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Abstract

Challenging behaviours are one of the most serious sequelae after a traumatic brain injury (TBI). These chronic behaviours
must be managed to reduce the associated burden for caregivers, and people with TBI. Though technology-based in-
terventions have shown potential for managing challenging behaviours, no review has synthesised evidence of technology
aided behaviour management in the TBI population. The objective of this scoping review was to explore what technology-
based interventions are being used to manage challenging behaviours in people with TBl. Two independent reviewers
analysed 3505 studies conducted between 2000 and 2023. Studies were selected from five databases using search strategies
developed in collaboration with a university librarian. Sixteen studies were selected. Most studies used biofeedback and
mobile applications, primarily targeting emotional dysregulation. These technologies were tested in a variety of settings.
Two interventions involved both people with TBI and their family caregivers. This review found that technology-based
interventions have the potential to support behavioural management, though research and technology development is at an
early stage. Future research is needed to further develop technology-based interventions that target diverse challenging
behaviours, and to document their effectiveness and acceptability for use by people with TBI and their families.
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Introduction

Challenging behaviours are one of the most serious chronic
sequelae after a moderate-to-severe traumatic brain injury
(TBI). Defined as actions deviating from sociocultural or
developmental norms, these behaviours may present bar-
riers to community participation and risks to individual and
caregiver health and safety, all the while undermining
dignity and quality of life.' * More than half of survivors
will exhibit challenging behaviours in the first two-years
post-TBI, the most common being aggression (e.g.,
swearing, threatening violence, slamming doors), socially
inappropriate behaviours (e.g., standing too close to
strangers, excessive apologising, failing to pick up non-
verbal clues), and apathy.* For more than two thirds of
people with TBI, challenging behaviours go on to become
chronic five-years post-injury.*” These behaviours have
significant detrimental effects on social participation®™ by
restricting access to various support services, including
housing, respite, and rehabilitation.'®'" After hospital
discharge, family caregivers have a drastic increase in re-
sponsibility and are often left alone to manage challenging
behaviours.'? These behaviours have a devastating impact
on their mental health and care burden.'*™" It is crucial to
consider how these challenging behaviours are (self-)
managed to meet the long-term needs of individuals with
TBI and their caregivers'® and support better quality of life.

Clinical practice guidelines recommend specialist be-
haviour services that undertake careful analysis of behav-
iour and educate families on how to manage challenging
behaviours.'” One such approach is the Positive Behaviour
Support, which is recommended for the management of
challenging behaviours in people with TBL'® Positive
Behaviour Support-based models, which consist of a careful
behavioural analysis of antecedents and consequences, have
demonstrated feasibility and benefits in studies for indi-
viduals with TBI and their caregivers.'” ' However, the
implementation of such programs remains difficult.
Stakeholders of Positive Behaviour Support programs raise
potential issues such as lack of time, money, staff, or
Positive Behaviour Support training in rehabilitation
teams,”” as well as the length or intensity of programs that
may restrict the participation of family caregivers and in-
dividuals with TBL° and hinder their engagement in those
programs over the long-term.”® Furthermore, challenging
behaviours are context-specific and shaped or triggered by
various internal (e.g., fatigue or stress levels) and external
factors (e.g., punitive or avoidant responses from formal or
informal caregivers, complex task demands),”*° and in-
dividuals vary in their ability to regulate behaviours from
one situation to another.”* Therefore, it is imperative to
explore innovative service delivery methods*® and ways to
augment promising approaches, such as Positive Behaviour
Support, that can address the above challenges.

The use of technology-based interventions is a growing
trend that extends interventions beyond traditional practice
as an alternative way for delivering interventions.?’
Technology-based interventions may include more acces-
sible and readily available tools than traditional health
services, provide users with an immersive and compre-
hensive experience,”® and allow them to complete inter-
ventions at their own pace and convenience.”’ It could
include educational (e.g., information sessions), behav-
ioural (e.g., self-monitoring), or supportive (e.g., phone
coaching) dimensions.”” These tools are varied and may
include mobile health support applications,>*>" tele-
rehabilitation,>® online resources,”® biofeedback,’* or
wearable sensors and machine learning.®> Some of these
technologies can also be smart by “dynamically access[ing]
information, connectf[ing] people, materials [...] in an
intelligent manner” (p. 62).°° These smart technologies
function in real-time, i.e., the actual time during which
something takes place, which would be all the more relevant
as technologies would provide feedback to the user, thus
promoting behavioural self-management. For example,
smart technologies may be wearable devices that include
sensors, microprocessors and wireless modules to monitor
physiological indicators of the user.’® These technology-
based interventions could therefore have a beneficial role in
the cognitive rehabilitation of people with TBI,*” and could
particularly support self-management of chronic conditions,
such as TBI, and improve patient and caregiver outcomes.>’

Features that technology-based interventions offer in-
clude the ability to objectively collect data based on indi-
vidual performance to provide real-time feedback to
therapists or patients.”® These technologies would allow
users to better understand and regulate their behaviours in
real time, and thus could play a uniquely beneficial role in
clinical rehabilitation models, such as Positive Behaviour
Support approaches.*®

Some technologies have shown promise for detecting
early warning signs of behaviour change in other pop-
ulations. For example, Hong, Margines’® used machine
learning based on data collected from smartphones in a
vehicle to understand and model car drivers’ aggressive
behaviours. Khan, Zhu*® developed a framework to detect
agitation and aggression in people with dementia by col-
lecting data from various sources such as video cameras,
wearable devices (for motion and physiological data),
motion and door sensors, and pressure mats. More recently,
Bosch, Chakhssi*' focused on individuals with autism
spectrum disorders and intellectual disabilities and their use
of wearable technologies with sensors to monitor their
physiological states and inform them to help manage ag-
gressive behaviours.

At a regional Canadian panel discussion, new technol-
ogies to optimise long-term community integration for
people with TBI were identified as a research priority,
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particularly because of technology’s ability to expand care
access.*? Technology-based interventions have been shown
to have the potential to support the (self-) management of
challenging behaviours in other populations (e.g., Ref.
43—45). However, to our knowledge, there is no review of
evidence pertaining to technology-based interventions used
in the management of challenging behaviours with adults
with a brain injury. It is important to identify and describe
the nature of the evidence in the TBI context, including what
technologies have been developed and assessed, and how
technology has been used in managing challenging be-
haviours to identify promising interventions and gaps.
Furthermore, recent Canadian clinical practice guidelines
suggest that it would be useful to identify evidence of
technological interventions supporting caregivers with
emotional and behavioural management.'

In summary, the use of real-time technology-based in-
terventions has the potential to help prevent and manage
challenging behaviours by detecting and communicating
the warning signs of these behaviours to individuals with
TBI and/or their caregivers so that they can implement
strategies to regulate behaviour, adapt to challenging situ-
ations and optimise participation in daily life. Given the lack
of a comprehensive review of evidence for technology-
based interventions studied with individuals with TBI, we
conducted a scoping review to explore the potential of
technology-based interventions in managing challenging
behaviours and identify the available evidence in this area of
research.

Methods

A scoping review enables the mapping of the available
evidence in a given field of research, clarification of key
concepts and definitions, and most importantly, the iden-
tification and analysis of knowledge gaps in the existing
literature.*® We followed the methodological framework
proposed by Arksey and O’Malley*’ and subsequent
updates.*®*’ Following this five-step framework further
described below, the research team proceeded by (1)
identifying the research questions, (2) identifying studies,
(3) selecting relevant studies to be included in the scoping
review, (4) charting the data, and (5) summarising and
reporting data.*” This review was conducted and reported
using the Preferred Reporting Items for Systematic reviews
and Meta-Analyses extension for Scoping Reviews
(PRIMSA-ScR) Checklist.*”

Identifying the research questions

The main question of interest was: What technology-based
interventions are used to enable the management of chal-
lenging behaviours in people with TBI? More specific
questions were: (1) What technology-based interventions

support people with TBI and their caregivers in the man-
agement of challenging behaviours?; (2) What are the
specific context(s) of use and feedback modalities of the
technology?; and (3) What is the level of maturity of
the reported technology?

Identifying studies

A systematic search strategy was developed by the research
team composed of experts in brain injury rehabilitation,
challenging behaviours, technologies, and scoping reviews
and an academic health science librarian. The search
strategy was first conducted in December 2021 and updated
in February 2023 using five databases: Medline, Embase,
PsycInfo, CINAHL, and Web of Science. The final search
strategy combined three key concepts: acquired brain injury,
challenging behaviours, and technology-based interven-
tions, as well as their database adaptations (see an example
of the search strategy in Supplemental material 1). Our
search was limited to evidence published from January 2000
to reflect technology-based interventions that are more
likely to be recently used in the rehabilitation field. Finally,
the reference lists of included articles were also manually
searched.

Selecting relevant studies

The following inclusion criteria were used: (1) primary
studies (all study designs), (2) written in French or in
English, (3) with adults with a primary diagnosis of ABI
and/or with secondary comorbidities, aged 18—64 years and
identified as having challenging behaviours, (4) reporting
on technology-based interventions that were thought to
impact, directly or indirectly, a challenging behaviour, and
(5) published in the form of articles and conference pro-
ceedings. French and English was chosen because they are
the languages mastered by the authors of the manuscript.
Age criterion was established to exclude older participants
(<65 years old) which could represent very different profiles
and technological needs.

This study was a mixed study scoping review, meaning
that all study designs were eligible for inclusion. There were
also no restrictions regarding the study settings to ensure
coverage of the entire literature. The study selection process
included four steps. First, several research team meetings
were held to develop, validate, and refine the specific re-
search questions, search terms, and inclusion criteria.
Second, two reviewers (EL, ED) independently screened the
titles and abstracts of ten articles to ensure that they both had
the same understanding of the inclusion criteria and pre-
liminary screening process. Next, the same reviewers in-
dependently screened all titles and abstracts and the selected
full texts. When conflicts emerged, a third party (CH or EP)


https://journals.sagepub.com/doi/suppl/10.1177/20556683231191975

Journal of Rehabilitation and Assistive Technologies Engineering

was consulted to reach an agreement. The entire research
team validated the final results included in the review.

Charting the data

A data charting table was created on Excel (Microsoft
Corp., Redmond, USA) to synthesise the data from all
included studies and pilot tested by two independent re-
viewers (EL, ED) on five articles. The final data extraction
table was developed with the consensus of all team
members following two group discussions. Using this table,
the same two reviewers independently extracted the fol-
lowing data from all included studies: authors, year of
publication, study country, study design, research objectives
and/or questions, sample size, methods, variables measured
and tools used, and main findings. Participant characteristics
with a short case description were also extracted and tab-
ulated: ABI severity, secondary diagnosis, challenging
behaviours targeted by the study, and caregiver inclusion in
the intervention. Regarding the use of technology, the
following information was extracted from each study:
technology type, feedback modalities, setting in which the
technology was used, and the maturity of the technology.
Finally, intervention processes were described using the
Template for Intervention Description and Replication
framework (TIDieR).”" All extracted data were validated by
CH with assistance from EP.

Summarizing and reporting the data

Following the first extraction process, the reviewers met
three times to compare findings, discuss discrepancies, and
refine the data charting table. Then, the entire team met
again to discuss frameworks to report the remaining data. To
describe the level of technology maturity, the three-phase
Framework for Accelerated and Systematic Technology-
based intervention development and Evaluation Research
(FASTER)> was chosen. The development phase, namely
the first phase of FASTER, considers the design process
innovation and intervention refinement following user
feedback. Phase 2 consists of progressive usability and
feasibility evaluation with users of the intervention proto-
type and further intervention refinement for im-
plementation. Finally, Phase 3 is the scaled deployment and
evaluation of the intervention with users in real-world
contexts.”®> To report the challenging behaviours, the
Overt Behaviour Scale (OBS)™ was used as it was designed
to assess the various types of challenging behaviours that
can occur following an ABI and correctly inform and guide
clinical interventions.”® The 34-item OBS scale is divided
into nine categories that measure verbal aggression,
physical aggression against objects and others, inappro-
priate sexual behaviour, perseveration, wandering, inap-
propriate social behaviour, and lack of initiation.>®

Classifications of challenging behaviours were first made
by EL and ED and then checked and refined through
multiple discussions as a full team. Additional behaviours
that did not directly align with OBS categories, but that were
nevertheless considered as challenging by people with TBI
or caregivers in the scientific literature (e.g., emotional
dysregulation)’*>> were defined and charted using an
“Others” category.

Results

Search results

A summary of the search results is presented in Figure 1.
The search identified 3505 articles for review. After ref-
erence screening and removal of duplicates, 16 articles met
the inclusion criteria and were included for final analysis.
All articles were published after 2010.

Study characteristics

Table 1 summarises the included articles. Across the
16 articles, case studies were the most common study
design with samples ranging from 1 to 3 participants
(n = 4;°°°7%%), followed by randomised controlled trials
(n = 3;°°%%). Study samples varied widely, with two
studies standing out by size (n =112 and n = 461;°°") and
use of control groups. When the severity was specified,
four studies included participants with mild TBI>7->%:°0-%3
and six studies included participants with moderate-to-
severe TBI.>?01:62:64766 Most studies included samples
having a majority of males, except for two female-only
case studies.’®>® The following results are organized per
specific research questions.

What technology-based interventions are used to
enable the management of challenging behaviours in
people with TBI?

Technology-based interventions — Key features. Details of each
intervention are presented according to the TIDieR
framework’' in Table 2. Six studies presented interventions
based on biofeedback®®>*6%3%¢ and neurofeedback’’
technologies, and six others on mobile applications,
which included smar‘[phones,’gg’m’64 iPod touch,’’ and
smartwatches.®>**” Two studies included semi-immersive’®
or complete virtual reality,’® and another used a physio-
logical monitoring system.®’

Challenging behaviours and intervention aims. Studies targeted
a variety of challenging behaviours when describing par-
ticipant characteristics, specific intervention aims, and/or
intervention measures, as presented in Table 1. A detailed
categorisation of extracted challenging behaviours according
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+ Conference abstracts (n=2)
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* Not a tech-based intervention (n=3)

* Book chapter (n=1)

(n=16)

Induded ]

[ Studies included

Figure |. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram for the scoping review process.

to the OBS is presented in Supplemental material 2. However,
ten interventions targeted challenging behaviours that could
not be readily categorised using the OBS.**%:60766.70 Thege
addressed emotional dysregulation and psychological distress
(e.g., stress, anxiety, or depression). These studies also fre-
quently integrated measures of other challenging behaviours,
such as verbal/physical aggression,”®°'®® but also lack of
initiation and inappropriate social behaviours.®'
Biofeedback studies aimed to increase participants’
ability to regulate their breathing to achieve heart rate
coherence (also called resonant frequency), and con-
sequently addressed difficulties in emotional regula-
tion, executive functioning, and psychological
distress.’®9%%%:%% The included studies explored the
association between behaviour and heart rate vari-
ability, and other related physiological measures (e.g.,
heart rate, respiration rate). Hammond®’ specifically
targeted verbal and physical aggression management
with the Low Energy Neurofeedback System, as well
as O’Neill and Findlay’® with their biofeedback in-
tervention. They hypothesised that participants’
challenging behaviours reduced in response to the
biofeedback and allowed them to identify physiological

signs of negative emotional states prior to them
escalating.

Studies that used smartphone applications targeted a range
of behavioural challenges, including post-concussion symp-
toms (e.g., irritability/frustration or psychological distress
with Concussion coach application),®® emotional dysregula-
tion (e.g., BreatheWell application on smartwatch®) and/or
impulsivity and maladaptive interpersonal behaviours (e.g.
CALM intervention on iPod touch®'). Jamieson, O’Neill**
explored the use of the ForgetMeNot smartphone application
that focuses on the effectiveness of unsolicited reminders to
decrease prospective memory impairments. Here, the assis-
tance provided by the reminders was seen by the authors as a
potential intervention to decrease apathy.

Finally, De Luca, Torrisi>® addressed severe anxiety and
crying episodes by combining diaphragmatic breathing and
relaxation techniques with a semi-immersive virtual reality
environment (e.g., on-screen motion-based system for pa-
tient interaction with virtual reality scenarios in a traditional
room setting).

The remaining four studies presented the preliminary
steps of intervention development.*®*’~%° Rash, Helga-

son®® elaborated a study protocol that targeted lack of
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initiation through a virtual reality program. McKeon,
Terhorst®® used a physiological monitoring system to
measure behavioural dysregulation, including verbal
aggression and perseveration. Kettlewell, Phillips*® ex-
plored through focus groups and questionnaires com-
pleted by people with an ABI, caregivers, and clinicians,
the barriers and facilitators of Brain in Hand, an appli-
cation that was tested in another included study.”® Finally,
Wallace, Morris®” conducted interviews and focus groups
with clinicians and veterans with mild TBI and post-
traumatic syndrome disorder to improve the prototypes of
the BreatheWell application, which was also tested in a
subsequent study.®’

Main findings of selected studies. Table 1 summarises the
main findings of each study that tested an intervention on
the target population and presents the tools used to measure
the main outcomes.

Using mobile applications, some studies found improve-
ments in post-concussion syndrome severity and psycho-
logical ~distress (Concussion Coach app),”® anger
management, maladaptive interpersonal behaviours, and post-
traumatic syndrome disorder symptoms (CALM app),’' and
emotional regulation.®® Alternately, Kettlewell, Ward”® found
no objective quantitative improvement in behavioural regu-
lation, although improvements were noted in subjective
reports.

In the De Luca, Torrisi’® semi-immersive intervention
study, the participant showed a significant reduction in
anxiety and increase in coping strategies, as well as a re-
duction in heart rate and blood pressure measures when
performing relaxation techniques.

McKeon, Terhorst® preliminary study showed that the
increase in challenging behaviours observed during the
experimental tasks was reflected by a physiological increase
in heart rate and decrease in heart rate variability. No change
was observed with the respiration rate, suggesting that this
specific physiological state may not be sensitive to the tasks
studied.

Biofeedback studies provided preliminary evidence that
heart rate variability training had a beneficial effect on
emotional regulation,”®%>% as well as post-concussion
syndrome and headaches,”® and aggression.” Improved
subjective well-being and continued use of the biofeedback
device beyond the intervention phase were reported in one
study,”® while another study®® showed no effect on either
objective or subjective indicators of emotional regulation.
However, positive effects on improved sleep and mood
were noted, though these were not directly targeted by the
intervention. Hammond®’ showed improvements in several
symptoms (e.g., anger/explosiveness, anxiety, and impul-
sivity) but their results were preliminary and uncontrolled.

The included studies did not include a follow-up eval-
uation of their interventions, i.e. an evaluation able to report

on the maintenance over time of the gains obtained after the
intervention had been completed.

Caregiver involvement in the intervention. Two studies in-
cluded caregivers. Elbogen, Dennis®' included family
members or friends to provide support and encourage
veterans to engage in the CALM application. Kettlewell,
Phillips®® have planned for the Brain in Hand application to
have a monitoring system portal that would allow a user,
caregiver, mentor, or health care professional to track ap-
plication usage and mentor support. This was further in-
vestigated in a consecutive study (e.g., family member,
partner or carer).”’

Stakeholders who provided the intervention. All mobile ap-
plications were intended to be ultimately used indepen-
dently by participants with an ABI with no input

from health care professionals,®*®"6*-%%70  except
when specified otherwise (e.g., training, interviews, home
Visits;61:63:64.70)

Four biofeedback studies required training by clinical
researchers,sg’m’“’66 whereas two other studies failed to
report on training.’”*** In one study, relaxation techniques
were guided by a therapist’® and in another, clinicians
monitored the presence of challenging behaviours.®* Fi-
nally, trainers’ professional background was specified only
in Kim, Wemon’s (PhD candidate trained in neuro-
psychological assessments and HRV biofeedback)®>%® and
Kettlewell, Ward studie (PhD student trained to use Brain in
Hand).”®

What are the specific context(s) of use and feedback
modalities of the technology?

A summary of technology-related contexts and feedback
modalities are presented in Table 2 according to TIDieR
framework.

Contexts of technology-based interventions. Mobile applications-
based interventions were either offered in living
environments,**®" clinical environments,** or both depending
on the participant’s choice.”® All neurofeedback, biofeedback,
or virtual reality interventions were implemented in clinical
settings.”® 802036 I addition to clinic-based interventions,
the biofeedback intervention of Kim, Wemon’s®>*® also
provided handheld devices to be used at home for further

practice.

Feedback modalities of technology-based interventions. Limited
information about the types of feedback modalities used in
the interventions could be extracted. When the modality was
specifically addressed in the article, feedback could be
visual,“”sg’(’”’4 auditory,5 6,59,63,64 motor,>® and/or tactile.®>
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Smart nature of technologies. Mobile applications cannot
be considered as smart technologies, as there is no
adaptation of content or feedback provided to the user
from the logs recorded by the application.®-¢!-03:64
Brain in Hand is, however, presented as a smart ap-
plication by the authors’® because it allows recording of
real-time information in a cloud and allows mentors to
monitor and better understand the elements that cause
distress.

Biofeedback studies are smart technologies as they re-
cord and analyse data and use it to provide real-time
feedback during the intervention.’®*6%%%¢6 The neuro-
feedback technology can also be considered, to some extent,
as being a smart technology, as it adapts the provided
feedback based on the measured electroencephalography
frequency during the intervention.”’

The work of De Luca, Torrisi>® can be considered as the
one with the higher level of integration of smart technol-
ogies, because participants received direct audio-visual or
motor feedback from the semi-immersive environment to
adapt their behaviours during the intervention.

What is the level of maturity of the
reported technology?

FASTER: Phase of intervention development. As described in
Table 1, three studies were situated in Phase 1
(i.e., development and documentation®®%"*) and 11 studies
were in Phase 2 (i.e., feasibility ®>">%>7°%7%) Overall, only
two studies were in Phase 3 (i.e., implementation and
effectiveness®®").

Discussion

In this scoping review, we identified technology-based
interventions that were investigated to promote or sup-
port the (self-) management of challenging behaviours in
adults with TBI. Our results show that there is still little
literature in this area and that existing technologies, pri-
marily biofeedback techniques or mobile applications,
mostly target emotional dysregulation.

Limited research in technology-based interventions
for people with TBI

Technology in rehabilitation is an emerging field and few
authors have investigated its relevance for the behavioural
domain in people with TBIL.®*”' Challenging behaviours are
complex issues to manage using technology, and technol-
ogy solutions tend to require additional support to be op-
timally used. Technology development is often specific to a
single population, as is the case with autism spectrum
disorder (e.g., Ref. 72) or dementia (e.g., Ref. 45), and not

tested with other populations. Conversely, clinicians, in-
dividuals with TBI, and families may be unaware of the
existence of potentially useful technologies, thus limiting
the development of a market and associated research.

Challenging behaviours targeted by
technology-based interventions

Most studies focused on emotional dysregulation as the
intervention target (e.g., post-traumatic syndrome disorder,
post-concussion syndrome, stress/anxiety, depression). Few
studies directly targeted common behaviours considered as
challenging and burdensome for both the family and the
person (e.g., aggression; lack of initiation; inappropriate
social behaviours;*) although these were frequently in-
cluded within more global outcome measures.

One reason can be that the concept of challenging be-
haviours is often poorly defined and only mentioned as
broad participant characteristics. Also, emotional dysre-
gulation likely constitutes a precursor to challenging be-
haviours rather than a challenging behaviour per se. Indeed,
mental health difficulties (e.g., anxiety, depression, post-
traumatic syndrome disorder, grief) or difficulty
recognising/managing emotions have been linked to ag-
gressive behaviours.”’® There are many risk factors for
violent outbursts, both in hospital settings and in everyday
life (e.g., overstimulation or disruptive noises, inconsistent
daily routines or staff, interactions with others, lack of
control over a situation, etc.’®>*”*), which can lead the
individual to feel overwhelmed and have difficulty coping
with the demands of the environment.’® Also, some
physiological indices are known to be markers of negative
emotional states such as anxiety, depression or even ag-
gression (e.g., lowered heart rate variability and anger’”).
These same physiological markers are affected after TBI,
with a heart rate variability being reduced in individuals
with chronic TBI’® and associated with deficits in social
cognition.”” O’Neill and Findlay® raised the hypothesis
that their biofeedback technique reduced challenging be-
haviours by improving the early identification of physio-
logical signs linked to negative emotional states, allowing
for the prevention of emotional escalations and behavioural
outbursts, thus facilitating behavioural control. Finally,
some smartphone applications, such as ForgetMeNot,**
target cognitive disorders that may act as triggers for an-
ger or repetitive behaviours.?®

Some challenging behaviours can also be complex tar-
gets for technology and intervention development. From a
development perspective, challenging behaviours or their
precursors first need to be clearly defined to identify pa-
rameters that are both detectable and measurable by sensors.
Given that individuals with TBI have diverse presentations
of challenging behaviours, such parameters may be difficult
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to specify. In this context, creating the appropriate inter-
ventions (e.g., alerts and feedback for change) for diverse
individual profiles adds an important level of complexity. For
example, providing technological feedback for inappropriate
social behaviours requires much more advanced technology
that simultaneously integrates individual and environmental
data to analyse the corresponding social interactions and
impacts the person’s behaviours on others. Although not used
in included studies, wearable cameras may be another po-
tentially interesting technology to recognise socio-emotional
contexts and facilitate such complex social interactions.”®
Thus, current technologies show potential to identify
precursors to challenging behaviours and act on them to
prevent escalation towards even more complex challenging
behaviours, though at present, technologies are insuffi-
ciently advanced to process and use real-time data to limit
an escalation of behaviours. Beyond defining challenging
behaviours, further exploration is required to identify
pathways and precursors to challenging behaviours that
may be realistically monitored using technology. This may
include affective (e.g., anxiety), cognitive (e.g., apathy,
overstimulation), and physical states (e.g., heart rate).

The involvement of family caregivers in the use
of technology

Only two studies mentioned involvement of family care-
givers, i.e., informal caregivers, to support participants with
TBI in their use of an application®’® or simply to access
data collected by the application, without their using this
information to modify upcoming or current challenging
behaviours.”® However, literature on behavioural inter-
ventions for challenging behaviours, such as the Positive
Behaviour Support, very often include family caregivers,
given their major role in the daily life of individuals with an
ABL”? Hence, future technologies could act as a caregiver
strategy to manage adult challenging behaviours, such as
wearable sensors and social robots developed for other
specific paediatric populations to detect real time chal-
lenging behaviours and intervene early.”?

Conversely, attention must be given not to over-involve
family caregivers, as challenging behaviours may also
present when individuals with TBI experience a lack of
control.?® In other words, individuals with TBI must remain
at the centre of care, as encouraged by highly individualised
clinical models.”” Among others, biofeedback techniques
may promote self-management and a greater sense of au-
tonomy, as reported by O’Neill and Findlay.>

Settings, feedback, and technology measurement

In our review, mobile applications have been used both in
clinical and living environments, while biofeedback has

been largely used in clinical settings. Although biofeedback
technologies measure real-time physiological variables to
provide feedback during breathing technique training, they
cannot be used in a real-world environment to detect the
onset of a behavioural crisis and help prevent any form of
escalation.

In comparison, wearable smartwatches show a great
potential for use in healthcare. These technologies can be
used to monitor, diagnose, or assist users in the management
of treatment. They measure various physiological indices
(e.g., blood pressure, oxygen saturation, heartbeat, sleep
patterns, physical activities) and permit the programming of
alarms for daily routines (e.g., taking medication®”). The use
of wearable technologies may represent an emerging di-
rection in the TBI context and more specifically in the self-
management of challenging behaviours.®' Only one in-
cluded study used Android© Wear smartwatches to deliver
diaphragmatic breathing exercises in a veteran population
with mild TBI and post-traumatic syndrome disorder.®?
However, this technology does not provide real-time
feedback.

The feedback modalities used by each technology in-
tervention were not always explicitly described in the re-
trieved studies, although overall a combination of feedback
types (visual, tactile, and/or auditory) was used. Conse-
quently, little is known about the feedback modalities used
and the circumstances under which they appear to produce a
beneficial effect. The reporting of such data would, how-
ever, help inform future work in this area.

Maturity of the technology

The FASTER phases provide an indication of the maturity
of the technology-based intervention and is complementary
to TIDieR-related extracted data. Our results suggest that
most studies were in Phase 2 of the FASTER model which
involves a first technology use with the target population.”
However, the lack of detailed information describing in-
terventions according to TIDieR requirements suggests
poor reporting and the need to pay more attention to the
early stages of technology development. This would allow
for a better understanding of the underlying theoretical basis
of interventions and how the latter should work prior to
larger scale effectiveness testing.

However, as articles that met our inclusion criteria were
mainly published in journals with a clinical focus, this may
have limited the extent to which technologies were de-
scribed. The few articles that specifically described the
development of new technologies, still little was presented
about how solutions emerged. As a result, it is unclear what
technology design decisions were made and how the latter
related to the clinical problems to be solved, including
whether users were directly involved in specifying priori-
ties, design requirements, and solutions. Such limited
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description of the technology hinders the reader’s ability to
evaluate the intervention’s potential with regards to its
intended purpose.

Strengths, limitations and future perspectives

To our knowledge, this is the first review to map and ex-
amine technology-based interventions that can support the
(self-) management of challenging behaviours in individ-
uals with TBI. This study identified important gaps in
technology development that address challenging behav-
iours in individuals with TBI.

This review has limitations. A major issue in conducting
this review was the lack of a standard definition of chal-
lenging behaviours, triggers, and related intervention tar-
gets. Future studies will need to better define the challenging
behaviours targeted by the intervention, all the while better
identifying the triggers that may be technologically
monitored in the most beneficial way for users. This gap
could be addressed by involving users in the ongoing
development®*®* of technology-based interventions to
define and prioritise needs, or by promoting improved
collaboration across domains (rehabilitation and technol-
ogy). Indeed, stakeholders need to know what technolo-
gies exist or can be used with a given population, and
technology developers need to know exactly what known
behaviours to target and user needs to address.

This review identified the lack of exploitation of
available technologies to address the management of
challenging behaviours (e.g., artificial intelligence, smart
technologies). Future studies may draw on commer-
cialised technologies or existing research in other pop-
ulations to gather additional ideas on the technologies
that could be used and/or adapted for use with the ABI
population.®® Future studies would also need to explore
technologies that provide real-time feedback and that can
be easily integrated into users’ real-world environments
by adapting their behaviour to the feedback received.
Indeed, real-time access to physiological measures (e.g.,
heart rate variability) has interesting potential in the self-
management of challenging behaviours.”® As the po-
tential of wearable technologies to detect behavioural
crises through the recording of physiological changes has
been shown in some studies,®® future studies should
consider combining home biofeedback training to pro-
mote awareness of physiological signals and their in-
terpretation,’” with the daily use of wearable technology
(e.g., smartwatch) to encourage self-regulation and real-
time behaviour modification. Finally, it will be important
for future studies on this topic to examine the usability
and acceptability of these technology-based interventions
to ensure that they are both easy to use, relevant to users
and acceptable to them.

Conclusion

In this scoping review, we identified technology-based
interventions that were scientifically investigated to pro-
mote or support the (self-)ymanagement of challenging be-
haviours in individuals with TBI. Our results show that
there is little literature in this area and that existing tech-
nologies, mostly biofeedback techniques or mobile appli-
cations, are primarily intended to improve emotional
dysregulation. Although this review shows that the field is
still in its infancy, it supports the idea that technology-based
interventions could play an important role in managing
many challenging behaviours. Future research is needed to
further develop technology-based interventions that target a
variety of challenging behaviours, but also to document
their effectiveness as well as their acceptability for use by
individuals with TBI and their families in daily life.
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