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Abstract

A frequent consequence of traumatic brain injury (TBI) is a significant reduction in patients’ cerebral activation/arousal,
which clinicians agree is not conducive to optimal rehabilitation outcomes. In the context of paediatric rehabilitation,
sustained periods of inactivity are particularly undesirable, as contemporary research has increasingly called into question
the Kennard principle that youth inherently promotes greater neural plasticity and functional recovery following TBI.
Therefore, the onus to create rehabilitation conditions most conducive to harnessing plasticity falls squarely on the
shoulders of clinicians. Having noted the efficacy of environmental enrichment in promoting neural plasticity and positive
functional outcomes in the animal literature, some researchers have suggested that the emerging technology of Virtual
Reality (VR) could provide the means to increase patients’ cerebral activation levels via the use of enriched Virtual
Environments (VEs). However, 10 years on, this intuitively appealing concept has received almost no attention from
researchers and clinicians alike. This paper overviews recent research on the benefits of enriched environments in the
injured brain and identifies the potential and challenges associated with implementing VR-based enrichment in paediatric
neuropsychological rehabilitation.
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Introduction study informing the viewpoint that ‘younger is better’
in the recovery from brain injury. Proponents of
the ‘Kennard principle’, as it became known,
suggested that the developing nervous system has
a greater capacity for plasticity than the fully devel-
oped nervous system. This principle received support
from a number of lines of evidence, for example,
studies of children who had undergone neurosurgery
to relieve intractable epilepsy [4] in addition to a
selection of clinical studies [5].

The Kennard principle remains a pervasive influ-
ence in the prognosis of medical practitioners [6],

TBI has been acknowledged as the most common
cause of death and disability in childhood [1].
The reported incidence of TBI in children varies
between 1-300 per 100000 of the population [2].
Establishing more precise figures is problematical
owing to differences in the definition of TBI and the
age ranges included in estimates. Hawley et al. [1]
conducted a 10-year population-based study of
children 0-15 years admitted to a UK hospital for
a period of more than 24 hours with a TBI and
arrived at an overall figure of 280 children per

100000 of the UK population. is a commonly held view by many lawyers dealing

Uncertainty about the prevalence of brain injury with cases of children with TBI and often influences
in childhood is matched by uncertainty concerning the determination of the level of financial compensa-
the effect of age on recovery from TBI. Kennard [3] tion [7]. However, research over the last two decades
demonstrated superior initial recovery in neonate has increasingly failed to support the Kennard
monkeys over adult monkeys following surgically- principle and, in many instances, indicated that
induced lesions to the motor and pre-motor cortex. brain injury in early life can be more damaging;
This research is commonly cited as the watershed increasing vulnerability to residual cognitive and
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functional deficits in both animals [8] and
humans [9]. Developmental neuropsychologists
argue that a prognosis based on the age of a child
at the time of injury is too simplistic and does
not take account of factors such as: cognitive devel-
opment at the time of the injury; functional
development of the site of the injury; and develop-
mental milestones yet to be achieved. The interested
reader is directed to Gil [10] for a comprehensive
account of the shift from the Kennard principle
to a developmental perspective. The implications of
this shift for clinicians has been succinctly summar-
ized by Anderson et al. [9]:

Contrary to traditional views, young children who
sustain severe TBI in early childhood or moderate or
severe TBI in infancy may be particularly vulnerable
to significant residual cognitive impairment. From a
clinical perspective, results indicate that long-term
follow-up monitoring and management should be
targeted to this high-risk group (p. 1374).

Put simply, if youth alone cannot be relied upon as
an aid to plasticity, then it is imperative that
clinicians devise innovative and effective interven-
tions that will promote optimal recovery from TBI in
childhood. One such possible intervention involves
the utilization of VR technology.

The use of VR in neuropsychological rehabilitation
has been advocated on many occasions over the last
decade [11, 12]. VR has been usefully defined as:

An advanced form of human-computer interface that
allows the user to interact with, and become immersed,
in a computer-generated environment in a naturalistic
fashion ([11], p. 299).

A decade ago, Rose et al. [13] identified a large body
of literature on the positive effects of environmental
enrichment on plasticity and functional recovery in
the damaged animal brain. They pointed out that
VR had the clear potential to provide enriched
environments for humans following a brain injury,
arguing that it could offset the severe reductions in
the quantity and quality of environmental interac-
tions and associated declines in cerebral arousal/
activation that often result from hospitalization [14].

The intervening 10 years have been characterized
by researchers expending considerable effort in
identifying the characteristics or ‘assets’ of VR that
make it particularly amenable to neuropsychological
assessment and rehabilitation [11]. However, the use
of virtual enriched environments has received no
serious attention from researchers, despite an accel-
eration in the number of articles published on
enrichment since 1999 [15]. The research commu-
nity appears to have overlooked what might be VR’s
greatest asset for neuropsychological rehabilitation.
This paper overviews contemporary research on the
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effects of environmental enrichment and examines
the amenability of VR to generate enriched environ-
ments. The challenges facing the use of VR based
enrichment for use in paediatric neuropsychological
rehabilitation are then considered.

VR and neuropsychological rehabilitation

The last decade has been an enormously exciting
time for neuropsychological VR applications.
Research in the late 1990s began tentatively with
attempts to establish whether the effects of interac-
tion with real and virtual environments were func-
tionally equivalent at a neuropsychological level,
using evidence gained from brain imaging technol-
ogy [16, 17]; electrophysiological studies [18] and
transfer of training paradigms [19]. Research has
now evolved to a point where VR is regarded as an
invaluable tool in examining the neural correlates of
everyday cognition in the injured and intact brain.
Indeed, a variety of studies have used VR in conjunc-
tion with brain imaging technology to investigate
topics as diverse as: spatial memory [20, 21];
postural responses to visual field motion [22]; VR~
induced analgesia [23]; and cue-induced smoking
craving [24]. Moreover, the combination of VR and
fMRI generates the exciting possibility of monitoring
the effects of exposure to rehabilitation in virtual
environments on the injured brain [25, 26].

Research involving comparisons between virtual
and real world based interventions and bench-
marking the effectiveness of VR interventions in
the real world has progressed significantly over the
last 10 years. Some recent examples of domains of
neuropsychological assessment and rehabilitation
that have utilized VR are listed in Table 1.

Yen and Wong [27] pointed out that rigorous
research involving children and adolescents with
TBI is still relatively scarce. The same is true to an
even greater extent in VR-based research: applica-
tions of VR to paediatric neuropsychological rehabi-
litation have yet to address TBI. However, promising
VR interventions have been reported for children

Table I. Domains of application of VR within
neuropsychological assessment and rehabilitation.

Application of VR References
Attention [30, 67]
Visual neglect [68, 69]
Memory [70-72]
Spatial navigation [73, 74]
Executive functioning [75, 76]
Motor skills [77, 78]

Instrumental activities [79]
of daily living (IADLs)
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with brain damage of a genetic, developmental or
teratogenic origin. A full review of this research is
beyond the scope of this paper. However, some
contemporary examples are listed in Table II.

Research involving VR and paediatric populations
to date has indicated that the characteristics of VR
that have empowered research in impaired adult
populations have equal, if not greater, utility in
the brain-injured child. For example, VEs can be
orientated to provide gaming elements to increase
patient motivation and compliance. Padgett et al.
[28] reported positive results when using a VR game
to teach children with Foetal Alcohol Syndrome
(FAS) fire safety skills. Research has also pointed to
VR’s capacity to ameliorate children’s experience of
aversive stimuli and reduce anxiety levels [29]. The
degree of stimulus control and sensitivity of mon-
itoring afforded by VR is also a significant advantage
when examining subtle behaviours, such as head
movements in children with ADHD [30].

However, despite the valuable contributions made
by the above research, a more fundamental problem
with conventional neuropsychological rehabilitation
remains unresolved. Following a brain injury,
patients experience significant reductions in cerebral
activation/arousal. De Wit et al. [14] reviewed the
amount of time spent by stroke patients in formal
therapy across four rehabilitation centres within
Europe and concluded:

Patients spent a large amount of the day in their rooms,
inactive, and without any interaction (p. 1983).

The UK fared particularly badly, with patients
spending, on average, only 1 hour per day in
rehabilitation and, despite an open access environ-
ment, less than 11 minutes per day interacting with
other patients. This is broadly in line with earlier
European research [31-33]. The resultant lack of
cerebral arousal/activation is far from a trivial issue:
Grealy and Heffernan [34] commented that many
patients with a brain injury have levels of cerebral
activation so low that their ability to concentrate is
impaired and their threshold for fatigue is dimin-
ished. Low levels of cerebral activation have also
been associated with impaired allocation of atten-
tional resources, which Schmitter-Edgecombe [35]
suggested may be a principle cause of cognitive

Table II. Examples of research involving VR in
paediatric neuropsychological rehabilitation.

Application of VR References
Autism [80, 81]
Cerebral Palsy [25, 82]
Downs Syndrome [83]
FAS (28]

deficits following a brain injury. Grealy and
Heffernan [34] argue that:

Improving levels of cerebral activation is likely to
be fundamental challenge in any rehabilitation pro-
gramme (p. 43).

Their argument resonates with that of Von
Steinbuchel and Poppel [36], who identified four
domains of rehabilitation: restitution, substitution,
activation and integration. In respect of the activa-
tion domain, Steinbuchel and Poppel pointed to the
deleterious effects of low levels of activation on
motivation, fatigue and mental processing speed.
They went on to suggest that appropriate levels of
cerebral activation are likely to be a prerequisite of
successful therapeutic interventions. Both Grealy
and Heffernan [34] and Von Steinbuchel and Poppel
[36] identify environmental enrichment as a means
of improving levels of activation.

Environmental enrichment: Effects on the
intact and injured brain

At this point, it is prudent to define what is meant by
the term ‘environmental enrichment’ within the
scope of this paper. The research of Hebb [37] is
often cited as the genesis of contemporary work on
environmental enrichment. Will et al. [38] adapted
the definition provided by Hebb, describing envir-
onmental enrichment as:

Environmental conditions (EC) which, in comparison
to standard housing conditions (SC), provide enhanced
possibilities of physical and social stimulation and/or
interaction (p. 168).

The majority of the enrichment research has been
conducted on laboratory rats; this is reflected in the
focus of the studies reviewed here. Furthermore,
with a few exceptions for works of historical
significance, the following will focus exclusively on
research conducted after the publication of Rose
et al. [13], i.e. in the last decade.

The research of Rosenzweig et al. [39] is
frequently credited as the template for the environ-
mental enrichment conditions that have been
adopted in subsequent research involving rats.
Typically, enriched environments will consist of a
group of rats occupying large containers featuring
items that provide multi-sensory stimulation, e.g.
blocks of wood, plastic tubes, table tennis balls, tin
cans and so forth. Furthermore, the experimenter
will often manipulate the presence and position of
such stimuli according to a pre-determined agenda.
In contrast, standard housing conditions usually
involve a smaller group of rats being kept in smaller
cages without such items. Impoverished conditions
generally involve rats being housed individually in
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even smaller cages that also feature no stimulating
items. There is, however, no generally adopted
standardized protocol for enriched, standard and
impoverished housing conditions, nor general agree-
ment as to what environmental enrichment protocol
is most conducive with enhancing brain function and
promoting recovery from injury. However, some
authors have offered guidelines [40].

The debate concerning what constitutes an
enriched environment was precipitated by research
indicating that rats housed in standard laboratory
conditions sometimes exhibited abnormal beha-
viours [41, 42]. This led some researchers to
question whether standard housing conditions were
not, in point of fact, more akin to conditions of
environmental impoverishment. Obviously, were
this to be the case, it would render comparisons of
animals kept in such conditions with animals kept
in enriched conditions problematical. Wiirbel and
Garner [43] have argued for the distinction between:

Enrichment as an experimental variable (meaning
adding inanimate and/or social stimuli to the environ-
ment) and beneficial enrichment for cases where
enrichment results in improved animal welfare. This
distinction is also relevant with respect to the effects of
environmental enrichment on the validity of animal
experiments. It is clear that a putative enrichment that
induces chronic stress is not only detrimental to animal
welfare, but also to the validity of experiments with
these animals (p. 4).

Wolfer et al. [44] conducted a study to examine
whether beneficial enrichment could be performed
without a deleterious effect on the standardization of
enrichment protocols. They found that it produced
neither significant variation in behavioural test
measures over the 6-week period that the enrich-
ment was implemented, nor increased the risk of
conflicting results obtained from three replicate
studies from three different laboratories.

A further issue is that the concept of enrichment is
a composite of a number of elements, e.g. increased
exercise, sensory stimulation, learning/training
and social interaction. Relatively few studies have
attempted to elucidate the importance of each of
these components [45,46]. Broadly speaking, the
results of such investigations, whilst highlighting
the importance of learning, i.e. cognitive engage-
ment with the environment, have pointed to no one
single component being sufficient, but rather that:

The specific efficacy of EC, as compared to exercise or
training, may be induced not only by an additive effect
of its components, but also by the interaction of their
effects ([38], p. 177).

Putting the above conceptual and methodological
issues aside for a moment, what is clear is that from
its commencement in the 1960s [47, 48] research
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has consistently demonstrated marked beneficial
effects of environmental enrichment on the intact
cerebral cortex. Some examples of contemporary
research are provided in Table III.

During the last four decades, a large body of
research has also pointed to the increasing generality
of the effectiveness of environmental enrichment
in ameliorating the impairments associated with
a diverse range of different types of CNS injury.
Some examples of contemporary work are provided
in Table IV.

There is, therefore, copious evidence for the
potential benefits of environmental enrichment.
Indeed, commenting on the rehabilitation of brain
damage in human populations, Will et al. [38] state
that environmental enrichment is increasingly look-
ing like ‘a potential therapeutic tool of high efficacy
and low risk’ (p. 177).

Unfortunately, creating enriched enrichments for
humans in a clinical setting is highly problematic

Table III. Selection of research concerning the effect of environ-
mental enrichment at neurological and behavioural levels.

Effect of enrichment References
Neurological
Volume and length of dendritic spines [84, 85]
Synaptic strength, including long-term potentiation [86]
Neurogenesis [87, 88]
Neurotrophin levels, e.g. NGF, BDNF and NT-3 [89]
Modulation of the expression of glutamate [90, 91]
receptors and transporters, e.g. the AMPA
receptors and EAACI1 transporter
Behavioural
Learning and memory [84, 92-94]
Exploratory activity [95, 96]
Socio-positive and play behaviour [97]
Emotional behaviour and anxiety levels [54]

Table IV. Research concerning the effect of environmental
enrichment on the recovery from different types on CNS
damage*.

Type of CNS damage References

Brain damage of genetic/developmental origin

Fragile X Syndrome [98]
Huntingtons disease [99, 100]
Focal/global ischemia [57, 101]

Degenerative disease
Alzheimer’s disease [45]

Parkinson’s disease [102, 103]
Pharmacological or teratogenic origin [104, 105]
Spinal cord contusion [106]

*In summarizing research indicative of the generality of environ-
mental enrichment, the author classifies research by distinguish-
ing between different types of CNS damage, based on the useful
taxonomy of provided by Will et al. [38], but with emphasis on
animal models of CNS disorders of particular concern to humans.
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owing to practical constraints such as clinician time,
budgetary limitations and safety concerns. This
is where VR could make a very significant contri-
bution. In effect, if practical concerns mean that
clinicians cannot provide an environment conducive
with increased cerebral arousal/activation in the
real world, VR technology could provide such an
environment in the virtual world.

The initial challenge in devising enriched virtual
environments for humans is elucidating relevant
conceptual, methodological and practical issues
from the animal literature. Essentially researchers
need to ask: ‘what principles of enrichment can
be extracted from the animal literature and what
are their implications for enrichment research in
humans?’

Principles of enrichment and the assets
of VR

Using the animal based literature, Kleim and Jones
[49] outlined 10 principles that mediate the effec-
tiveness of experience-induced plasticity. They then
pointed to their implications for research involving
humans. Using these principles, the current authors
now elaborate on the practical issues associated with
providing enriched environments in the real world
and indicate how the assets of VR can overcome
these problems. This information is summarized
in Table V.

Enriched virtual environments: From
principle to practice, challenges and
research priorities

Table V indicates that VR is amenable to addressing
the principles of enrichment-induced plasticity
and clearly has the potential to produce enriched
environments. However, research is needed to
translate the potential into progress. In proposing
such research, it is necessary to take account of the
outcomes and conceptual/methodological issues that
have emerged from both the environmental enrich-
ment and VR literature. This information must
inform the design, implementation and subsequent
assessment of enriched virtual environments. The
review of the literature thus far poses a number of
challenges and suggests several priorities for
enriched virtual environment research for both
adult and paediatric populations.

First and foremost, there is the issue of
what constitutes an enriched environment.
Nithianantharajah and Hannan [50] point out that
the features that identify an enriched environment
in animal research have little to do with the richness
of human environments. However, any meaningful

research rests on the specification of parameters that
differentiate an enriched environment from a stan-
dard rehabilitation environment. Such a specifica-
tion, at this point in time, does not appear to be
forthcoming; understandable perhaps, given that the
animal literature has yet to reach an agreed defini-
tion or standardized specification for conditions of
enrichment.

In identifying what might constitute an enriched
environment for use with humans, it is appropriate
to start by reiterating the nature of the reductions
in environmental interaction that are likely to be
experienced by a patient undergoing brain injury
rehabilitation. Research suggests that patients often
endure long periods of inactivity sitting in their beds
or being asleep [14]. Indeed, it has been suggested
that there may be parallels between such periods
and conditions of environmental impoverishment in
rodent research [13], i.e. a small immediate envir-
onment, lack of physical exercise, social interaction
and stimulus conducive with multi-sensory engage-
ment. As such, perhaps it is not stretching credulity
too far to suggest that the factors that distinguish
enriched and standard environments in rodents also
constitute appropriate initial parameters for the
manipulation of enrichment in humans. The sig-
nificance of these factors within brain injury rehabi-
litation is not based on speculation. For example,
research has pointed to the importance of: physical
exercise and the utility of VR in this respect [51, 52];
social interaction [53]; and multi-sensory informa-
tion on the recovery of both motor and cognitive
functions [54, 55] in addition to cerebral reorganiza-
tion [56]. As noted in Table V, the characteristics of
VR are amenable to extensive manipulation of
ecologically valid environments, can utilize several
sensory modalities, provide automated rudimentary
social interaction or provide a forum for real time
social interaction (e.g. Second life) and exercise
strict control over stimulus presentation. However,
the manner in which these parameters are imple-
mented will obviously require considerable thought
from clinicians. It is, of course, likely that the
specification of an enriched environment will be
affected by the patients age; salience is a factor that
mediates enrichment-induced plasticity—what is
salient for adult populations may not be at all salient
for paediatric populations. Additional specification
changes may be required for different types of injury
in order to accommodate different levels of motor
function, for example.

In considering the specification of a virtual
enriched environment, it may be useful to turn to
the work of investigators who have already examined
the effect of VR-based rehabilitation programmes
on individuals with brain damage. You et al. [25]
utilized an IREX VR system, consisting of a video
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Table V. Principles of enrichment with potential contributions of VR.

Principle of enrichment induced
plasticity [49]

Examples of the problems associated
with addressing the principle in the
real world

The potential contribution of VR

Use It or Lose It—Failure to drive
specific brain functions can lead
to functional degradation [107]

Use It and Improve It—Training that
drives a specific brain function can

lead to an enhancement of that func-

tion [50]

Specificity—The nature of the training
experience dictates the nature of the
plasticity, e.g. self-taught compensa-
tory strategies [109]

Repetition—Induction of plasticity
requires sufficient repetition [112]

Intensity—Induction of plasticity requires

sufficient training intensity [114]

Time—Different forms of plasticity occur
at different times during training [115]

Salience—The training experience must
be sufficiently salient to induce plasti-

city [118]

Age—T'raining-induced plasticity occurs

more readily in younger brains [121]

Transference—Plasticity in response to
one training experience can enhance
the acquisition of similar behaviours
[122]

Interference—Plasticity in response to

one experience can interfere with the

acquisition of other behaviours [107]

Patients often spend a large part of their

days in rehabilitation, ‘in their rooms,
inactive, and without any interaction’
([14], p. 1983).

Constraints on clinician time, budgetary

limitations and safety concerns all
contribute.

Not all self-taught compensatory beha-

viours are helpful, some may under-
mine the efficacy of rehabilitation
efforts [110,111].

Intensive repetition is both time and

labour intensive for clinicians.
Problems with procedural and stimu-
lus consistency/reliability can occur
[113] which is disruptive where
intensive repetition is a requisite for
learning.

Optimal rehabilitation outcomes may

require early and protracted enrich-
ment to secure significant and durable
gains in functional outcomes [60,116].
Providing such an environment at
short notice and for extended periods
is problematical for practical reasons.

The most obvious way to increase sal-

iency is to make rehabilitation activ-
ities relevant to the patients’ everyday
functioning, However, this is proble-
matical for practical reasons.

Not all research points to enrichment

being beneficial to recovery from brain
injury in developing nervous systems,
e.g. Shieh et al. [58] found increases in
neuronal growth were not accompa-
nied by increases in functional
connections.

TMS can be used in conjunction with

rehabilitation techniques to harness
transference effects for specific func-
tional gains [107]. However, TMS is
not always practical in the rehabilita-
tion of everyday aspects of cognition
which are less amenable to being
conducted in the same clinical setting
as the TMS.

The timing of TMS appears to be critical.

It can also reduce cortical excitability
yielded by training.

VR has the capacity to simulate practi-

cally any real world environment, from
entire cities [108] right down to a
home environment [72]. It signifi-
cantly reduces or completely negates
many real world practical concerns.

The control afforded by VR can constrain

undesirable strategies, e.g. a patient
relying on the use of an unaffected
limb and refraining from attempting to
regain the function of the affected
limb.

Intensive repetition is not labour inten-

sive in VR, as interaction can be
automated. VR can precisely deliver
stimuli under very controlled condi-
tions without unintentional variations
between task repetitions.

VR can be used in conjunction with brain

scanning technology such as fMRI to
facilitate timely assessment of injury
and the effects of enrichment on
plasticity. VR can also be used to
provide tele-rehabilitation [117] which
allows rehabilitation to continue after
the patient has been discharged.

VR can simulate situations and tasks

characteristic of daily living, e.g. food
preparation [119] and shopping [120].

The extensive control and monitoring

afforded by VR could be critical in
elucidating the relative weighting of
the elements of an enriched environ-
ment in producing beneficial effects on
recovery and the optimal level/inten-
sity of these elements.

By creating virtual scenarios that repro-

duce conditions consistent with evok-
ing an aspect of everyday cognition
and integrating this with rehabilita-
tion, VR can easily address the
problems of using TMS in the
rehabilitation of behaviours that
would not be amenable to study

in the laboratory.

The control afforded by VR could

potentially make it easier to monitor
for interference effects and, in con-
junction with brain imaging technol-
ogy, assist in identifying their
neurological mechanism.

RIGHTS LI N Kdx



Dev Neurorehabil Downloaded from informahealthcare.com by Institut Regio Medecine Physique Readaptation on 06/11/10
For personal use only.

38 P R. Penn et al.

camera and cyber gloves used to track users arm
movements in real time and project them on a PC
monitor, which also superimposes virtual objects on
the display. Arm gestures in the real world are
represented as corresponding gestures in the virtual
world and such gestures are used to interact with
virtual objects. For example, one such virtual
environment involved placing the video footage of
the user in front of a set of goalposts. Their task was
to deflect oncoming footballs by making appropriate
gestures with their arms. This method can be used to
embellish what would otherwise be boring and
repetitive rehabilitation exercises. You et al. found
significant improvements in motor function in an
8-year old boy with hemiparetic cerebral palsy and
evidence of cerebral reorganization (identified with
fMRI) following a period of VR therapy using
the above set-up. This type of VR arrangement
could potentially be adapted for use as an enriched
environment. Furthermore, the advent of commer-
cially available video games hardware such as the
motion-based Nintendo Wii system could be
exploited to make such set-ups highly accessible
and affordable.

A further challenge for virtual enriched environ-
ments concerns establishing an appropriate baseline
against which their success can be meaningfully
evaluated. Two issues are raised in this respect.
Wiirbel and Garner [43] made the distinction
between beneficial enrichment (i.e. enrichment that
caters to animals’ welfare) and enrichment as an
experimental variable. They argued that what was
commonly regarded as standard environmental
conditions could be more accurately described as
impoverished conditions, thus undermining the
validity of the standard vs. enriched environment
comparison. This point is particularly salient in the
context of paediatric rehabilitation, since it has
been argued that real world-based rehabilitation
is often characterized by long periods of inactivity.

In view of the above criticism, the sole use of the
conditions of real world rehabilitation as a baseline
for the effectiveness of virtual enriched environments
is inadvisable. This would likely generate doubts as
to whether any observed beneficial effects of virtual
enrichment represent more of a reflection on the
long periods of inactivity between formal rehabilita-
tion sessions in the real world than the effective-
ness of virtual enrichment per se. Consequently, in
specifying the parameters that characterize virtual
enriched environments, it may be wise to adopt
the distinction made by Wiirbel and Garner [43]
and deliver a beneficial enrichment condition.
This would constitute a standardized baseline level
of enrichment and sit alongside a further optimal
enrichment condition, in addition to a standard real
world rehabilitation condition. This does, however,

require clinicians to make further arbitrary judge-
ments about what would differentiate beneficial
enrichment from optimal enrichment.

In acknowledging the extent of the uncertainty as
to the appropriate/optimal form of virtual enrich-
ment, it should be noted that similar questions are
far from resolved with respect to real world-based
neuropsychological rehabilitation. In a review of the
efficacy of brain injury rehabilitation, Cullen et al.
[53] concluded that:

The key questions that arise from these studies involve
the ideal timing and intensity of the services provided
and the types of therapy that are delivered (p. 129).

Further to specifying the form of an enriched
virtual environment, the review of the animal
literature yielded numerous factors that could be
instrumental in determining its effectiveness [49].
However, starting to make progress in virtual
enrichment research will necessarily involve prior-
itizing which of these factors merits attention first.

In respect of the use of virtual enriched envi-
ronments for paediatric rehabilitation, the factor
of age is, of course, of greatest intrinsic interest.
Surprisingly, the interaction between age and the
effectiveness of environmental enrichment on recov-
ery from brain injury has received relatively little
attention from researchers. Saucier et al. [57]
indicated that enrichment reduced the volume of
brain injury following an ischemic insult in young
rats, compared to controls. However, research does
not always indicate beneficial effects of enrichment
following a brain injury in younger populations.
Shieh et al. [58] noted that whilst environmental
enrichment produced increased dendritic density in
the occipital cortex of young rats subjected to a fluid
percussion injury, there was no increase in dendritic
branching (i.e. functional connections) and no sig-
nificant behavioural improvement. The authors
noted, however, that the percussion injury had
damaged NMDA receptors which are implicated in
the process of ‘pruning’ during the CNS develop-
ment. This finding suggests that the factors that
developmental neuropsychologists suggest mediate
the relationship between age and brain injury
generally (e.g. cognitive development at the time
of the injury; functional development of the site of
injury, etc.) are likely to also mediate the effective-
ness of enrichment. The animal-based research
does serve as a caution that the impact of virtual
enrichment in humans should be carefully mon-
itored at the neurological level, as well as cognitive/
behavioural levels. Happily, the combination of
VR and brain scanning technology makes such
monitoring possible [25,26].

In terms of prioritizing the other factors
that mediate the effectiveness of enrichment,
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the aforementioned quote from Cullen et al. [53]
is useful, as the issues of timing and intensity of
enrichment were also cited as critical in an evalua-
tion of the lessons learned from the animal based
enrichment research by Turkstra et al. [59]. The
literature would seem to attest to the importance of
a minimal delay in the instigation of enrichment
and extended duration of enrichment post-injury
[60, 61]. However, the evidence is not always
without contradiction [62] and the factor of stimulus
intensity can, if taken too far, exacerbate rather than
ameliorate an injury [63]. Therefore, it would seem
reasonable to argue that these factors are worthy
of attention as a matter of priority in paediatric
populations.

A further issue in establishing research priorities is
determining which types of injury merit attention
from research into virtual enrichment first. Turkstra
et al. [59] have suggested that the domains of
rehabilitation where animal research is not useful,
for example those pertaining to language and higher
level cognitive impairments, merit attention as a
matter of priority. Data concerning the effect of real
world-based rehabilitation on recovery from such
impairments, with associated changes in patterns
of brain activation demonstrated with FMRI, is
available [64, 65]. Limited VR-based data is also
available [25, 26]. Scrutinizing the methodology
employed by existing studies will provide valuable
information about the implementation of virtual
enrichment and highlight conceptual/practical/
methodological issues that may require attention or
that may not be immediately apparent at this stage.

The introduction of virtual enrichment does raise
some important ethical issues, a full review of which
is well beyond the scope of this paper. The interested
reader is directed to Behr et al. [66] for an exposition
of some issues related to VR and neuropsychological
rehabilitation generally. In respect of virtual enrich-
ment, the most important considerations would
appear to relate to the principles of beneficence
and non-maleficence, i.e. safeguarding the welfare
of the patients. For example, a principle benefit of
virtual enrichment has been identified as the capacity
for patients to engage with a VR system without the
need for supervision from clinical staff. Engagement
with VR can be as simple as a patient operating
a laptop PC at their bedside and, as such, exposes
them to very minimal physical risks. Also, as has
already been stated, virtual environments can be
configured to prevent undesirable behaviours, such
as the acquisition of compensatory strategies detri-
mental to rehabilitation goals. However, clearly,
any such system will need to implement a feature
whereby a patient can alert the attention of staff
should they, for example, begin to find interacting
with the VR aversive in any way or if they begin
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to feel tired or unwell and wish to discontinue the
interaction.

Research also needs to be wary of any unintended
negative effects of exposure to virtual environments
between formal rehabilitation sessions. For example,
the authors have already alluded to the fact that
stimulus intensity, if taken to far, may exacerbate
rather than ameliorate an injury. Behr et al. [66]
raise the issue of intensification of experience as a
general issue in VR research. They advocate the
importance of giving participants control over their
exposure to VR environments, especially ones
that feature vivid stimuli. Behr et al. also raise
another concern with VR environments pertaining
to re-entry to the real world after exposure to a
virtual environment. As a hypothetical example of
this concern, patients might enjoy the VR interac-
tions between formal rehabilitation sessions so much
that their compliance with these sessions declines
on the basis that they don’t find the formal activities
as stimulating as those provided in VR.

The above issues will clearly not be resolved
overnight and require close collaboration between
researchers and clinicians. VR does, at least, make
such collaboration easier by neatly side-stepping the
issue of external validity. Variations in an enriched
environment that might be unintentionally intro-
duced between different locations in the real world
would not occur; the VR environment would remain
the same, irrespective of where it is utilized. This
would be of great benefit to researchers when gather-
ing data on the optimal specification of an enriched
virtual environment from different rehabilitation
centres, as it minimizes one significant source of
confounding variables.

Conclusions

A decade on from Rose et al. [13] the evidence
continues to point to the beneficial effects of enrich-
ment on the recovery from brain injury in the animal
literature. Meanwhile, data on human brain injury
rehabilitation indicates patients spend a large portion
of their rehabilitation time with low levels of cerebral
activation. In the context of paediatric neuropsycho-
logical rehabilitation following a TBI, such extended
periods of low cerebral activation are particularly
unfortunate, as youth no longer appears to be the
inherent facilitator of recovery that it had once
seemed to be. The obvious way of negating low
levels of cerebral activation/arousal is to increase the
quantity and quality of patients’ interaction with
their immediate environment via environmental
enrichment. Unfortunately, an array of significant
practical and budgetary constraints makes real
world-based environmental enrichment difficult.
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However, there is clear potential to provide enriched
virtual environments that are not hampered by such
concerns. Over the last decade VR has demonstrated
its utility in the neuropsychological rehabilitation of
predominantly adult populations. However, such
research has failed to capitalize on the potential of
VR-based environmental enrichment. The authors
hope that this will not also be the case in the field of
paediatric brain injury rehabilitation. Fundamental
questions about the implementation of enrichment
strategies in human brain injury rehabilitation still
exist, some of which have been identified in this text.
However, the technology and expertise to make
virtual environmental enrichment a reality are read-
ily available. The authors firmly believe that the
arguments for rigorous empirical investigations into
its effectiveness are now too compelling to ignore.
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