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ABSTRACT
Introduction Individuals with moderate- severe 
traumatic brain injury (m- sTBI) experience progressive 
brain and behavioural declines in the chronic stages 
of injury. Longitudinal studies found that a majority of 
patients with m- sTBI exhibit significant hippocampal 
atrophy from 5 to 12 months post- injury, associated 
with decreased cognitive environmental enrichment (EE). 
Encouragingly, engaging in EE has been shown to lead 
to neural improvements, suggesting it is a promising 
avenue for offsetting hippocampal neurodegeneration in 
m- sTBI. Allocentric spatial navigation (ie, flexible, bird’s 
eye view approach), is a good candidate for EE in m- sTBI 
because it is associated with hippocampal activation 
and reduced ageing- related volume loss. Efficacy of EE 
requires intensive daily training, prohibitive within most 
current health delivery systems. The present protocol 
is a novel, remotely delivered and self- administered 
intervention designed to harness principles from EE and 
allocentric spatial navigation to offset hippocampal atrophy 
and potentially improve hippocampal functions such as 
navigation and memory for patients with m- sTBI.
Methods and analysis Eighty- four participants with 
chronic m- sTBI are being recruited from an urban 
rehabilitation hospital and randomised into a 16- week 
intervention (5 hours/week; total: 80 hours) of either 
targeted spatial navigation or an active control group. 
The spatial navigation group engages in structured 
exploration of different cities using Google Street View 
that includes daily navigation challenges. The active 
control group watches and answers subjective questions 
about educational videos. Following a brief orientation, 
participants remotely self- administer the intervention 
on their home computer. In addition to feasibility and 
compliance measures, clinical and experimental cognitive 
measures as well as MRI scan data are collected 
pre- intervention and post- intervention to determine 
behavioural and neural efficacy.
Ethics and dissemination Ethics approval has been 
obtained from ethics boards at the University Health 
Network and University of Toronto. Findings will be 
presented at academic conferences and submitted to 
peer- reviewed journals.

Trial registration number Version 3,  ClinicalTrials. gov 
Registry (NCT04331392).

INTRODUCTION
Traumatic brain injury (TBI) is a signifi-
cant global public health problem, with 
an estimated worldwide incidence rate of 
874–1005 cases per 100 000.1 Contrary to 
typical models of the recovery trajectory, 
recent longitudinal studies show that degen-
eration continues at least up to 2 years post- 
injury.2–4 These recent lines of evidence have 
signalled a shift from viewing TBI as a neuro-
logically stable disorder in the subacute and 
chronic stages, to treating it as a chronic and 

Strengths and limitations of this study

 ► A remote, self- administered intervention will al-
low patients greater access to clinically relevant 
resources regardless of physical and economical 
restrictions, and increase current telerehabilitation 
offerings.

 ► The inclusion of neuroimaging outcomes allow for 
the examination of structural changes that may 
occur alongside potential cognitive improvements 
associated with targeted behavioural training, in-
creasing our understanding of the mechanisms of 
these potential changes in humans.

 ► The inclusion of an active control group is critical 
in determining whether targeted rather than gener-
alised training is effective in improving hippocampal- 
dependent abilities, but introduces a conservative 
bias in observing these effects, more so than if only 
a waitlisted control group was included.

 ► Although the present protocol builds on the princi-
ples of successful environmental enrichment ob-
served in rodents in terms of targeted training and 
high dose, a potential component that may mediate 
the benefit is the addition of vigorous physical exer-
cise, which will be a consideration for future studies.
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neurodegenerative disorder,5 6 necessitating a need for 
appropriate long- term treatments for patients past their 
acute phase of recovery.

Atrophy and cognitive impairment in chronic TBI
There is evidence that moderate- severe TBI (m- sTBI) 
results in chronic progressive volumetric decline in both 
white matter and grey matter through the first and up 
to at least the second year post- injury. Structures affected 
include the fornix,7 corpus callosum,3 and temporal, 
frontal and occipital regions.2 Notably, the hippocampus 
(HPC) is vulnerable to chronic degeneration, where 
Green et al3 found over 70% of patients showed signifi-
cant declines (over 2 SDs away from controls) in the HPC. 
In another study, specific degeneration was found in the 
HPC, in addition to subcortical regions that included the 
thalamus, putamen, amygdala and caudate.2 The vulner-
ability of the HPC has been attributed to its sensitivity 
to excitotoxicity8 and Wallerian degeneration through 
damage distal to the site of the injury.9–11

In addition to neural declines, patients with TBI also 
exhibit chronic cognitive deficits, including in spatial 
abilities12 and memory.13 14 These types of cognitive defi-
cits have been linked to atrophy in the HPC.15 16 Further-
more, these cognitive deficits may generalise to daily 
functioning, as lower acute volumes in areas known to be 
associated with cognitive deficits in TBI (ie, HPC, thal-
amus) predict poorer functional outcome measured in 
the chronic stage.17

Impact of interacting factors on recovery and decline
An interaction between certain factors can also negatively 
contribute to continued degeneration in the chronic 
stages of TBI by adding to or compounding persistent 
underlying neuropathology.18 19 As outlined by the 
negative neuroplasticity framework,20 21 the following 
key factors can interact and have a negative impact on 
recovery from a TBI by driving negative neuroplasticity, 
including: (1) reduced schedules of activity following 
rehabilitation regimen in the acute periods; (2) noisy 
processing from sensory deficits; (3) weakened neuro-
modulatory control due to neurotransmitter dysfunction; 
and (4) the combination of the preceding factors culmi-
nating in negative learning through preference for low- 
level, low- effort cognitive tasks. Thus, the chronic period 
that follows in- patient rehabilitative treatments is critical 
for ensuring continued cognitive and neural stimulation, 
with therapeutic support during this period that can 
be scalable and does not necessitate extensive therapist 
involvement.

Harnessing environmental enrichment to improve post-injury 
outcomes
The HPC is particularly vulnerable to TBI,2–4 17 yet also 
holds an innate affinity for neurogenesis and neuroplas-
ticity,22–24 highlighting it as a good candidate for targeted 
interventions. Evidence from animal studies shows that 
environmental enrichment (EE) through extensive 

maze training can support positive neuroplasticity in the 
HPC.25 Support for this intervention approach has also 
been shown in humans, particularly when focusing on 
allocentric spatial navigation, involving flexible naviga-
tion from a bird’s eye view perspective.26 27 For example, 
an intensive 90 hours of training on a video game asso-
ciated with allocentric navigation resulted in increased 
HPC volume in those who generally use the opposite 
strategy (ie, egocentric).28 Another study showed that 
intensive virtual navigation training in healthy older 
adults resulted in the successful attenuation of expected 
age- related volume declines in the HPC29 and increased 
hippocampal neural density that was moderated by 
genotype.30

Informed by the efficacy of such interventions, here 
we designed a novel intervention focused on three 
factors: (1) targeting the HPC through training on 
allocentric navigation; (2) high- intensity and high- dose 
schedules; and (3) scalability and convenience through 
remote training online. Google Street View (GSV) was 
chosen as the navigation platform because it is easily 
accessible from patients’ homes and does not require 
specialised software, allowing intensive training of allo-
centric navigation with only a browser and internet. 
Based on current experimental evidence, we created a 
website with set virtual environments (cities) consisting 
of route learning and associated navigation tasks such 
as vector mapping, distance judgements, reverse and 
blocked routes, and landmark mapping known to 
significantly engage hippocampal function. The dose 
of the structured navigation training is 80 hours based 
on previous findings that produced significant bene-
fits.29 30 Different levels of difficulty are available to 
adjust to patients’ ability and maintain an appropriate 
challenge level. To ensure compliance, intrinsic and 
extrinsic rewards are embedded into the intervention, 
and remote progress tracking allows for immediate 
assistance.

Study objectives and hypotheses
The present protocol is a component of a program of 
research with three types of patient populations (m- sTBI, 
multiple sclerosis, patients with TBI living in remote 
areas). The present study examines the efficacy and feasi-
bility of a novel, remotely delivered and self- administered 
intervention designed to offset HPC atrophy following 
m- sTBI. The primary objective is to examine the impact of 
treatment on: (1a) spatial abilities and memory employing 
HPC- sensitive experimental behavioural measures; and 
(1b) chronic HPC volume loss employing quantitative 
MRI of the HPC. As compared to an active control condi-
tion that provides generalised EE, we predict that the 
navigation intervention will lead to more HPC- specific 
neural and behavioural improvements. The secondary 
objective is to assess the feasibility of the intervention. For 
a broad overview of the trial registration data set, please 
refer to online supplemental table 1.
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METHODS
Participants
Patients with m- sTBI from Toronto Rehabilitation Insti-
tute’s Acquired Brain Injury Rehab Service in- patient 
and day hospital programmes who are under 7 months 
post- injury are in the process of being recruited, with a 
projected recruited sample size of n=84. This sample size 
accounts for an estimated attrition rate of just under 20%, 
with an expected resultant sample size of n=70 (35 per 
group). When factoring in attrition, this target sample size 
will achieve 0.80 power to detect medium–large effects 
based on a power analysis for a linear regression with 
eight predictors (using G*Power31). Power will be further 
maximised by employing dimension reduction methods 
(ie, principal component analysis) prior to conducting 
the linear regression analyses, with the projected number 
of resultant predictors not exceeding eight.

Inclusion criteria include: (1) acute care diagnosis of 
m- sTBI; (2) post- traumatic amnesia (PTA) of 24 hours 
or more and/or lowest Glasgow Coma Scale (GCS) <13; 
(3) positive CT or MRI; (4) between 18 and 55 years of 
age; (5) fluency in English; (6) competency to provide 
informed consent or availability of a legal substitute deci-
sion maker; (7) basic computer skills (use of internet/
email, mouse and arrow keys); (8) functional use of at 
least one upper extremity for computer use; and (9) 
resident of Greater Toronto Area (to facilitate access 
to the MRI). The age cut- off excluded patients over 55 
years to prevent potential age- related confounds in brain 
volume and cognitive changes, as research has shown 
that decline begins to accelerate in the fifth to sixth 
decade of life.32 Exclusion criteria include: (1) neuro-
logical disorder other than TBI (eg, dementia, stroke); 
(2) diagnosis of a neurodevelopmental disorder; (3) TBI 
sustained before age 18 years; (4) systemic comorbidities 
(eg, lupus, diabetes); (5) current diagnosis of aphasia; 
and (6) presence of metal inside the body (eg, surgical 
clips, pacemaker) leading to ineligibility for an MRI. It is 
noted that although exclusion on the basis of a diagnosis 
of aphasia is necessary for establishing proof of principle, 
future development should emphasise the incorporation 
of aphasia- friendly materials in order to benefit as many 
patients as possible.

Inclusion criteria pertaining to the participant’s 
medical history are assessed using a chart review. During 
recruitment, patients are informed that they do not need 
to discontinue ongoing rehabilitative activities to partic-
ipate in the study. Basic computer skills are evaluated at 
the pre- intervention assessment.

Participants are compensated for their participation by 
receiving $C75 following the completion of each of the 
pre- intervention and post- intervention assessments, and 
$C75 in electronic gift cards (ie, Amazon) for each month 
of intervention completion. To maximise retention and 
compliance to intervention dose, participants also have 
the opportunity to receive an additional $C40 in coffee 
cards ($2.50 for each completed week). A consideration 
regarding compensation is that though it is a necessary 

component of research studies, its inclusion may impact 
the assessment of the feasibility of implementing the 
intervention clinically, in terms of both uptake and 
compliance. This is partially addressed by a debriefing 
question posed to participants in a post- intervention 
semistructured interview, which asks whether they would 
have completed the intervention without compensation 
(for more detailed information, refer to the outcome 
measures and online supplemental table 2). Based on the 
hourly rate ($C4.25), it is unlikely to provide significant 
financial incentive. Furthermore, once the efficacy of the 
intervention is validated, this would provide an inherent 
incentive for patients to complete it as part of their clin-
ical rehabilitation and recovery.

Patient and public involvement
A recovered patient with TBI was involved in the initial 
conceptualization of the study. Once the intervention 
was developed, pilot patients were recruited to complete 
3–5 weeks of the designed intervention to gauge the feasi-
bility of the format and intensity of remote training; the 
patients were able to complete the training as designed 
and showed improvements on the targeted training 
tasks. Patients in the present study are asked to assess the 
burden of the intervention through the weekly adminis-
tration of the How Much Is Too Much Scale.33 As part 
of a post- intervention semistructured interview, they are 
also asked to identify any facilitators and barriers they 
encountered to completing the intervention, as well as 
the average amount of time they required to participate 
in the intervention. The public was not involved in the 
design of the study, but a number of public organisations 
are engaged for recruitment aid (eg, March of Dimes, 
local community brain injury services). Study contacts at 
each organisation are provided with a recruitment flyer 
for circulation among their case managers and in commu-
nication with their members (eg, monthly newsletters).

Study design
The present study is a randomised, controlled, patient 
and (partially) observer blinded, parallel group, two arm, 
superiority trial with a 1:1 allocation. Participants are 
randomly assigned to either the experimental targeted 
navigation intervention or to active control training 
(educational videos), and are blinded to their assigned 
experimental versus active control condition. Randomisa-
tion is conducted using the rand() function in Microsoft 
Excel by the study coordinator prior to study commence-
ment. A central recruiter from the institutional recruit-
ment office who is not part of the study team is employed, 
who engages in initial contact and primary screening. The 
study coordinator then conducts secondary screening 
and formal enrolment by assigning participants their 
study identity numbers, which are not directly linked to 
group allocation. The study team members conducting 
the in- person assessments, as well as the MRI technolo-
gist, are blinded to group assignments. The experimenter 
conducting the remote assessments and training is not 
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blinded to group assignments, as they need to train the 
participant on the task, but potential bias is minimised by 
the absence of non- verbal cues over the phone and close 
adherence to standardised scripts. Participants complete 
their assigned intervention online using their computer 
at home. In the event that a participant does not have 
access to a computer or internet connection, these are 
lent to them at no cost for the duration of the study.

Cognitive assessments are conducted at pre- intervention 
(week 0) and post- intervention (week 17) by the study 
team and are each split over 2 days (for a Consolidated 
Standards of Reporting Trials study flow diagram, see 
figure 1). Participants are scheduled to complete the 
pre- intervention assessment at approximately 7 months 
post- injury, in order for the intervention to occur during 
a time period over which hippocampal degeneration is 
generally observed.2–4 Participants who are recruited 
at the acute stage post- injury are put on a waitlist until 
they reach 7 months post- injury. Pre- intervention assess-
ment occurs 1 week prior to beginning the intervention, 
in- person at the University of Toronto Neuroimaging 
Facility (for MRI), and over the phone. At the end of 
the pre- intervention assessments, participants receive 
orientation and training for their assigned intervention 

by completing a session on the respective intervention’s 
website, guided by the experimenter over the phone. 
Participants assigned to the navigation intervention are 
provided with instructions on how to develop their allo-
centric navigation strategy in a manner that is conducive 
to flexible navigation and thereby linked to HPC activa-
tion.34 35

Reminder emails are sent out immediately following 
the orientation, and on day 1 of the intervention in 
order to support participants when they are beginning 
the intervention. For the remainder of the 16- week inter-
vention, participants receive reminder emails only if they 
miss 3 days of training, and a phone call if they miss an 
entire week of training, in order to work through any 
potential barriers to participation. Daily text- message or 
email reminders are added as needed. A month before 
the end of the intervention period, the post- intervention 
assessments are scheduled to ensure that they are 
conducted a maximum of 1–2 weeks following interven-
tion completion.

For an overview of the specific roles and responsibilities 
involved in conducting the study, refer to online supple-
mental table 3.

Figure 1 CONSORT study flow diagram of the present protocol. CONSORT, Consolidated Standards of Reporting Trials.
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Targeted navigation intervention protocol
The targeted navigation intervention involves virtual navi-
gation training with a focus on allocentric navigation.36 37 
The dose and intensity match the design of a previous 
study with successful outcomes29 30: approximately 1 hour 
a day, 5 days a week, for 16 weeks. The intervention is 
delivered on a designated website hosted within the 
University Health Network’s (UHN) secure servers. Each 
week, participants learn a section of a new city with basic 
to more challenging navigation tasks, with the goal of 
being able to independently navigate the assigned section 
by the end of the week. During protocol development, 
cities were selected based on availability in GSV, presence 
of English street names, sufficient size (eg, a city centre at 
least 1 km2), and availability of notable landmarks.

Participants are asked to complete tasks in new cities 
with increasingly challenging layouts each week. Prior 
to starting the intervention, participants are adminis-
tered a survey of cities visited to ensure all cities are novel 
to participants. If a participant has visited a test city, a 
replacement city is assigned. The challenge levels of the 
tasks within each week vary based on the selected level, 
ranging from level 1 to 4, which differ in number of 
streets, turns and landmarks (see below). All participants 
are initially placed in level 1, and levels for subsequent 
weeks are based on performance of at least 80% on all 
of the main task measures during the previous week. If 
participants are performing less than 60% on any of the 
main task measures in subsequent weeks, they are placed 
in a lower level the following week. If participants are 
performing between 60% and 79% on any of the main 
task measures, they remain in the same level they were 
assigned the previous week.

Inspired by the format of the study maps used in another 
study,38 each week of training begins with studying a map 
stripped of all labelling except for preselected landmarks 
and street names. Based on the challenge level, an initial 3 
landmarks and 8–10 street names were selected for levels 
1–3, and an initial 5 landmarks and 11–13 street names 
were selected for level 4. Throughout the week, partici-
pants learn additional landmarks and street names, where 
by the end of the week they will have learnt 5 landmarks 
and 11–13 street names for levels 1 and 2, 7 landmarks 
and 14–16 street names for level 3, and 9 landmarks and 
17–20 street names for level 4.

Scaffolding learning is applied using three types of 
activities that increase in difficulty throughout the week, 
including: (1) navigation, which requires participants to 
navigate routes of increasing difficulty; (2) a set of end- 
of- day multiple choice challenge questions, testing infor-
mation learnt during the day and throughout the week; 
and (3) a map placement task to assess street and land-
mark place memory.

Navigation includes: (1) passive routes, where partic-
ipants are shown videos of route navigation in GSV 
between each of the new landmarks; (2) active routes, 
which require participants to independently navigate the 
same routes shown in the videos; (3) reverse routes, which 

require participants to navigate to and from landmarks in 
the opposite direction from what was learnt in the videos; 
(4) alternate/new routes, which involve finding routes to 
learnt landmarks or intersections that had not been previ-
ously paired; and (5) blocked routes, where participants 
are instructed to find detours to landmarks or intersec-
tions when certain streets are identified as inaccessible. 
When navigating each route, participants are provided a 
dual- map view earlier in the week, with a map inset on one 
half of the screen, and GSV on the other half. Later in the 
week, participants are required to navigate solely using 
GSV. Dual- maps and GSV are embedded in a new page 
within the website using scripts incorporating Google 
Maps javascript API, which collects participant path data 
and confirms they have reached the target location.

The second activity, the end- of- day multiple- choice 
questions, is divided into three categories that test both 
egocentric and allocentric spatial knowledge39–42: (1) 
landmark sequencing (eg, “You’re walking along X St. 
from Y St. to Z St. Which landmark do you most closely 
pass?”); (2) distance judgement (eg, “Which landmark is 
closer to X?”); and (3) vector mapping (eg, “Facing X St. 
from Y, which degree represents the direction of Z?”).

Finally, the third activity, the map- placement task, 
involves presenting two reproductions of the study map 
stripped of all information. Letters and numbers repre-
senting landmarks and streets, respectively, need to be 
matched to a list of learnt landmark and street names.

To increase compliance and engagement, in addition 
to earning potential coffee cards, auditory and written 
rewards are provided throughout training. Auditory 
rewards are presented in the form of short audio clips 
about each new landmark, with information about the 
landmark that is part of a greater fictional narrative 
created for each city. Written rewards are in the form of 
eight different encouraging pop- up messages appearing 
randomly throughout the week (eg, “Good work, keep it 
up!”). Placement of written and coffee card rewards are 
based on four randomised schedules, with a maximum 
of four combined rewards, at approximately 25%, 50%, 
75% and 100% of the way into the day. The four sched-
ules were additionally randomised and each set as reward 
schedules for four different weeks.

Active control condition protocol
Participants randomly assigned to the active control 
condition complete a 16- week educational video inter-
vention at the same intensity as the navigation training, 
also on a designated website hosted on the secure UHN 
server. Here, training involves watching videos on educa-
tional topics (ie, TED Talks), to control for placebo 
effects and for the effects of generalised environmental 
enrichment of the same dose as the targeted navigation 
training. For each day of training, participants are asked 
to select one of two possible videos three times, watching 
a total of three videos.

During protocol development, videos were selected 
by two raters, basing their decisions on the educational 
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and engagement level. The videos were further screened 
for coarse language, sexual content, and highly political, 
religious or polarising topics. Any videos involving topics 
revolving around health, which could be regarded as 
providing medical advice, were also excluded (refer to 
online supplemental table 4 for the final list of videos).

Compliance is indexed by the amount of time patients 
spend on each of the videos. As an indirect measure, this 
is acknowledged as a potential limitation, but allows some 
insight into degree of compliance. To encourage maximal 
attention to the videos, at the end of each video, partici-
pants rate six aspects of the content (relevance, interest, 
comprehensibility) and speaker (quality of delivery, 
enthusiam, entertainment quality), on a scale of 1 (lowest) 
to 5 (highest). This rating task was chosen because it does 
not have a strong memory component associated with it 
and thus ensures the task is not targeting memory func-
tioning. As an innate characteristic of self- administered 

therapy and generalised questions, attention is not able 
to be measured directly and is acknowledged as a poten-
tial limitation.

Additionally, as with navigation participants, they are 
given written rewards of encouragement with the same 
randomised placement described above.

Outcome measures
Table 1 summarises the timeline of the collection of each 
of the measures throughout the duration of the study, 
with detailed descriptions below.

Spatial and memory measures (Objective 1a)
The primary cognitive outcome measures include near- 
transfer, medium- transfer and far- transfer performance- 
based measures plus additional patient- reported 
outcomes. Near- transfer outcome measures (naviga-
tion intervention group only) include the following 

Table 1 Summary of the timeline of collection of the outcome measures

Phase Timeline Outcome category Outcome measures

Pre- intervention Week 0 day 1 Primary (imaging) MRI

Primary (experimental) Day 1 medium- transfer tasks*

Primary (clinical) Clinical measures†

Control Demographics, mood‡

Week 0 day 2 Primary (experimental) Day 2 medium- transfer tasks§
Far- transfer tasks¶

Control Physical activity**

Intervention Weeks 1–16, days 1–5 Primary (experimental) Near- transfer tasks††

Secondary (feasibility) Compliance to intervention‡‡

Weeks 1–16, day 5 only Secondary (feasibility) How Much Is Too Much Scale

Post- intervention Week 17 day 1 Primary (imaging) MRI

Primary (experimental) Day 1 medium- transfer tasks*

Primary (clinical) Clinical measures†

Control Physical activity**

Week 17 day 2 Primary (experimental) Day 2 medium- transfer tasks§
Far- transfer tasks¶

Secondary (feasibility) Semistructured interview

Week 17 days 1–5 Primary (experimental) Near- transfer tasks‡‡

*Tasks include Different Approach Task, Path Integration Task.
†Digit Span, Visual Spatial Span, SART, Symbol Digit Modalities Test, flanker inhibitory control and attention test, dimensional 
change card sort test, pattern comparison processing speed test, picture sequence memory test, RAVLT, RVDLT, GOSE.
‡Age, sex, injury severity, hours of therapy, BAI, BDI.
§CMFT, SBSOD, NSQ.
¶MIC, MST, EMQ.
**IPAQ.
††Training- related outcome measures, and comparison of performance on week 1 and untrained city (week 17) for navigation 
participants only.
‡‡Whether at least 80% of intervention has been completed, and average percentage of daily tasks completed.
BAI, Beck Anxiety Inventory; BDI, Beck Depression Inventory; CMFT, Cognitive Map Formation Test; EMQ, Everyday Memory 
Questionnaire; GOSE, Glasgow Outcome Scale Extended; IPAQ, International Physical Activity Questionnaire; MIC, Memory 
Image Completion Task; MST, Mnemonic Similarity Test; NSQ, Navigational Strategies Questionnaire; RAVLT, Rey Auditory 
Verbal Learning Test; RVDLT, Rey Visual Design Learning Test; SART, Sustained Attention to Response Test; SBSOD, Santa 
Barbara Sense of Direction Scale.
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within- task intervention components: (1) spatial learning 
ability based on end- of- day questions; (2) overall spatial 
ability improvement based on the difference in perfor-
mance of end- of- week end- of- day questions, between 
earlier to later weeks of training; (3) independent naviga-
tion ability improvement on GSV- only reverse, alternate 
and blocked routes, based on differences in performance 
between earlier to later weeks of training; and (4) cogni-
tive map formation ability, based on differences in end- 
of- week performance between earlier and later weeks of 
training. Because the complexity of the cities increases 
throughout the 16 weeks of training, and participants may 
switch challenge levels, this is not a direct comparison of 
pre- intervention and post- intervention ability. Therefore, 
performance is also compared between the first week of 
training and an additional week in a city on which partic-
ipants were not trained, following the completion of the 
intervention.

Medium- transfer measures are used to assess changes 
to spatial abilities that were not trained: (1) Cognitive 
Map Formation Test (CMFT; earlier version described 
in43); (2) Different Approach Task44; and (3) Path Inte-
gration Task.45 Far- transfer measures include memory 
tasks sensitive to HPC integrity to assess generalisability 
of training to HPC- dependent abilities that were not 
directly trained: (1) Memory Image Completion Task 
(MIC)46 47; and (2) Mnemonic Similarity Test (MST).48 
Patient- reported outcome measures include subjective 
changes to navigation and memory in daily life with the 
following self- report measures: (1) Santa Barbara Sense 
of Direction Scale (SBSOD)49; (2) Navigational Strategies 
Questionnaire (NSQ)50 and (3) Everyday Memory Ques-
tionnaire (EMQ).51

Alternate forms of the primary tasks are used (ie, MST, 
MIC, CMFT, Different Approach Task, Path Integration 
Task), with the specific form used for the pre- intervention 
and post- intervention assessments counterbalanced across 
participants. To maintain consistency in administration, 
data collection and data entry, experimenters undergo 
matched training and use scripts and detailed instruc-
tions. Coding of the key components of the measures are 
entered and checked by multiple experimenters.

Neuropsychological battery (characterisation and additional 
outcomes)
A comprehensive clinical neuropsychological assess-
ment battery validated for use with individuals with TBI 
is administered by a trained neuropsychologist blind to 
group allocation, to characterise the participants at base-
line and permit exploration of changes to performance 
following the intervention. The performance- based 
outcomes that are administered include the: (1) Wechsler 
Test of Adult Reading52 (for characterisation only); (2) 
Digit Span forwards and backwards53; Visual Spatial 
Span (forwards and backwards); (3) Rey Auditory Verbal 
Learning Test (RAVLT)54; (4) Rey Visual Design Learning 
Test (RVDLT)55; (5) Sustained Attention to Response 
Test (SART)56; (6) Symbol Digit Modalities Test57; and 

(7) select subtests of the NIH toolbox,58 including the 
picture sequence memory test, flanker inhibitory control 
and attention test, dimensional change card sort test 
and pattern comparison processing speed test. Alternate 
forms of all tasks are employed as required. As a broader 
index of functional outcome, the Glasgow Outcome Scale 
Extended59 is administered pre- intervention and post- 
intervention, with a small subset of participants that will 
not have completed this outcome as it was added shortly 
after recruitment began. In addition, mood assessments 
are employed, including the Beck Depression Invento-
ry- II (BDI- II) and the Beck Anxiety Inventory (BAI).60 61

For each participant, clinical feedback is provided via 
phone call by a neuropsychologist, to the participant and 
their significant other or caregiver. Information from their 
clinical interview, performance across the clinical measures 
and medical chart is integrated. Feedback includes: (1) a 
review of the purpose and expectations of the assessment; 
(2) a review of strengths and weaknesses across cognitive 
domains that have been observed, and connecting them (if 
applicable) to clinical complaints or symptoms; (3) a discus-
sion regarding personal goals and how best to use identified 
strengths to offset their weaknesses; and (4) further referrals 
to medical professionals, if applicable.

Control variables
Demographic information, injury history and hours of 
therapy for all participants are collected using a secure, 
online survey prior to the pre- intervention assessment. 
At the pre- intervention assessment, a personal inter-
view is conducted by a neuropsychologist to validate the 
contents of the survey and gather additional information. 
In addition to inclusion for clinical feedback, BAI and 
BDI- II scores are also considered as control variables.60 61 
Participants’ current levels of physical activity are assessed 
using the International Physical Activity Questionnaire- 
Short Form (IPAQ).62

Structural MRI of the HPC (Objective 1b)
A Siemens Prisma 3 Tesla scanner with a 32- channel head 
coil is used for imaging acquisition. The primary imaging 
measures include total HPC volumes and HPC substruc-
tures. The secondary imaging measures include diffusion 
tensor imaging (DTI) to examine the integrity of WM 
tracts involving the HPC (ie, fimbria–fornix pathway). 
The full list of MRI sequences can be found in online 
supplemental material 1.

Feasibility measures (Objective 2)
General feasibility of the intervention is determined by 
the recruitment rate, retention rate (including factors 
influencing retention) and compliance rates, based on 
objective rates and subjectively through daily, weekly 
and biweekly self- reported questionnaires. Recruitment 
rate is determined by dividing the number of partici-
pants consented by the number of eligible participants 
approached, retention rate is determined by dividing 
the number of consented participants at baseline by the 
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number of consented participants retained at follow- up, 
and compliance rate is determined by calculating the 
percentage of participants adhering to at least 80% 
of the training protocol, as well as by calculating the 
average of each individual participant’s percentage of 
completion of each of the daily tasks across the entire 
duration of the intervention. Retention and compli-
ance rates close to 100% are desired, but 70% or greater 
are considered acceptable, based on previous studies 
assessing feasibility of self- administered computerised 
interventions in this type of population.63–65

The degree of burden to the participants in completing 
the intervention is assessed using the How Much Is Too 
Much Scale,33 administered each week to measure phys-
ical, mental and mood symptom onset following inter-
vention participation, incorporated on the intervention 
website at the end of the week’s tasks. Participants placed 
in the targeted navigation intervention group also 
complete a semistructured interview following all of the 
outcome measures. The experimenter who administers 
the remote assessments conducts the interview over the 
phone by following the interview guide (online supple-
mental table 2). Each interview lasts approximately 
30 min, is digitally recorded, then transcribed verbatim 
for data analysis. Participants are asked about their 
experiences with the intervention, uptake of web- based 
technology, perceived barriers and facilitators to partic-
ipating, as well as strengths, weaknesses and impact of 
the programme on their daily life.66

STATISTICAL PROCEDURES
Objectives 1a and 1b (efficacy)
To address Objective 1a (efficacy for behavioural 
outcomes), descriptive and inferential statistics will be 
employed to examine group- level changes in the following 
cognitive outcomes (experimental and clinical): (1) far- 
transfer tasks associated with executive functioning (Digit 
Span, Visual Spatial Span, SART, Symbol Digit Modali-
ties Test, flanker inhibitory control and attention test, 
dimensional change card sort test, pattern comparison 
processing speed test); (2) far- transfer tasks and subjec-
tive measures associated with memory (MIC, MST, RAVLT, 
RVDLT, picture sequence memory test, EMQ); and (3) 
medium- transfer tasks and subjective measures associated 
with spatial abilities (CMFT, Different Approach Task, 
Path Integration Task, SBSOD, NSQ).

A principal component analysis will be conducted for 
dimension reduction of these measures, and the resul-
tant components will be used as predictors in a series of 
between- group (targeted navigation and active control) 
analyses, which will be used to estimate the average causal 
treatment effect. Secondary control measures will then 
be introduced individually to test for interactions that, 
if present, indicate that the corresponding variable acts 
as a moderator of the treatment effect, including depres-
sion (BDI- II), anxiety (BAI), age, sex, injury severity (ie, 

PTA), hours of therapy and physical activity (IPAQ). If so, 
specific effects will be estimated.

Within the targeted navigation group, changes to near- 
transfer outcomes will be assessed using single- group 
analyses on the training- related outcome measures. The 
analyses will be carried out with mixed models using infor-
mation available from all participants, including those 
with partially missing data (combining mixed models 
with multiple imputation for longitudinal data) to reduce 
potential bias due to attrition. Analyses will be carried out 
‘as randomised’ (intent- to- treat analyses) where possible, 
as well as ‘per protocol’ taking the degree of compliance 
into account. We anticipate group effects and group by 
time interactions, with improvements in the navigation 
group at post- intervention (vs control). For navigation 
participants, we also anticipate improvements on the 
training- related outcome measures.

For Objective 1b (efficacy of the intervention to reduce 
HPC degeneration), the same analyses described above 
for the cognitive measures will be undertaken for our 
imaging outcomes. Additional HPC subfield analyses will 
be completed based on manual segmentation of the T2 
volumes, where data analysts will be blinded to the allo-
cation of the participant. We expect the dentate gyrus 
and CA1 subregions to most strongly express degener-
ation and preservation trajectories due to roles in allo-
centric navigation and neurogenesis. For DTI, we expect 
an offset of previously reported fornix degeneration 
following navigation training.7 Cingulum integrity could 
also be expected to be modulated with improved HPC 
function and/or structure.

Objective 2 (feasibility)
This objective will be achieved by measuring recruitment 
and retention, and compliance in (i) completion of the 
interventions, and (ii) completion of all behavioural 
outcome measures of the study. Acceptability/tolerance 
of procedures is measured with the How Much Is Too 
Much Scale. A semistructured interview will help identify 
barriers to completion and elicit suggestions for improve-
ment. Descriptive statistics will be used to summarise the 
outcomes of the feasibility component of the study.

Inductive manual thematic analysis67 will be conducted 
on the recorded responses to the questions from the 
semistructured interviews to assess the themes, staying 
close to participants’ own words.68 69 A subset of interview 
transcripts will be initially coded by two experimenters 
to ensure agreement and standardisation of a coding 
framework to be applied to the remaining transcripts. 
Following this, the remainder of transcripts will be coded 
independently by each experimenter. On completion, 
reviewers will meet to reconcile coding of major identi-
fiable themes of each transcript, allowing for enhanced 
reflexivity and rigour.

To aid in the organisation of data and visualisation of 
emergent themes (eg, word frequency query, mind map), 
coding notes will be entered into NVivo70 and clustered 
into groups and categories. To maximise credibility and 
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impartiality, the broader research team will meet to 
discuss the developing analysis, where new themes may 
be considered, and until consensus is reached and theme 
labels are agreed on.

ETHICS AND DISSEMINATION
This study has been approved by the UHN Research 
Ethics Board and the Research Oversight and Compli-
ance Office at the University of Toronto. This study is 
conducted in accordance with the Declaration of Helsinki 
and the Tri- Council Policy Statement: Ethical Conduct 
for Research Involving Humans, second edition.71 The 
present study began on 20 October 2018 and recruitment 
is ongoing. Any modifications to the present protocol will 
be submitted as formal amendments to the original ethics 
application and reviewed by the above ethics boards prior 
to their implementation. All participants are recruited 
through an informed consent protocol in- person and by 
telephone (please see online supplemental material 2 for 
a model consent form). At the time of consent, partic-
ipants are assured that withdrawing from the study will 
not affect the care they receive at Toronto Rehabilitation 
Institute. Participants are informed that the study involves 
minimal risks (ie, fatigue from assessments or interven-
tion, claustrophobia during MRI). Participants may leave 
the study at any time.

The protocol follows the guidelines prescribed by the 
Standard Protocol Items: Recommendations for Interven-
tional Trials Statement.72 All collected physical data are 
stored securely in locked cabinets, and electronic data are 
stored on a secure server at Toronto Rehabilitation Insti-
tute. Only the direct study team will have access to identi-
fying information, which is kept confidential, and to the 
final dataset. Results summarising the anonymised data 
will be presented at academic and clinical conferences 
and findings will be submitted to peer- reviewed journals. 
Authorship for publications will be determined based on 
the uniform requirements for manuscripts submitted to 
biomedical journals.73 Key findings will be shared directly 
with participants who have participated in the study by 
email, summarising the broad results in a simplified and 
accessible format, and will be made available to the public 
through media releases shared through the Marketing 
and Communications departments at Toronto Rehabil-
itation Institute and the Rotman Research Institute at 
Baycrest.

SIGNIFICANCE AND IMPACT
The strength and novelty of the present study is the 
unique design of an intervention that can be completed 
by participants in their own homes using widely available 
software, which can therefore be delivered with minimal 
resources, anywhere in the world. This enhances the scal-
ability and reach of the intervention, allowing the study 
to be replicated and the intervention to be available to 
large samples of patients with TBI and other patient 

populations with similar neuropathology. Furthermore, 
using the principles of EE, the intervention is designed 
to be continuously novel and challenging, allowing 
participants to remain engaged while stimulating the 
HPC through tasks in which it is known to be involved. 
Additionally, the study employs an active control to allow 
more robust conclusions to be made regarding the effec-
tiveness of a targeted navigation intervention for m- sTBI, 
compared with generalised EE.

Finally, the online setting of the intervention allows 
for real- time data collection to monitor compliance 
and performance while maintaining accurate records. 
Importantly, the proposed research aims to develop 
infrastructure for ongoing neurorehabilitation in remote 
communities and for individuals who may face other 
barriers to obtaining necessary resources (eg, reduced 
mobility or financial burden). The self- administered 
feasibility questionnaire as well as the post- intervention 
interview will help to ascertain barriers and facilitators 
to retention and compliance for our intervention, with 
relevance to other computerised cognitive interventions 
for individuals with m- sTBI, to support the expansion of 
treatment options for individuals in this population.
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