in brain changes, which in turn result in further disuse,
perceptual compromise and reduced neuromodulatory control.
We suggest that chronic stage TBI patients undergo a
similar downward spiral for related reasons: Initial impairments to primary cognitive, sensory-perceptual and
neuromodulatory function, secondary to TBI, lead to reductions in functional capacities (e.g., the ability to communicate
or to regulate emotions in professional or social situations, the
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ability to remember to a conversation). This results in reduced
participation in activities that demand complex cognitive processing, such as academic, occupational and social activities.
These factors, in combination, may foster brain adaptations to
simpler and more habitual cognitive processes at the expense
of complex processing and underlying neural functioning.
Following the framework of Mahncke et al. (2006a), we suggest
that the brain is thereby at risk of disuse-mediated negative
neuroplastic change, thereby leading to some of the progressive
deterioration that is observed in chronic TBI.
The older adult framework extrapolates easily to chronic
TBI because of numerous parallels between the populations.
Older adults undergo a reduction in their schedules of activity
(or participation) due to retirement and loss of social networks.
Patients in the chronic stages of TBI similarly undergo a
reduction in participation after the most intensive of their
therapies have concluded, but patients have not returned to
an active occupational, school or social life (Frasca et al.
2013). Older adults undergo aging-related sensory-perceptual
and cognitive impairments as well as diminished
neuromodulatory control. Many chronic moderate-severe TBI
patients suffer persisting sensory-perceptual decrements (e.g.,
Greenwald et al. 2012), altered neuromodulatory functioning
(e.g., Bales et al. 2009) and cognitive impairment as a result of
structural and functional damage to the brain (e.g., Bashore and
Ridderinkhof 2002; Anderson and Knight 2010; Arenth et al.
2012; Christensen et al. 2008). Lastly, there is overlap in the
nature of brain changes secondary to aging and to moderatesevere TBI such as structural and functional alterations to the
temporal and frontal lobes (Bigler and Maxwell 2011), reduced
white matter integrity (Arenth et al. 2013), and brain volume
loss (Farbota et al. 2012b; Ross 2011; Sidaros et al. 2009).
The idea that chronic stage neurodegeneration in TBI patients
may be caused by disuse-related negative plastic changes converges with the large body of animal research into environmental
enrichment (EE). EE is typically operationalized as an environment that provides augmented opportunity for intensified cognitive stimulation, as well as physical exercise and social stimulation. A seminal study on this topic was undertaken by Hebb
(1947), who reared rats in his family home as pets and compared
their cognitive outcomes to rats reared in cages. He found that the
pet rats exhibited superior problem-solving abilities to the caged
rats. Since then, a wealth of studies has demonstrated the beneficial effects of EE on cognitive performance and brain function,
and relevant to the arguments here, the detrimental effects of
impoverished environments (Bernstein 1972; Winocur 1998; for
reviews see Simpson and Kelly 2011; Petrosini et al. 2009). The
EE literature shows the critical relevance of cognitive stimulation
for cognitive functioning in animals, at the level of the neuron,
for example influencing adult neurogenesis and synaptic plasticity (for a review see Hannan 2014; Rosenzweig 1966;
Rosenzweig and Bennett 1996; Van Praag et al. 2000) and even
in mitigating aspects of neurodegeneration (e.g., delaying onset,
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slowing progression, or remediating neural pathology) in rodent
models of Alzheimer’s, Parkinson’s and Huntington’s disease
(for a review see Hannan 2014).
The potential to reverse the deleterious brain and behavioural changes brought about by disuse is critical to the current
framework’s use in a neurorehabilitation context. It is encouraging that a number of studies demonstrate the reversibility of
the effects of impoverished environments when animals are
later exposed to enriched environments (Kobayashi et al.
2002; Lu et al. 2003) in both younger and older (Speisman
et al. 2013; Winocur 1998) animals as well as in animals who
have sustained a TBI (for a review see Frasca et al. 2013). For
example, Kobayashi et al. (2002) found that juvenile rats
raised in impoverished conditions that were subsequently
exposed to 3 months of enrichment as adults showed better
problem-solving than their counterparts that were maintained
solely under the impoverished conditions. Also, Lu et al.
(2003) found that juvenile rats reared in isolation for 4 weeks,
and then reared in group housing for the subsequent 4 weeks,
showed a reversal of the deleterious effects on water maze task
performance, and long-term potentiation of CA1 neurons.
Other EE literature with direct relevance to the current
framework discusses findings on TBI. For example, animals
exposed to EE following injury show relative improvements
in motor and cognitive function, and these changes are associated with changes in neural function such as less cell body
degeneration, improved neurogenesis, as well as reduced lesion size (for a review see Bondi et al. 2014; Hamm et al.
1996; Johansson and Ohlsson 1996). Conversely, the animals
not exposed to this stimulation show a much poorer course of
cognitive, motor and neural recovery.
The overall objectives of this paper are twofold. The first is
to provide an updated and expanded review of the literature
that supports the negative neuroplasticity framework in the
original context of human aging. The original framework
focused in large part on animal literature; however, newer
literature provides further support from human studies. The
second objective is to extrapolate this framework to a discussion of chronic TBI and neurodegeneration. Here, we adapt
the Mahncke et al. (2006a) framework for use with the chronic
moderate-severe TBI population, and discuss the possibility
of negative neuroplasticity as a putative mechanism of cognitive and neural decline in chronic TBI. We also discuss some
of the implications for neurorehabilitation.

Negative Neuroplasticity in Aging
Cognitive and neural decline in aging have been wellestablished (Hedman et al. 2012; Salthouse 2010). Cognitive changes include declines in episodic memory (Craik
and Rose 2012), selective attention and inhibition of
distracting information (Campbell et al. 2012; Cashdollar
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et al. 2013; McGinnis 2012), speed of processing
(Salthouse 2000), and executive functions, including task
switching, planning, decision making, verbal fluency and
working memory (Gold et al. 2013; Kavé and Mashal
2012; Köstering et al. 2013; Laguë-Beauvais et al. 2013;
Luo et al. 2013; Yoon et al. 2009). This aging-related
waning of cognitive faculties has been associated with
specific brain changes. The frontal and temporal lobes are
particularly vulnerable to atrophy, especially medial temporal areas and the hippocampi (Gonoi et al. 2010; Raz et al.
2010). White matter integrity also decreases during aging,
(Burzynska et al. 2010), and disruptions of neural networks
may play a role in aging-related cognitive impairments
(Campbell et al. 2013). Reductions have been observed in
number of dendrites, dendritic spines, and synapses, particularly in the prefrontal cortex (Pannese 2011; Peters and
Kemper 2012) and in medial temporal lobe structures (Morrison
and Baxter 2012). Aging-related changes in head volume of thin
spines on dendrites have been associated with worse cognitive
performance (Dumitriu et al. 2010), and hippocampal volume
changes have been associated with reduced levels of brainderived neurotrophic factor (BDNF; Erickson et al. 2010).
As noted above, Mahncke and colleagues (Mahncke et al.
2006a; Mahncke et al. 2006b) have argued that a mediator of
the cognitive and physiological aging described above is
negative neuroplastic change (Vance et al. 2010). Here, increased reliance on simpler processing strengthens underlying
neural pathways in a Hebbian Learning manner (i.e., “the cells
that fire together wire together”; Hebb 1949) with commensurate decreases in the activity of competing, complex cognitive processes, resulting in a weakening of their underlying
synaptic connectivity (Mahncke et al. 2006a; Dosher and Lu
2009). They thus conceptualize negative plastic change as “a
self-reinforcing, downward spiral of reduced interaction with
challenging environments and reduced brain health”
(Mahncke et al. 2006a, p.86). Mahncke and colleagues
(Mahncke et al. 2006a, b) proposed that three inter-related
factors contribute to these negative neuroplastic changes: (1)
reduced schedules of activity (or disuse), (2) noisy processing,
and (3) weakened neuromodulatory control. These factors
combine to produce negative learning. Negative learning, a
behavioural phenomenon (i.e., the reliance on simplified processing at the expense of more complex processing), gives rise
to negative neuroplastic change, the neurophysiological underpinning of cognitive decline.
Here, we provide updated evidence for each of the factors
from the negative neuroplasticity framework alongside their
explication, in order to provide an empirical basis for later
discussing these factors in the context of our adaptation of the
framework for chronic TBI. We note that although a number
of other factors may possibly contribute to aging- and TBIrelated cognitive and neural decline through negative
neuroplastic brain changes, Mahncke et al. (2006a) focus on
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those factors that may be readily modifiable through behavioural interventions.
Reduced Schedules of Activity
Secondary to a range of environmental and subject factors
(e.g., retirement, shrinking social networks due to morbidity
and mortality), older adults typically experience reduced
schedules of activity (Nimrod et al. 2009; Pushkar et al.
2010), including (but not limited to) restricted physical/
motor activity, and mobility restrictions (Buchman et al.
2009), driving cessation (Edwards et al. 2009; Mezuk and
Rebok 2008), and attenuated variety/novelty seeking activities
(Novak and Mather 2007; Bouisson 2002). Moreover, research indicates that activity reductions may be purposefully
chosen by older adults (Bouisson and Swendsen 2003); that is,
given the freedom to schedule their daily activities, older
adults may avoid novel and/or challenging activities. For
example, older adults have been found to have lower rates of
daily social contact compared to young adults (Cornwell
2011), and work examining social behaviour has demonstrated older adults’ preference for familiar over novel social
partners (Fung and Carstensen 2006). Such alterations in
behaviour, in particular social withdrawal, might logically be
influenced by other factors in the current framework, such as
reduced reward (secondary to reduced neuromodulatory control) or reduced perceptual fidelity (Evans et al. 2008).
The contention that reduced schedules of activity is associated with poorer cognitive aging is supported by Winocur
and Moscovitch (1990), who showed that older adults who
were community-dwelling (which we equate to a complex
environment) had better cognitive function than institutionalized older adults (which we equate to a relatively
impoverished environment), even after controlling for differences in general intelligence, age, and health. Similarly, studies have shown that less socializing is associated with greater
aging-related cognitive decline (e.g., James et al. 2011), including one study that found that older adults who are socially
vulnerable (low levels of social activity and social support) are
36 % more likely to experience declines in global cognitive
function over a 5 year period than older adults with low social
vulnerability (Andrew and Rockwood 2010).
Relevant to the current paper is the growing number of “use
it or lose it” studies demonstrating a positive association
between level and/or variety of cognitive activities and
cognitive function. For example, Eskes et al. (2010) found
that diversity of cognitive activities in older women was
associated with better cognitive function, and Small et al.
(2012) found declines in frequency of cognitive activities to
be associated with declines in memory and speed-of-processing. Moreover, Wang et al. (2013) found similar associations
between the frequency of cognitive, social, and physical activities and cognitive function in a sample of predominately
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illiterate Chinese older adults. Interestingly, these researchers
found a dose-dependent relationship between activity frequency and cognitive decline: engagement in higher levels of at
least one activity type was related to stability or improvement
in cognitive function, whereas low levels of activity participation were associated with cognitive decline. Although most
studies in this area are correlational and observational in
design, one recent study experimentally manipulated level of
cognitive activity. In this study, older adults who learned
complex tasks (quilting, digital photography) over 3 months
of intensive study (about 16 h/week) demonstrated superior
episodic memory compared to older adults who participated in
social activities or less complex cognitive tasks (Park et al.
2014). Further prospective studies in this area are needed to
verify that increased stimulation causes increased cognitive
function, and to rule out the alternative explanation that people
with higher cognitive functioning engage in more cognitively
stimulating activities.
Noisy Processing
The negative neuroplasticity framework speculates that agingrelated sensory degradation results in disproportionately noisy
processing. These changes make it more difficult to discern
signals from internal noise, leading to reductions in speed and
the quality of mental processing (Humes et al. 2013). In older
adults, peripheral nervous system changes to vision (e.g.,
decreases in visual acuity, low-light accommodation, colour
vision) (Dorey and Blanks 2009) and hearing (e.g., decreased
pitch perception, sound encoding precision) (Clinard et al.
2010; Russo et al. 2012) are believed to underpin declines in
brain function because sensory brain areas are activated less
frequently and/or less robustly (Cliff et al. 2013). Poorer
hearing ability in older adults has been associated with decreased activation in the primary auditory cortex during reading of grammatically complex sentences, and with smaller
auditory cortex volume (Peelle et al. 2011). Such auditory
declines have also been associated with older adults’ ability
to cognitively process information (Humes et al. 2013;
McDaniel et al. 2008). A recent study estimated that a mild
decline in hearing ability is equivalent to an increase of
6.8 years in chronological age in terms of the negative effects
on cognitive function (Lin et al. 2011). Similarly, studies have
found that poorer visual function in older adults is related to
worse fluid intelligence and memory span, (Clay et al. 2009),
and to diminished episodic memory, reasoning, and speed of
processing (Weatherbee et al. 2009). Thus, it appears that an
important consequence of degradations in sensory processing
is a robust compromise in cognitive processing. Critically,
according to the Mahncke et al. (2006a) framework, sensory-perceptual impairments lead to consequent reductions in
functional communication. These in turn result in reduced
schedules of activity, with individuals avoiding complex or
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challenging interactions due to their compromised
functioning.
Weakened Neuromodulatory Control
A third factor contributing to negative neuroplastic change put
forward by Mahncke and colleagues (Mahncke et al. 2006a) is
weakened neuromodulatory control. After Rostène et al.
(2007), we use the term neuromodulator to refer to “a neurotransmitter that by itself has no effect under basal conditions
but that modulates induced neuronal activity” (Rostène et al.
2007, p. 901). Our focus, as in Mahncke et al. (2006a), is on
the neuromodulators involved in neuroplastic changes that
occur with learning (e.g., acetylcholine, dopamine, serotonin,
and norepinephrine). Mahncke et al. (2006a) posit that agingrelated changes in several neurotransmitters implicated in
neuromodulatory control result in negative plasticity and,
thus, cognitive decline. Two of the chief neuromodulatory
systems implicated in the process of aging-related negative
neuroplasticity are dopamine and acetylcholine. Dopamine
(DA) is known to be involved in response to reward and
novelty during learning (Krebs et al. 2011). It is well
established that the prevalence of DA in the brain decreases
with age, and research has demonstrated that this decrease is
related to poorer cognitive function, particularly executive
function (Bäckman et al. 2010). For example, older adults
who successfully learned to overcome response conflicts to
obtain a monetary reward in a go/no-go task had greater
structural integrity of the substantia nigra and ventral tegmental area than those who were unsuccessful (Chowdhury et al.
2013b). In addition, older adults with greater structural connectivity between these areas and the striatum performed just
as well as younger adults on probabilistic learning tasks, and
poor performance among older adults was boosted by administration of the DA precursor, L-DOPA (Chowdhury et al.
2013a). What is more, aging-related decreases in DA levels
underlie the decreased recruitment of task-relevant brain areas
seen in older compared to younger adults for executive functions such as working memory (Bäckman et al. 2011).
Acetylcholine is intimately involved in attention, learning
and memory, and is also known to undergo aging-related
changes as a result of degeneration of cholinergic neurons
(Klinkenberg et al. 2011; Störmer et al. 2012). Research
shows that less integrity of the basal forebrain (which contains
a large concentration of cholinergic neurons that project to the
cortex), as assessed by magnetization transfer ratio, is related
to poorer performance on long term and working memory
tests in older adults (Düzel et al. 2010). Also, lower levels of
cholinergic activity were found to be related to poorer performance on tests of episodic memory in a sample of younger
and older adults (Young-Bernier et al. 2012).
Although there is currently no direct evidence of a
causal link between weakened neuromodulatory control in
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older adults and negative neuroplastic change, there exists
indirect evidence from animal research that suggests a
possible causal role for neuromodulatory function in the
control of subjects’ engagement in activities. Anhedonia,
defined as “loss of interest or pleasure in all, or almost all,
activities” (Der-Avakian and Markou 2012 p. 68), typically
seen in major depressive disorder and schizophrenia, can be
thought of as a kind of disengagement from activities,
including cognitive activities. A number of neurotransmitters are known to regulate anhedonia, and as such may
regulate engagement (cognitive and otherwise) with the
environment. For instance, the activation of μ opioid,
endocannabinoid, and GABAA receptors in the nucleus
accumbens and ventral pallidum results in less anhedonic
behaviour in rodents (Der-Avakian and Markou 2012).
Also, knockout mice missing genes for these neurotransmitters also show greater anhedonic behaviour (i.e., less
preference for sucrose compared to water, in sucrose intake
or preference tests) (Der-Avakian and Markou 2012). Thus,
these neurotransmitters may play a role in modulating
levels of engagement in the environment and so contribute
to disengagement and, ultimately, negative neuroplasticity.
Negative Learning
Negative learning is theoretically postulated to occur when, as a
result of reduced schedules of activity, noisy processing, and
weakened neuromodulatory control, an individual relies on
more familiar and habitual routines and simpler and less effortful
cognitive processes (Mahncke et al. 2006a). Such an approach
serves to further accelerate cognitive declines in a selfreinforcing manner (Mahncke et al. 2006a). For example, a
hypothetical retired older adult who is less inclined to participate
in challenging cognitive activities compared to when he was
working, may also experience problems with his hearing, as
well as memory and learning ability due to alterations in acetylcholine function. These changes may make him less likely to
decide to take on new learning during his retirment (e.g., a
course to learn a new language), and this reduced engagement
would in turn permit or induce him to rely on simpler, more
heuristic cognitive processes. In this scenario, negative learning
would contribute to disuse of brain areas involved in more
complex cognitive operations (e.g., using frontal lobe-based
mnemonic strategies), or negative neuroplasticity.
Increased reliance on the simpler or at least less effortful
cognitive processing that is associated with negative learning
in this framework is observed in several lines of research in
older adults. Older adults show reduced semantic clustering
(retrieval of groups of semantically related words) in free
recall tasks compared to younger adults (Kirchhoff et al.
2014; Taconnat et al. 2009). As self-initiated use of this
elaborative recall strategy is related to intact frontal lobe
function, it is considered a more complex and effortful

Neuropsychol Rev (2014) 24:409–427

strategy than others such as serial clustering (Kirchhoff et al.
2014). Older adults also have difficulty using detailed,
recollective memory as compared with familiarity-based
memory to make recognition judgments (Edmonds et al.
2012), especially when task conditions are made more difficult (Angel et al. 2013). Moreover, false memories (to which
older adults are more susceptible than young adults) can result
from the greater influence of automatic processing and familiar stimuli (Jacoby and Rhodes 2006). Some studies suggest
that older adults also have difficulty correctly recognizing
novel pairings of familiar stimuli than younger adults, indicating that older adults may have difficulty overriding the
familiarity of the individual stimuli (Kersten and Earles 2010).
As well, older adults perform better on cognitive tasks for
which they can rely on environmental support such as preexisting representations in memory and previously acquired
knowledge. For instance, when learning the value of one
stimulus in relation to other stimuli, such as in a game similar
to rock-paper-scissors in which stimuli are novel objects,
older adults are just as accurate in learning these relations as
younger adults if they can first practice the task with familiar
stimuli for which the value of stimulus relations are known.
This suggests that older adults benefit from associating novel
tasks with previous knowledge (Ostreicher et al. 2010).
Furthermore, a number of studies show that older adults are
more likely to employ less cognitively demanding strategies
to complete tasks compared to their younger counterparts
(Rodgers et al. 2012; Taconnat et al. 2009). For example,
Bohbot et al. (2012) examined use of different navigational
strategies in a virtual maze in a cross-sectional sample of
children, younger adults, and older adults. Whereas the use
of a spatial strategy (using the relative positions of landmarks
for way finding, known to activate the hippocampus) was
more prevalent in children and younger adults, the use of a
response strategy (memorizing a series of left and right turns
relative to starting location, known to activate the caudate
nucleus) was more prevalent in older adults. Given the caudate’s role in more automatic processing, Bohbot et al. (2012)
hypothesized that the use of (caudate-based) response strategies in older adults may represent a bias toward more routinized, automated behaviour, perhaps as a result of aging-related
hippocampal degradation. Moreover, older adults are less
likely to employ memory strategies that require self-initiated
processing compared with younger adults, favouring the use
of external (e.g., calendars) over internal mnemonic strategies
(e.g., visual imagery) in their everyday lives (Bouazzaoui et al.
2010). The less frequent use of internal memory strategies in
older adults has been associated with poorer executive function, suggesting that external memory strategies may compensate for aging-related reductions in executive function
(Bouazzaoui et al. 2010). Aging-related differences in strategy
use have also been found in the context of decision making;
older adults have been shown to make worse decisions when
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they must use a cognitively effortful strategy to optimize their
decision making, compared to when they must use a simpler
strategy (Mata et al. 2010).
Taken together, findings on aging-related changes in cognitive processing and strategy use suggest that older adults
rely less on effortful cognitive processing. The many examples of increased reliance on familiar, routine and less effortful
processing described above support a relationship between
aging and negative learning. The causes of such shifts in
processing are likely multi-factorial, and further research is
needed to identify whether such shifts can be causally attributed to any or all of the factors described in the negative
neuroplasticity framework, namely reduced schedules of activity, noisy processing and reduced neuromodulatory control.
Direction and Causality of Relationships
Increased reliance on routine, less effortful, familiar processing would logically lead to less activation of brain networks
devoted to effortful processing, an example of negative
neuroplasticity that might explain the neural decline characteristic of aging. This idea is consistent with the abovementioned findings that older adults who engage in only low
levels of activities show greater cognitive decline, whereas
those who engage in high levels of activity show cognitive
stability or improvement (Wang et al. 2013). In the original
framework, Mahncke et al. (2006a) contend that the downward spiral of negative neuroplastic change may be originally
caused by behavioural change that initiates reduced brain
activity or by reduced brain function due to aging-related
physiological changes, or by both. Ascertaining the starting
point for the downward spiral is not relevant to their framework because it is the aggregate of the factors, and the dynamic relationship between them, that gives rise to negative
plasticity.
Nonetheless, with regard to the relationship between the
factors of the framework, further research is needed. A number of lines of evidence support the existence of each of the
factors of the negative neuroplasticity framework in the context of cognitive aging, but relationships between the factors
have limited empirical support and there are several gaps for
which further research is needed. For example, is the relationship between neuromodulatory control, reduced schedules of
activity, and noisy processing additive or synergistic? Does a
causal relationship exist between each of these factors and
negative learning? What is the evidence that negative learning
induces changes to brain function at the level of higher cognitive functions (as opposed to a sensory-perceptual level)?
Lastly, what is the empirical evidence that negative learning
causes negative neuroplastic change and associated declines
in brain health? Thus, a helpful next step in empirically
validating the framework would be to employ prospective,
longitudinal experimental designs with behavioural and
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imaging outcomes (including structural and functional connectivity measures) to clarify causal relationships between
components of their framework.
In our extrapolation of the Mahncke et al. (2006a) framework to chronic TBI, discussed in the next section, we argue
for a number of specific causal relationships between components of the framework and a clear point at which changes are
initiated (See Fig. 1). We present the available evidence to
argue that an initial decline in brain structure and function
caused by the TBI initiates the behavioural impairments that
lead to deleterious functional changes. Such losses reduce the
patient’s motivation or capacity to participate in cognitively
demanding activities, resulting in disuse (or negative learning). This in turn gives rise to the downward spiral of negative
neuroplastic change that causes some of the disuse-mediated
neurodegeneration observed in chronic TBI.

Utility of the Negative Neuroplasticity Framework
for Understanding Neurodegeneration in TBI
We propose that the negative neuroplasticity framework may be
applicable to understanding the effects of chronic stage moderate to severe TBI. Notably, each of the factors outlined in
relation to aging are also present in the TBI population, as
outlined in our previous paper (Evans et al. 2008). Moreover,
despite obvious differences between the two populations (e.g.,
the precipitating mechanism of brain changes, severity of impairments) there is substantial overlap in the kinds of behavioural (i.e., sensory-perceptual and cognitive) and neurophysiological alterations observed in older adults and those observed
in moderate to severe TBI patients. As in aging, common
cognitive deficits include impairments to attention (Mangels
et al. 2002), speed of processing (Bashore and Ridderinkhof
2002), episodic memory (Arenth et al. 2012; Palacios et al.
2013), and executive functions (Anderson and Knight 2010;
Kasahara et al. 2011; Kim et al. 2012; Leunissen et al. 2013;
Ord et al. 2010; Slovarp et al. 2012; Sozda et al. 2011),
including decision making (Wood and McHugh 2013) and
problem-solving (Cazalis et al. 2006). At the level of the brain,
damage to temporal and frontal lobes is common (for a review
see Bigler and Maxwell 2011), as well as reduced integrity of
white matter structures such as the corpus callosum (Arenth
et al. 2013). Also, TBI patients experience loss of total brain
volume and widespread discrete volume losses in cortical and
subcortical areas, (Farbota et al. 2012b; Ross 2011; Sidaros
et al. 2009). As with older adults (Cabeza 2002), TBI patients
also experience reductions in functional asymmetries during
cognitive tasks (Turner et al. 2011). At the neural level, TBI is
associated with death of mature neurons in the dentate gyrus of
the hippocampus as well as degeneration of dendritic spines
and branches, and synapses (Gao et al. 2011; Scheff et al.
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Fig. 1 Depiction of framework in context of TBI, showing neurodegeneration in chronic TBI secondary to negative learning/neuroplasticity.
Figure adapted from Mahncke et al. (2006a), employing elements of the
International Classification of Functioning, Disability and Health framework (World Health Organization 2013). Arrows between boxes (and
within the “Changes in Brain Structure/Function” box) indicate postulated direction of causal influence, with solid arrows indicating direct

influence and dashed arrow indicating modulator variables. In this
adapted framework, various behavioural impairments caused by TBI
result in deleterious changes in functioning and participation. As a result,
negative learning creates negative neuroplastic brain changes resulting in
neurodegeneration, which feed back to worsen behavioural impairments.
Environmental and personal factors are posited to modulate the impact of
changes in functioning on participation

2005). Many of these changes underlie impairments in memory
and learning after TBI (Gao et al. 2011).
Similar to aging, TBI patients show losses to sensoryperceptual functioning (Greenwald et al. 2012), and in
the chronic stages of injury, extended, if not permanent,
reductions in EE (e.g., loss of therapies without resumption of employment and/or leisure activities) and consequent reductions in cognitive stimulation (Frasca et al.
2013).
The interest in extrapolating this framework to TBI stems
from the growing evidence for decline in the chronic stages of
injury, the causes of which may be related to the causes of
decline in aging. In this section we discuss evidence for
Mahncke and colleagues’ (Mahncke et al. 2006a) factors that
are purported to precipitate negative neuroplasticity and hence
neurodegeneration in the chronic stage of TBI. We couch this
discussion in a preliminary version of a framework that we
have adapted slightly from the original, for use with the
chronic TBI population (see Fig. 1). The revisions take into
consideration the Mahncke et al. (2006a) factors in the context of
other factors relevant to TBI. As such, we view the Mahncke

et al. (2006a) factors as a part of a more expansive picture of the
variables that lead to negative neuroplasticity and neurodegeneration in chronic moderate-severe TBI. We focus on the Mahncke
et al. (2006a) factors, however, as they target processes that are
likely to be modifiable through intervention. We have also
incorporated components of the International Classification of
Functioning, Disability and Health (World Health Organization
2013) framework for ease of comparison with other studies.
Reduced Schedules of Activity: Disuse
TBI patients and their caregivers often report that the transition from rehabilitation to home is characterized by increased
idle time, boredom, and little-to-no engagement in meaningful
activities (Turner et al. 2009; Turner et al. 2007; Frasca et al.
2013). Moreover, TBI survivors experience disconnection
from former professional and social networks (for a review
in TBI see Morton and Wehman 1995) thereby affecting
vocational and social schedules of activity. TBI patients are
often less socially engaged, feel socially isolated and lonely,
and may not be able to resume their previously challenging
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work activities (Bulinski 2010; Morton and Wehman 1995)
forcing a complete retirement or a drastic reduction from their
pre-injury type and level of employment (Green et al. 2008).
Declines in community integration are also common. One
study tracked scores on the Community Integration Questionnaire over a 36 month post-injury period in moderate to severe
patients. Although home integration returned to pre-injury
levels, both social integration and productivity remained lower than pre-injury levels (Willemse-van Son et al. 2009).
Moreover, low-income individuals were found to be especially susceptible to poor social integration after TBI (Sander et al.
2009), and physical barriers (e.g., accessibility) and poor
communication skills served to compound already reduced
community and social integration (Fleming et al. 2013;
Struchen et al. 2011). In addition, participation in leisure
activities is found to be reduced after TBI, and with associated
increases in television watching (Bier et al. 2009). One of the
causes cited for this pattern is difficulty securing transportation, which is a known barrier to leisure participation (Bier
et al. 2009). Wise et al. (2010) reported that after 1 year postinjury, 81 % of TBI patients had reduced frequency of participation in leisure activities relative to pre-injury levels. Patients were most likely to experience reductions in the frequency with which they attended social activities and participated in sports, whereas television watching was most likely
to be added to their repertoire of activities.
Reduced schedules of activity in moderate to severe TBI
patients have been shown to be associated with poorer neural
outcomes. For example, a study in our lab (Miller et al. 2013)
found a negative correlation between TBI patients’ level of
self-reported daily activities (indicative of EE) at 5 months
post-injury and atrophy of the hippocampi bilaterally from 5
to 28 months post-injury.
Hence, a number of lines of evidence support the contention that TBI patients experience reduced schedules of activity. Moreover, there is some early evidence that reduced
schedules of activity may contribute to the negative
neuroplasticity that gives rise to observed atrophy in chronic
TBI. Importantly, one of the environmental factors cited as a
barrier to participation (and hence a potential moderator of
negative learning)—difficulty securing transportation—represents a potentially modifiable factor.
Noisy Processing
TBI patients can experience simultaneous deficits in both
vision and hearing (Lew et al. 2010). A recent review by
Greenwald et al. (2012) reported that blurred vision, double
vision, visual field defects, reading difficulties, light sensitivity, and colour blindness were common visual impairments
caused by TBI, and traumatic photosensitivity has been observed even in mild TBI populations recently, with early
evidence of prevalent and enduring symptoms (Truong et al.
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2014; Capó-Aponte et al. 2012; Goodrich et al. 2013) selfreported after 1 year post-injury. TBI patients may also experience deficits in hearing (Koshimori et al. 2009), with magnitude of deficits positively correlating with injury severity,
particularly for high frequency sounds (Munjal et al. 2010).
One study of veterans who had sustained (non-blast induced)
TBI found that 44 % of patients self-reported hearing loss and
18 % complained of tinnitus (Lew et al. 2007).
Recent research has begun to demonstrate a link between
changes in hearing and changes in the brain. For instance, Tate
et al. (2014) found evidence of cortical thinning in the left
superior temporal and frontal gyri in service members who
had sustained a blast-induced mild TBI, compared to age- and
gender-matched service members who had also been deployed; service members with blast-induced TBI were also
found to have high rates of hearing disorders such as tinnitus
(46 % of sample), and 85 % of the sample had at least one
clinically significant hearing disorder, as verified by retrospective audiology reports (Tate et al. 2014).
Moreover, post-injury changes in hearing, such as
hyperacusis (Capó-Aponte et al. 2012) can negatively impact
engagement and participation in everyday activities for TBI
patients. For example, Landon et al. (2012) described the
phenomenological experiences of six TBI patients (mostly
moderate-severe) who reported sensitivity to sounds, and
found that a common theme was that patients avoided previously agreeable activities, such as going to a concert, church,
or to a bar with friends, because of their aversion to loud
sounds. Such findings offer support for a causal relationship
between behavioral impairments (i.e., sensory-perceptual) and
changes in participation in TBI.
Furthermore, these deficits may contribute to poor performance on cognitive tasks. For instance, Kim et al. (2012) used
perfusion functional magnetic resonance imaging (fMRI) to
examine cerebral blood flow during performance of attention
and executive function tasks in moderate to severe TBI patients and healthy controls. TBI patients activated the occipital
cortex bilaterally and left superior temporal cortex to a greater
extent than controls, whereas these sensory areas were less
perfused at rest compared to controls. As patients performed
more poorly on the executive task than controls, the authors
concluded that this pattern of activation may point to a contribution of sensory processing deficits to reduced cognitive
task performance (Kim et al. 2012).
Thus, there is evidence for a range of impairments to
sensory processing in moderate to severe TBI, and at least
modest evidence that such changes influence cognitive processing. Directly relevant to the negative neuroplasticity
framework are the findings that perceptual deficits such as
hyperacusis and photosensitivity may lead to withdrawal from
everyday activities and reduced participation. TBI-specific
interventions to ameliorate sensory-perceptual deficits have
yet to be reported. However, treatments utilized in non-TBI
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populations may have application (Anderson et al. 2013), and
again, may serve to modify engagement and participation,
with potential reductions in downstream negative learning
and negative neuroplasticity.

Weakened Neuromodulatory Control
Studies have examined the impact of TBI on dopamine,
acetylcholine, serotonin, and norepinephrine. Patients with
TBI (Bales et al. 2009) sustain changes in levels of dopamine,
which have been linked with changes in certain cognitive
abilities such as learning. Treatment with DA agonists (central
nervous system stimulants such as methylphenidate as well as
non-stimulant agonists) has been shown to improve attention,
memory, and executive function in TBI patients (Writer and
Schillerstrom 2009), and spatial memory performance in animal models of severe TBI (Rau et al. 2012). Treatment with
the dopamine agonist amantadine also benefitted post-injury
outcomes, specifically by increasing arousal in the acute phase
of injury (Wheaton et al. 2009).
Acetylcholine dysregulation is also linked with cognitive
impairment in TBI. Cholinergic nuclei in the brainstem and
forebrain are susceptible to damage sustained from TBI
(Arciniegas 2011a), and basal forebrain neurons are known
to undergo degeneration as a result of TBI (Schliebs and
Arendt 2011). Specifically, it is postulated that deficits in
attention, memory, and executive functions such as working
memory result from both acute stage increases and post-acute
stage decreases in acetylcholine in the brain, based on studies
that have assessed levels of acetylcholine with cerebrospinal
fluid sampling as well as post-mortem analysis of TBI patients
with severe injury (Arciniegas 2011b).
Decreased levels of serotonin have been observed after TBI
(Writer and Schillerstrom 2009). However, few studies have
found evidence for the efficacy of drugs that act on the
serotonergic system to treat TBI-related cognitive deficits in
humans (Banos et al. 2010), such as selective serotonin reuptake inhibitors, in contrast to findings in animal models of
TBI, where research points to a positive effect of serotonin
receptor agonist administration on spatial learning and memory after injury (Kline et al. 2012). There is also some evidence of the role of norepinephrine dysregulation in executive
function (working memory) deficits in TBI (Kobori et al.
2011).
Taken together, these results show that weakened
neuromodulatory control is observed after moderate to severe
TBI. Importantly, some advances have been made in improving neuromodulatory function, which could ultimately serve
to diminish some of the deleterious effects of compromised
neuromodulation in chronic TBI; this, in turn, might help to
offset negative neuroplastic change and neurodegenerative
losses in this population.
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Negative Learning
As described above, TBI patients show reduced schedules of
activity, deficits in sensory-perceptual processing that appear
to interfere with cognitive functioning, and reduced
neuromodulatory control. There is also some evidence for
negative learning, that is, the bias towards simpler and more
habitual cognitive processes at the expense of complex
processing.
One relevant study examined performance of young
adults with mild to severe TBI (a mean of 6 years postinjury) on a word recognition task in which participants
were asked to judge whether words had been presented in
a previously seen list, or were “new” words (Ozen et al.
2010). TBI patients were more susceptible to falsely recognizing familiar distractor words; these findings may be attributable to an increased reliance on the processing of
familiar information as well as to preserved remote/
autobiographical memory function in the context of impaired anterograde functions. Similarly, Arenth et al.
(2012) administered a recall test (California Verbal
Learning Test-II) to TBI patients and healthy controls and
found that, in addition to displaying reduced recall of words
compared to controls, TBI patients showed less evidence of
using semantic clustering (considered to involve executive
control functions) to retrieve words. As patients did not
differ from controls in terms of use of serial clustering
(considered an implicit strategy), the findings suggest a
reliance on less effortful cognitive strategies in TBI (Arenth
et al. 2012). These findings suggest that cognitive impairments may render various forms of more effortful processing
either less effective or disproportionately difficult; either
way, they are consequently avoided, and replaced where
possible with simpler, less effortful mental processes.
As in the older adult literature, there is currently a paucity
of direct evidence showing that negative learning leads to
neuroplastic changes in the brain; to date, the finding that less
self-reported EE is associated with greater hippocampal atrophy offers some preliminary support for this speculation
(Miller et al. 2013).

Potential Neural Mechanisms of Environmental
Impoverishment, Negative Learning, and Neuroplastic
Change
A number of neural mechanisms have been linked with
neuroplastic changes that result from differential exposure
to an enriched vs. impoverished environment. It logically
follows that the same mechanisms that are involved in
neuroplastic changes leading to desirable neural and cognitive outcomes under conditions of an enriched
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environment may be involved in negative neuroplastic
changes associated with a dearth of such exposure. In this
section, we outline a number of potential mechanisms that
may underlie negative neuroplastic change.
Neuroplastic changes may arise through neurogenesis,
particularly in the hippocampus. There is evidence in
animals that thousands of neurons are generated daily in
the adult hippocampus (see Shors et al. 2012 for a review). These “immature” neurons show greater mobility of
spines (Toni et al. 2007) and are more likely to be
integrated into neural circuits in the dentate gyrus of the
hippocampus that underlies spatial memory, compared to
mature neurons (Kee et al. 2007). Most relevant to the
negative neuroplasticity framework, is the mounting evidence that degree of behavioural stimulation can either
enhance or undermine the survivorship of newly generated
neurons, as well as their integration into existing neuronal
networks —a case of “use it or lose it” (Shors et al.
2012). Hippocampal volume loss in the chronic stages of
moderate-severe TBI may be attributable to reduced proliferation or maintenance of newly generated neurons (in
addition to losses of existing neuropil or cell-bodies in the
hippocampus); thus, the findings of a relationship between
behaviour and the survival of new hippocampal neurons—
described below—provides support for a relationship between negative neuroplasticity and chronic stage hippocampal volume losses.
Accumulating studies indicate that new, complicated and
challenging learning (as measured by number of trials to reach
asymptote for example) results in greater maintenance of new
hippocampal cells, whereas exposure to simple tasks in which
learning does not occur does not result in enhanced maintenance (Curlik and Shors 2011; Dalla et al. 2007; Waddell and
Shors 2008). For instance, survival of new neurons is enhanced in animals that take more trials to learn a trace
conditioned eye-blink response, but do eventually learn the
response (indicative of task challenge), as compared with
animals who learn the task in a fewer number of trials (lesser
challenge) or those animals who fail to learn the response
(Curlik and Shors 2011; Dalla et al. 2007; Sisti et al. 2007).
What is more, newly formed neurons that do not integrate
into existing neural networks undergo apoptotic cell death,
whereas neurons that make connections with surrounding
networks through axonal sprouting are prevented from this
fate by neurotrophic factors (Nicholson 2009). Thus, engagement in challenging cognitive tasks is one way in which death
of newly formed neurons can be prevented. These findings
suggest that in chronic TBI, negative learning – with reliance
on more simple, routinized behaviours – may play a role in
hippocampal volume losses. Here, negative learning may lead
to reduced survival of new neurons, completing a vicious
cycle in which ongoing new learning is increasingly
hampered.
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Environmental Enrichment provides Opportunities
for Intervention
EE confers a wide range of benefits to the brain. The cortex of
rodents exposed to enriched environments during young
adulthood show increased levels of neurotrophic factors and
higher expression of genes controlling neuronal signalling/
growth, RNA, and protein synthesis (Rampon et al. 2000a;
Torasdotter et al. 1998, 1996). Also, enriched environments
and new learning have been shown to increase neuropil in the
cortex (Wallace et al. 2011), and result in structural changes in
the dentate gyrus, cingulate cortex and corpus callosum
(Blumenfeld-Katzir et al. 2011). These animal findings support
the use of this apparently benign behavioural approach to
enhance brain health/function in TBI.
More directly relevant to the current framework and the
impact on neurodegeneration, EE has also been shown to offset
the effects of a damaged hippocampus (for a review see Frick
and Benoit 2010). For example, a study on mice with a deleted
gene for N-methyl-D-aspartate receptor 1 subunit in the hippocampus CA1 region demonstrated that 3 h of enrichment a day
for 2 months reduced the knock-out induced deficits. Specifically, the mice showed improved object recognition, improvements in learning a contextual fear response, and improved
olfactory discrimination memory (Rampon et al. 2000b).
Such results, and many others, suggest that EE might have
utility for breaking the downward spiral of negative
neuroplastic change, by increasing participation and thereby
preventing negative learning.

Conclusions, Rehabilitation Implications, and Future
Directions
The current paper argues that the Mahncke et al. (2006a, b)
framework for aging related decline can be extrapolated to
TBI, with the possibility that disuse-mediated negative
neuroplastic change may underlie cognitive and neural declines associated in chronic stage TBI. Based on the negative
neuroplasticity framework for older adults (Mahncke et al.
2006a, b), we outlined evidence for each of their factors in the
moderate to severe TBI population. In this adapted provisional
framework, we suggest that reduced schedules of activity and
declines in sensory-perceptual and neuromodulatory function
may combine to promote reliance on simpler cognitive processing leading to a reduced capacity to perform complex
tasks at a high level in both of these populations (i.e., negative
learning). We suggest that this downward spiral of negative
neuroplastic change resulting in disuse of previously healthy
neural structures may be a contributing factor to accelerated
aging (Bigler 2013b), atrophy and white matter alterations that
are observed in the chronic stages of moderate-severe TBI
(Green et al. 2014; Adnan et al. 2013).
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In extrapolating from the older adult framework to
moderate-severe TBI, we note a rehabilitation-relevant caveat.
Mahncke et al. (Mahncke et al. 2006a, b) postulate that the
detrimental behavioural effects of negative neuroplasticity in
part result from routinization of everyday activities. In TBI, as
discussed by Frasca et al. (2013), there is evidence that establishment of daily routines actually increases the amount of
social and cognitive activities in which TBI patients can
engage. It may be that older adults spontaneously establish
predictable routines that lack cognitive challenge, and so need
to vary daily activities to provide challenge, whereas TBI
patients require predictable routines, between which are stimulating and varied cognitive activities.
A strong implication of the concepts discussed in this paper
is that neurorehabilitative efforts should be modified to (1)
emphasize EE and, (2) continue into the chronic stage of
injury. This stands in contrast to the standard of care, which
emphasizes delivery of rehabilitation in the acute and subacute stages post-injury. The standard of care may be both
theoretically and practically based. The findings of neurodegeneration are relatively new, and hence offsetting neurodegeneration is not yet a target of neurorehabilitation. Indeed,
there may be a tacit assumption that early recovery gains are
maintained into the chronic stages of injury given that many
recovery studies—particularly those using group rather than
frequency data—present recovery as asymptotic rather than
quadratic, due in part to measurements within the first year of
functioning only (Christensen et al. 2008). There is also an
assumption of a therapeutic window, analogous to the critical
periods, whereby therapy is considered to be most important
during the period of spontaneous recovery (León-Carrión
et al. 2013). These above issues, coupled with (i) limited
financial resources of healthcare systems, and (ii) relatively
greater clinical management issues during the acute and subacute stages of injury (e.g., wandering; aggression) that
protected clinical environments can better handle than family
caregivers, may also contribute to the emphasis on early stage
rehabilitation at the expense of chronic stage needs.
Regarding the specific goals of therapies used in rehabilitation for TBI, the negative neuroplasticity framework reveals
targets for intervention at multiple time points, and emphasizes the importance of engagement in enriched environments.
An additional strength of the negative neuroplasticity framework is that it highlights the relationships between behavioural impairments, including altered sensory/perceptual processes, and environmental engagement. This again highlights new
targets for intervention. For example, remediation of TBIinduced hearing loss might result in greater fidelity of auditory
representations, resulting in greater engagement in day-to-day
life. The framework also speaks to the need for a multi-faceted
approach to treating TBI, and in particular the need for approaches that avert or remediate negative neuroplastic changes/neurodegeneration. For example, interventions might
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emphasize treatment of the primary impairments of TBI
(e.g., cognitive, sensory-perceptual, mood and physical functioning), but should utilize creative approaches to incorporate
the active ingredients of EE, including intensive and continuously novel, challenging and engaging activities. This would
ideally entail attunement of rehabilitation programs/therapists
to approaches to offsetting the moderators of reduced participation discussed (e.g., lack of transportation to stimulating
environments). The development of more tele-therapy approaches, especially group-based ones that confer social stimulation, might be helpful in this regard.
We note that there are important gaps in empirical support
for aspects of this preliminary framework. For instance, the
idea that an increased reliance on familiar and routine behaviours leads to attenuated activity in brain networks that were
previously engaged in complex cognitive activities has not
been directly tested in TBI patients. As well, there are factors
that may have a direct influence on brain structure and function in the chronic stages of injury, such as depression, anxiety, stress and neuroinflammation, which are not moderated
through negative learning or negative neuroplasticity. As these
are particularly relevant to TBI patients (Dikmen et al. 2004;
Hart et al. 2012; Gould et al. 2011; Arundine et al. 2012) it
may be prudent to address, for example, psychological disorders that are associated with reduced activity levels (i.e.,
depression) in tandem with encouraging increased cognitive
stimulation.

How the Negative Neuroplasticity Framework Can Guide
Future Research Efforts Into Neurodegeneration
and Treatment in TBI
As described above, there are empirical gaps in this preliminary framework. Future longitudinal research is needed to
investigate the degree to which increased reliance on simpler
modes of cognitive processing (e.g., less effortful strategies,
disproportionate use of familiar or existing autobiographical
knowledge) is associated with degree of subsequent cognitive
or neural decline. For instance, relations between strategy use
(simple vs. complex) in memory tasks and changes in brain
volume or white matter integrity could be examined.
Concerning the causal relation between negative
neuroplastic change and neural atrophy in chronic TBI that
is proposed in the negative neuroplasticity framework, a
follow-up study to Miller et al. (2013) would be of value.
Here, we found that hippocampal atrophy was negatively
associated with self-reported EE. A prospective, longitudinal
study, in which levels and type of EE are manipulated (e.g.,
cognitive, social and physical; EE targeted to specific cognitive impairments vs. more “generic” EE programs such as
computerized brain games), would help to identify the causal
contributions of EE. Here, pre-post quantitative magnetic
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resonance imaging (MRI) of the hippocampi would be elucidating; visualization of the dentate gyrus (on 7 T structural
MRI, for example) would help to discriminate between the
respective contributions of actual cell death, losses to the
neuropil (Kerchner et al. 2013), and reduced neurogenesis as
contributors to activity-dependent hippocampal volume losses
in chronic TBI. Functional imaging measures (e.g., longitudinal functional connectivity changes) may provide earlier and
more sensitive responses to EE manipulations, as would a
diffusion tensor imaging examination of white matter
integrity.
A fine-grained time-course of study could allow for temporal
relationships between changes in white vs. grey matter to be
revealed, and their relationship to EE manipulations. For any
study, a randomized control design with an activity control group
is optimal, along with control for depression and stress given the
known impact of both on the hippocampi (Fotuhi et al. 2012).
As previous studies have largely relied on self-reported
activity levels, it would be of high value to examine the effects
of interventions that specifically provide continuously novel,
complex and intensive cognitive activities on brain changes,
in comparison with active control conditions, such as used in
studies of older adults (Park et al. 2014). In the perceptual
domain, pre-post effects of auditory training programs (e.g.,
Anderson et al. 2013) in TBI on changes in auditory cortex
function/volume and in hearing ability could be examined.
Future studies could also seek to clarify the neural basis of
training-related improvements in cognitive function in TBI
patients to determine whether cognitive training/cognitive
rehabilitation programs can encourage neurogenesis and reactivate neurons/networks vulnerable to atrophy through disuse. Given that neurogenesis in the hippocampus may be
spurred by challenging learning tasks (Shors et al. 2012), a
protocol that is continually novel and challenging may also
spur neurogenesis in chronic stage TBI patients. This type of
protocol may also help to maintain neurons spared by injury,
alleviating effects of negative neuroplasticity that may have
occurred. For instance, new neurons that survive because of
cognitive training may become integrated into existing neural
networks, thereby supporting and improving neuronal function,
which could support further development of cognitive abilities.
Such alterations may manifest as changes in task-related functional neural networks—as assessed by fMRI—that mimic
more closely those of healthy individuals. They may also
manifest as growth or relative preservation of brain areas associated with the specific tasks being trained (e.g., preservation of
hippocampal volume as a result of memory training programs).

Conclusions
We conclude that the Mahncke et al. (2006a, b) framework
developed for older adults has value for the chronic TBI
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population. The adaptation of the older adult framework that
we present offers testable hypotheses, and ideas for novel
points of intervention for clinicians that may help to offset a
downward neurological course of chronic moderate-severe
TBI. Given the prevalence of patients suffering in the chronic
stages of injury, and the relatively limited attention paid to this
population, this adapted preliminary framework may prove
useful by encouraging ongoing research that is specific to
chronic TBI.
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