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Computerised cognitive assessment in patients with
traumatic brain injury: an observational study of feasibility
and sensitivity relative to established clinical scales
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Summary

Background Online technology could potentially revolutionise how patients are cognitively assessed and monitored.
However, it remains unclear whether assessments conducted remotely can match established pen-and-paper
neuropsychological tests in terms of sensitivity and specificity.

Methods This observational study aimed to optimise an online cognitive assessment for use in traumatic brain injury
(TBI) clinics. The tertiary referral clinic in which this tool has been clinically implemented typically sees patients a
minimum of 6 months post-injury in the chronic phase. Between March and August 2019, we conducted a cross-
group, cross-device and factor analyses at the St. Mary’s Hospital TBI clinic and major trauma wards at Imperial
College NHS trust and St. George’s Hospital in London (UK), to identify a battery of tasks that assess aspects of
cognition affected by TBI. Between September 2019 and February 2020, we evaluated the online battery against
standard face-to-face neuropsychological tests at the Imperial College London research centre. Canonical
Correlation Analysis (CCA) determined the shared variance between the online battery and standard
neuropsychological tests. Finally, between October 2020 and December 2021, the tests were integrated into a
framework that automatically generates a results report where patients’ performance is compared to a large
normative dataset. We piloted this as a practical tool to be used under supervised and unsupervised conditions at
the St. Mary’s Hospital TBI clinic in London (UK).

Findings The online assessment discriminated processing-speed, visual-attention, working-memory, and executive-
function deficits in TBI. CCA identified two significant modes indicating shared variance with standard
neuropsychological tests (r = 0.86, p < 0.001 and r = 0.81, p = 0.02). Sensitivity to cognitive deficits after TBI was
evident in the TBI clinic setting under supervised and unsupervised conditions (F (15,555) = 3.99; p < 0.001).

Interpretation Online cognitive assessment of TBI patients is feasible, sensitive, and efficient. When combined with
normative sociodemographic models and autogenerated reports, it has the potential to transform cognitive assess-
ment in the healthcare setting.
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Research in context

Evidence before this study

A PubMed search for ‘traumatic brain injury’, ‘cognition’,
‘computerised testing’, and ‘remote testing’ conducted on the
15th of January 2023 highlighted growing interest in remote
and computerised assessments over the past decade. The
heterogeneity of TBI-related cognitive deficits and the
debilitating effect these have on functional recovery
highlights the benefit that computerised cognitive testing
would have in terms of supporting more detailed
assessments, early detection and longitudinal tracking of the
impairments. However, these assessments should be designed
to specifically target the cognitive domains that are relevant
to TBI and benchmarked against standard established
cognitive tests.

Introduction

Over the past decade, interest has grown in the use of
online cognitive assessments in population and clinical
research,' and some neuropsychologists have called for
this technology to be incorporated into clinical practice.’
This is motivated by the potential benefits that online
technologies offer as an adjunct to face-to-face assess-
ments, including time savings through automatic
deployment, test scoring and data export, analyses based
on more detailed behavioural recording at the individual
response level, and enhanced engagement through a
gamified format (e.g., real-life stimuli, points scoring,
rules of playing, progress bar), which allows to simulate
the experience of game-playing.**”

Surveys of neurological patients, their carers and
stakeholders also highlight higher frequency of longi-
tudinal monitoring of cognitive problems as a top
research priority.® The traditional approach to neuro-
psychological testing relies on supervised administra-
tion of pen-and-paper tests which require costly
clinician time in services facing increasingly limited
resources and is therefore expensive and burdensome
on patients expected to attend face-to-face appointments.
Automated online assessment is ideal for this purpose
because it is deployable in peoples’ homes, potentially
under unsupervised conditions and via computer, tablet
and smartphone devices that they already own. The

Added value of this study

We designed a brief assessment with low sensitivity to the
type of device used that could discriminate different TBI-
related cognitive impairments. Modelling massive normative
data enabled correction of patient scores for multiple
demographic variables and enabled a culture fair assessment.
The online assessment performed favourably relative to
standard neuropsychological measures.

Implications of all the available evidence

Our findings suggest that computerised cognitive testing in
TBI is feasible and sensitive to deficits across different
cognitive domains. Our platform offers a rapid way of
screening patients to identify those in greatest need of
further clinical investigations and support. Future studies
should focus on administering remote computerised testing
longitudinally to track recovery trajectories.

automated generation of unique stimuli can also reduce
practice effects, enabling repeat assessments.”” Impor-
tantly, computerised and remote cognitive tests can
offer a cost-effective way of screening patients for those
most needing of the more extensive, formal specialist
neuropsychological assessment.

However, the potential of online cognitive assess-
ment in clinical practice is still in its infancy. Partly this
reflects generic challenges of translating research tech-
nology into digital healthcare solutions, such as
ensuring robustness and data validity across operating
systems and devices. Regarding cognitive assessment,
such challenges are substantial because differences in
screen sizes and response interface latencies can
confound results which primarily rely on performance
speed and accuracy. There are also more idiosyncratic
challenges; most notably, human cognition is complex,
spanning multiple domains. Patients have widely
differing levels and types of impairment. Tests sensitive
to subtle executive problems may be unfeasible for more
pronounced memory problems, whereas tests for the
latter may be insensitive to the former. Neuropsychol-
ogists therefore call upon a repertoire of carefully
designed measures to fit different assessment purposes.
Some patients may not tolerate lengthy assessments or
understand task instructions. Critically, the perfor-
mance of cognitive tasks covaries with a variety of
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variables in the normal population, e.g., age, education
level and first language.” Therefore, for utility in
healthcare, an online assessment battery must be opti-
mised to discriminate the cognitive domains that are
relevant to the target population whilst being accessible
in terms of instructions and duration. It should be
‘culture fair'—accounting for normal performance
variation with population factors. Such technology also
must result in sufficient engagement and compliance
and be evaluated against the current available tests for
sensitivity and precision in discriminating affected
domains.

The management of traumatic brain injury (IBI)
exemplifies the challenges and potential of online as-
sessments. TBI is a leading cause of death and disability
worldwide, affecting ~10 million individuals annually.’
The management of chronic cognitive symptoms after
TBI is particularly difficult, partly because of limited
resources, but also the intrinsic heterogeneity of this
population.” Along with physical and psychiatric
sequelae,'"'? approximately 65% of moderate-severe TBI
patients show long-term cognitive deficits.” These def-
icits are heterogeneous at baseline. Furthermore,
different patterns of damage to brain networks correlate
with deficits in different cognitive domains and predict
differential responsiveness to pharmacotherapy and
neurostimulation.'*'® Impairments in memory, execu-
tive functions, and attention can persist for many years
and have significant functional consequences.”>'”'
Deficits also follow diverse trajectories.” There can be
substantial recovery from the acute to chronic phase, but
patients are likely to experience accelerated age-related
decline,” including increased dementia incidence.”’ It
is therefore important to identify cognitive problems
early to plan rapid interventions, i.e., before emerging
problems interfere with life trajectories. Online assess-
ment could provide detailed diagnostic information for
this purpose cheaply, including longitudinal tracking of
deficits.

Here, we sought to optimise and validate an online
assessment battery for patients with moderate-severe
TBI that could be used not only for research, but also
in practical healthcare. Specifically, to help clinicians
and rehabilitation therapists (i) prioritise and allocate
resources by identifying patients most in need of formal
neuropsychological assessments, and (ii) identify those
who need follow-up based on remote monitoring of
their progression over time.

Methods

Study summary

This is an observational study structured in three stages
(Fig. 1). First, we evaluated a superset of available
computerised tasks that were based on classic neuro-
psychological paradigms; these were modified to be
brief, engaging, and suitable for online unsupervised
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I Stage 1: March- August 2019

]‘_

150 TBI + 97 HC

24 TBI + 13 HC

>70 years and <10 [
tasks completed

126 TBI + 84 HC

| stage 2: Sept 2019 - Feb2020

—

61 TBI

(30 short + 31 long
hospital stay)

8 short + 5 long
hospital stay -

Incomplete dataset

48 TBI

22 short + 26 long
hospital stay

Stage 3: Oct 2020 - Dec 2021 fe——— 50 TBI

(23 in-person + 27
remotely)

Fig. 1: Recruitment flowchart. Legend: Flowchart illustrating the
number of participants recruited and included in the analysis at each
stage of the study.

deployment. We collected data from 126 patients and 87
controls to identify an optimal subset of tasks that
maximised sensitivity to the TBI group, minimised
sensitivity to the device used, and measured different
cognitive domains. We then undertook a second stage to
investigate how this optimal battery correlated with two
standard face-to-face neuropsychological tests, the
Montreal Cognitive Assessment (MoCA) and Repeatable
Battery for the Assessment of Neuropsychological Status
(RBANS).?>** We measured the relative sensitivity of the
online and face-to-face assessment to TBI severity,
defined by length of hospital stay. Finally, the online
assessment was embedded into a novel clinical tool that
calculated each individual’s scores via using a very large
normative dataset and correcting for demographic
characteristics. This tool automatically generates a
clinician-facing results report that is immediately avail-
able. It was piloted for use in a regional referral TBI
outpatient clinic, and sensitivity to deficits was evaluated
under both unsupervised remote and supervised clinic
conditions. The tertiary referral clinic we have been
using this tool in, tends to see patients a minimum of 6
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months post-injury. The mean time since injury of the
patients in the 3 stages of this study was ~3 years. Based
on this study, we propose that the tool is applicable at
this stage of the injury — after the acute cognitive effects
such as post-traumatic amnesia have worn off, and cli-
nicians are able to assess the residual sequelae that need
rehabilitating in the chronic phase (i.e., months to
years). We also envision the tool to be used by clinicians
to then monitor patients over time and identify those
who need rehabilitation and follow-up appointments.

However, we did also include a small number of
patients who were <1 month post-injury at the time of
testing. This was important to validate the fact that the
tool was accessible for patients in this stage of their
recovery. Further work would be required to validate the
utility of this tool in aiding clinical decision making in
the more acute phase of recovery following TBI.

Online cognitive assessment tasks

A large library of tasks is available on the Cognitron
platform. These tasks are designed to measure diverse
cognitive domains, including with substantial redun-
dancy (e.g., Tower of London and Blocks both measure
the same aspects of spatial planning but in different
ways). From this library, 23 tasks were selected that (a)
covered multiple cognitive domains, (b) included
aspects of cognition reported to be affected by moderate-
severe TBI, and (c) that were considered to be accessible,
brief, understandable and engaging by a panel of
cognitive neuroscientists, clinical neuropsychologists,
neurologists, other stakeholders, and patient consultants
who had suffered a TBI.

The cognitive platform and task designs have been
reported extensively elsewhere and in Supplementary
Table S1.*7*** Briefly, each task was based on a classic
paradigm used for measuring different aspects of
cognition, including working memory, attention,
reasoning, planning, processing speed, and executive
functions. These paradigms, typically pen-and-paper
and delivered under controlled conditions, had been
reworked into HTMLS5 with JavaScript tasks that were
(a) brief, (b) minimally gamified to maximise engage-
ment, (c) testing non-language-dependent abilities, (d)
using stimuli automatically generated with balancing of
difficulty dimensions, minimising learning effect, and
(e) deployable via practically any modern PC, tablet, or
smartphone web browser.

Data collection

Recruitment took place across inpatient major trauma
wards and at an outpatient TBI clinic at St Mary’s
Hospital in London, which is a tertiary referral clinic
and receives referrals from across the whole country.
Control participants were recruited through friends and
relatives accompanying patients, and via the Join De-
mentia Research website, funded by the Department of
Health and delivered by the National Institute for

Health and Care Research in partnership with Alz-
heimer Scotland, Alzheimer’s Research UK and Alz-
heimer’s Society (www.joindementiaresearch.nihr.ac.
uk). Exclusion criteria for all participants included a
prior history of neurological or psychiatric diseases and
the presence of significant substance abuse. People with
significant pre-existing visual and motor impairments
which would influence their ability to interact with an
electronic device were also excluded. This study received
ethical approval by the NHS Health Research Authority,
London - Camberwell St Giles Research Ethics Com-
mittee (REC reference: 17/L0/2066, IRAS: 230221). All
participants gave written and/or electronic informed
consent.

This study had three stages (Fig. 1). Stage 1 took
place between March and August 2019 at the St. Mary’s
Hospital TBI clinic, and in major trauma wards at Im-
perial College Healthcare NHS trust and St. Georges
Hospital in London (UK). 247 individuals aged 18-80
years were recruited, 97 healthy controls, and 150 par-
ticipants with moderate-severe TBI based on the Mayo
Classification system,” which we consider an appro-
priate measure of TBI long-term outcomes and prog-
nosis among the currently available tools.”** Individuals
70 years or younger, with 10 or more completed
cognitive tasks and complete demographic information
were included in the analysis. Participants older than 70
were excluded due to lack of sufficient numbers to
consider them representative of the general population,
especially in light of the increased risk of cognitive im-
pairments due to neurodegenerative processes in this
age group.” 23 cognitive tasks are too many for patients
to tolerate in a single session. Therefore, during Stage 1,
participants were asked to complete one of four
different batteries (Supplementary Table S1) on a tablet
device at the research centre. To minimise order effects,
the batteries were pseudo-randomised, cycling through
A-D for each successive participant. During this stage,
participants were also instructed to download an app on
their home devices and asked to complete the batteries
remotely. Participants were free to choose the time be-
tween batteries. To minimise practice effects, only data
from the first-time subjects completed each task were
analysed. Instances of participants failing to complete
the other batteries at home as requested, would there-
fore have led to a random selection of tasks not being
completed.

Stage 2 took place between September 2019 and
February 2020. A further sample of 61 moderate-severe
TBI patients recruited from the St Mary’s Hospital TBI
clinic was assessed at the Imperial College research
centre using a single battery of 8 tasks (Supplementary
Table S1 and Fig. 2) derived from optimisation ana-
lyses of data from Stage 1. An index of injury severity
used duration of stay in hospital, splitting the cohort
into two, 30 participants being hospitalised for <7 days
and 31 participants being hospitalised for >7 days.

www.thelancet.com Vol 59 May, 2023


http://www.joindementiaresearch.nihr.ac.uk
http://www.joindementiaresearch.nihr.ac.uk
www.thelancet.com/digital-health

Articles

g - CIIID

N
OO0
W|I®H|©

N

b i

Fig. 2: Schematic of the 8 tasks included in the refined battery of Stage 2. Legend: (A) simple reaction time, (B) choice reaction time, (C) 2D
manipulations, (D) picture completion, (E) card pairs, (F) trail making, (G) Tower of London, (H) paired associates learning.

Participants also completed standard neuropsychologi-
cal scales—the MoCA and RBANS. Only participants
with a complete dataset were retained for analysis.
During Stage 3, between October 2020 and December
2021, the 8-task battery was administered with a third
group of 50 moderate-severe TBI patients who attended
the outpatient TBI clinic at St. Mary’s Hospital in Lon-
don. Participants completed the computerised tasks
either in-person or remotely, which divided the cohort
into two groups of 23 and 27 patients, respectively.
Before administering the tasks in the clinic, de-
signers in Imperial College London’s Helix Centre
improved the accessibility and usability of the webpages

www.thelancet.com Vol 59 May, 2023

of the tasks and result reports. The work was structured
as a ‘design sprint’, first mapping the user experience,
and then interviewing representative users and
observing them using the webpages to guide improve-
ments. Designers also worked with people affected by
dementia and clinicians to inform this process. After
interviews and observations, they created static mock-
ups to specify improvements to the pages’ design.

Statistical analysis

Stage 1-optimisation of tasks for cognitive battery
Unpaired t-tests and Chi-squared tests were performed
to characterise differences in age, gender, handedness,
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first language, education, and the device used in the
patient and control groups. Multiple measures can be
derived from the same task; therefore, our analysed
dataset comprised 39 scores accounting for the 23 tasks
(Supplementary Table S1). Rank inverse normalisation
was applied to each of the vectors of scores to handle
outliers, in order to ensure that they were normally
distributed and to place them on a normalised scale.
To investigate which task scores were sensitive to
TBI and insensitive to device, general linear models
were conducted for each task score using all available
data as the dependent variables, and group (TBI or
control) and testing device as independent variables. 74
participants undertook the tasks with a PC, 55 with a
Apple mobile device, 46 with a Samsung mobile device
and 35 with a different Android mobile device, forming
a factor with four conditions. Age, gender and education
were included as covariates in the models. Tasks with
low sensitivity to group as quantified by low effect size (|
t| < 1.9) were excluded. Task with scores showing high
sensitivity to device (p < 0.05) were also removed.
Principal component analysis (PCA) with orthogonal
varimax rotation was then applied to the remaining data
to reduce the number of available variables and group
the computerised task scores into cognitive compo-
nents. The number of components was defined based
on the Kaiser convention (eigenvalue > 1). Two tasks
having high and discrete loading for each component
(i.e., having a high influence on one specific component
and low influence on the others) were retained, while
the remaining were excluded. This way, tasks that cap-
ture the greatest variance for each cognitive component
remained, with the cognitive battery assessing multiple
aspects of cognition. The resulting brief battery,
comprising 8 tasks, was further evaluated in Stages 2-3.

Stage 2-validation of the refined battery to standard
neuropsychological tests and assessment of sensitivity to
injury severity

Scores derived from the online tasks and standard
neuropsychological tests were winsorised at 3 standard
deviations (STDs) to account for extreme outliers. Four
composite measures were calculated from the online
tasks to reflect the four cognitive components identified
using PCA in Stage 1. This was achieved by taking the
first unrotated factor for the pair of tasks associated with
each cognitive component. A global composite score for
each patient was also calculated as the first unrotated
factor across all eight vectors of task scores.

Patients were categorised as having either short (<7
days) or long hospital stays (>7 days) as a proxy for
injury severity. General linear models (GLMs) were
conducted to determine whether individual tasks, as
well as the composite and total scores for both the
computerised battery and the standard neuropsycho-
logical scales, were sensitive to injury severity, age, first
language, and education.

To assess the relationship between the computerised
battery and standard neuropsychological scales, a CCA
was performed, whereby data from the computerised
tasks formed the first set of variables (U) and data from
the standard neuropsychological battery (RBANS &
MoCA) formed the second (V). In CCA, the shared
variance between the two sets of variables is defined as a
correlational mode. To determine which tasks from each
dataset contributed to each mode, correlation analyses
were performed between each variable and the statisti-
cally significant modes that were identified.

Stage 3-evaluating tasks sensitivity using large scale
normative data

Data were winsorised at three STDs to remove outliers.
Accuracy and reaction time (RT) scores of the 8-task
battery were converted into ‘deviation from expected’
(DfE) scores, which describe the extent that patients
deviate from the expected score of a cognitively healthy
person with the same demographic characteristics.
Specifically, linear models were trained on a large
online-collected normative dataset to predict each task
score based on a detailed combination of population
factors including age, age®, gender, handedness, edu-
cation, occupation status, ethnicity, residency, and first
language. The trained models were then applied to the
participants’ demographics to derive their expected
scores. For each task, the difference between the par-
ticipant’s observed and expected accuracy and RT scores
was then computed and divided by the control popula-
tion STD, thereby deriving the DfE score.

Normative data were collected via the Great British
Intelligence Test, a collaborative project with the BBC2
Horizon started in December 2019.* The number of
normative datapoints available varied across tasks
(mean = 131,736.82, min = 2283, max = 392,855). For
RT, thresholds indicative of lack of compliance (e.g., for
2D Manipulations, spending more than 88,059.5 ms or
less than 169 ms to provide an answer) were applied to
the normative and participants datasets, but no non-
compliant participants were identified. One-way
ANOVA was used to check for the sensitivity of
different online tasks to TBI-related cognitive deficits.
Then, t-tests against zero defining whether patient per-
formance was significantly lower than the normative
group were executed on the DfE scores to test the
sensitivity of each online task. Finally, to determine
whether the administration of the tasks in-person vs.
remotely substantially affected performance, two-way
mixed ANOVA was performed with the 17 online task
measures as the within-subject factor and the modality
of administration as the between-subject factor.

Role of the funding source

The funder of the study had no role in the design of the
study, data collection, data analysis, interpretation, or
writing of the report. All authors had full access to all
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data and accept responsibility for the decision to submit
for publication.

Results

Stage 1-stepwise selection of optimal task sub-set
Participants undertook different combinations of tasks,
producing a sparse dataset. Therefore, each task was
analysed individually for sensitivity to device and TBI
using all available data. In total, 126 TBI patients (91
males, mean age = 43.16, STD = 12.99, mean time since
the injury = 140 weeks, median = 28, IQR = 157) and 84
healthy controls (32 males, mean age 34.60,
STD = 13.45) were included in the analyses. Details
regarding the number of participants per task and par-
ticipants’ demographics are displayed in Supplementary
Tables S2 and S3, respectively.

After accounting for socio-demographics factors
including age, sex, education level and device, 15 tasks
were selected as they showed substantial sensitivity to
the TBI vs. control contrast (F > 4.0, all p < 0.05)
(Supplementary Table S4 and Fig. 3). Notably, the F
values for device and TBI sensitivity were not signifi-
cantly correlated across tasks, indicating that the
observed variability did not have a common basis
(r=0.24, p > 0.05).

PCA of the most sensitive scores from each of the 15
TBI-sensitive tasks identified four components with ei-
genvalues >1, with the first explaining ~37% of the
variance, and the remaining three collectively explaining
~62%. The identified components captured different
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cognitive domains and were processing speed, working
memory, visual attention, and executive functions
(Fig. 4). Two tasks that had high loading onto each of the
four components, had low loadings onto other compo-
nents and low sensitivity to device (F < 1.4), were
selected to derive 4 composite scores. These tasks were
Card Pairs, Trail Making, Paired Associate Learning, 2D
Manipulations, Tower of London (TOL), Picture
Completion, Choice Reaction Time (CRT), and the
Simple Reaction Task (SRT) (Fig. 2). Notably, mean/
median RTs for the latter two tasks were sensitive to
device, but they were retained for two reasons. First,
they provide rapid response time measures that are
prominent in the literature on TBI. Second, the standard
deviation measure provided a correlated proxy for me-
dian response time having low device sensitivity. This 8-
task assessment battery was used in Stage 2 and 3
because it enabled to measure the impact of TBI on
cognition at the level of (a) individual tasks, (b) pairs of
tasks that measure different broad cognitive factors, and
(c) overall composite performance.

Stage 2-benchmarking sensitivity of online tasks to
TBI severity against established neuropsychological
scales

Exclusion of participants without a complete dataset due
to extensive cognitive impairments or lack of tolerance
of the testing session led to a further sample of 48
moderate-severe TBI patients (39 males, mean
age 45.23, STD 14.12, mean time since the
injury = 224 weeks, median = 64, IQR = 209), 22
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Fig. 3: Sensitivity of the computerised tasks to TBI-related cognitive deficits and the device used. Legend: Left. Tasks sensitivity to group (red)
and device (blue), as indicated by the F values derived from the general linear models. Right. Computerised tasks on a scatter plot of TBI (Y axis)
vs. device (X axis) sensitivity. In red are the tasks that were selected based on high sensitivity to the TBI group (F > 4.0) and low sensitivity to

device (F < 1.4).
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Fig. 4: Factor analysis conducted to refine the 8-task computerised battery and generate component scores. Legend: Upper. Eigenvalues derived
from principal component analysis of cognitive tasks performed by TBI patients. Lower. Loadings of the computerised tasks onto the different
cognitive components derived from principal component analysis. In bold are the tasks that were retained for each component.
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participants being hospitalised for <7 days and 26 par-
ticipants being hospitalised for >7 days. The Glasgow
Outcome Scale -Extended (GOSE) mean score was 5.71,
STD = 1.20. Participants’ demographics are illustrated
in Supplementary Table S5. Component scores were
extracted by applying PCA to each of the four pairs of
tasks, producing composite scores for each patient as
follows: 1) Processing speed (CRT-STD and SRT-mean
RT), 2) Working Memory (Card Pairs-Summary Score
and PAL-Summary Score), 3) Visual attention (2D
Manipulations-mean RT and Picture Completion-
Duration), and 4) Executive functions (TOL correct-
mean RT, Trail Making B-median RT, and Trail
Making-Summary Score). An overall composite score
was also extracted across all tasks.

As expected, the GLMs indicated sensitivity to age for
some of the final battery task scores: CRT-STD
(F (1,44) = 488 p = 0.03), PAL-summary score
(F (1,44) = 4.88; p = 0.03), Card Pairs-summary score
(F (1,44) = 18.48; p < 0.001), 2D Manipulation-summary
score (F (1,44) = 8.74; p = 0.01), Picture Completion-
Duration (F (1,44) = 14.34; p < 0001), Trail Making
B-mean RT (F (1,44) = 8.02; p = 0.01), and Trail Making-
Summary Score (F (1,44) = 10.34; p = 0.02). Sensitivity
to age was also shown by the majority of the composite
scores, including Working Memory (F (1,44) = 18.50;
p < 0.001), Visual Attention (F (1,44) = 14.34; p < 0.001),
Executive Functions (F (1,44) = 8.56; p = 0.01), and the
total composite score (F (1,44) = 13.91; p < 0.001).
Regarding the classic neuropsychological scales, the
MoCA delayed recall subtest was sensitive to age (F
(1,44) = 8.33; p = 0.01) and age’ (F (1,44) = 5.68;
p = 0.02). Sensitivity to age” was also shown by the
RBANS delayed memory subtest (F (1,44) = 5.32;
p = 0.03). Only the MoCA naming subtest was sensitive
to first language (F (1,44) = 7.34; p = 0.01).

Sensitivity to TBI severity (Fig. 5) was shown by SRT-
STD (F (1,46) = 5.83; p = 0.02), Picture Completion-
Duration (F (1,46) = 8.10; p = 0.01), Trail Making
B-median RT (F (1,46) = 8.18; p = 0.01), Trail Making-
summary score (F (1,46) = 7.18; p = 0.01), Processing
Speed (F (1,46) = 5.63; p = 0.02), Visual Attention (F
(1,46) = 8.10; p = 0.01), Executive Functions (F
(1,46) = 8.51; p = 0.01), and the total composite score (F
(1,46) = 9.39; p < 0.01). Among the standard neuro-
psychological scales and sub-scales, only the RBANS
visuospatial subscale was able to discriminate between
the lengths of hospital stay (F (1,46) = 16.62; p < 0.001).

Sensitivity to educational level was found for the
CRT-STD (F (2,45) = 4.62 p = 0.02), SRT-STD
(F (2,45) = 4.00; p = 0.03), TOL correct-median RT
(F (2/45) = 5.64; p = 0.001), Picture Completion-
Duration (F (2,45) = 7.04; p < 0.01), Trail Making
A-mean RT (F (2,45) = 3.15; p = 0.05), and Trail making
B-mean RT (F (2,45) = 10.33; p < 0.001), Processing
speed (F (2,45) = 4.18; p = 0.02), Visual Attention
(F (2,45) = 7.04; p < 0.01), Executive Functions
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(F (2,45) = 10.01; p < 0.001), and the total composite
score (F (2,45) = 7.80; p = 0.001). Among the standard
neuropsychological scales, those sensitive to education
were the RBANS immediate memory (F (2,45) = 4.13;
p = 0.02), visuospatial (F (2,45) = 3.19; p = 0.05), lan-
guage (F (2,45) = 4.53; p = 0.02), and attention
(F (2,45) = 6.42; p < 0.01) subscales, the RBANS total
scale (F (2,45) = 6.28; p < 0.01), the MoCA visuospatial/
executive (F (2,45) = 8.87; p < 0.001), naming
(F (245 = 14.18; p < 0.001), and abstraction
(F (2,45) = 9.41; p < 0.001) subscales, and the MoCA
Total score (F (2,45) = 8.94; p < 0.001).

CCA identified two significant modes, M1 (r = 0.86,
p < 0.001) and M2 (r = 0.81, p = 0.02), indicating shared
variance between the final battery and the standard
neuropsychological scales (Fig. 6). Back projected r
values indicating loading for each of the computerised
tests (U) and each of the standard neuropsychological
scores (V) onto the two significant modes are shown in
Tables 1 and 2, respectively.

Stage 3-modelling a large normative dataset to
correct scores for demographic variables and
embedding these in a novel framework that
autogenerates clinician-facing reports

Data for 17 task scores across the 8 tasks of the final
battery were analysed for 50 moderate-severe TBI pa-
tients (39 males, mean age = 42.6, STD = 16.41, mean
time since the injury = 103 weeks, median = 54,
IQR = 86). Participants’ demographics are illustrated in
Supplementary Table S6. One-way ANOVA indicated a
significant effect of the online tasks on participants’
performance (F (15,570) = 4.03; p < 0.001) (Fig. 7).
T-tests of the DfE scores calculated for all the 17 task
scores confirmed that participants scored significantly
lower than what is expected in the control population on
the Card Pairs-summary score (estimate = -0.69,
t = —3.88, p < 0.001) and duration (estimate = -1.37,

t = -5.85, p < 0.001), CRT-summary score (esti-
mate = —0.87, t = —=5.65, p < 0.001) and STD (esti-
mate = -0.61, t = -3.49, p = 0.001), manipulations-

summary score (estimate = —0.75, t = -5.93, p < 0.001)
and median correct RT (estimate = —0.67, t = -3.30,
p < 0.01), PAL-summary score (estimate = -0.52,
t=-3.52, p=0.001) and median RT (estimate = —0.94,
t = —4.80, p < 0.001), Picture Completion-summary
score (estimate = —0.58, t = =3.18, p < 0.01) and dura-
tion (estimate = -1.45, t = —-5.36, p < 0.001), SRT-
summary score (estimate = —1.57, t = —6.96, p < 0.001)
and STD (estimate = -0.81, t = =5.02, p < 0.001), TOL-
summary score (estimate = —0.44, t = -2.87, p = 0.01)
and median correct RT (estimate = —0.69, t = —2.45,
p < 0.05), Trail Making-summary score (esti-
mate = —-1.32, t = —4.85, p < 0.001) and part B-median
RT (estimate = —1.64, t = —7.32, p < 0.001). Results from
the two-way mixed ANOVA showed a significant effect
of the tasks (F (15,555) = 3.99; p < 0.001), suggesting
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these were sensitive to TBI-related deficits. The modality
of administration of the test (in-person vs. remotely)
showed no significant effect on participants’ perfor-
mance and no interaction with the tasks (p > 0.05).

Through the work conducted by the Helix design
centre in conjunction with the software developers,
the online tasks were embedded in a user-friendly
interface designed to make the testing experience
more approachable for patients. Patients’ perfor-
mance was then summarised in an optimally acces-
sible results page for clinicians (Fig. 8). As the tasks
were designed also to be performed unsupervised,
three categories of ‘effort tests’ were included in the
clinician result page to indicate which tasks might
have not been performed to the best of the patients’
abilities. These consisted of (1) a self-perceived effort
test based on whether the participant felt distracted
and on what kind of environment they were in, (2) a
loss of focus test, indicated by the number of times
the patient clicked onto another browser tab during
the tests, (3) a specific effort test for each task derived
from thresholds applied on tasks-specific output
measures (e.g., for the SRT, for not responding on
>50% of trials).

Case studies

Two case studies illustrate the use of the online cogni-
tive tasks at the multi-disciplinary TBI clinic at St.
Mary’s Hospital. The online cognitive tasks were used as

an initial screening of patients’ cognitive abilities to
define the need for referral for formal neuropsycholog-
ical assessment.

Case 1

A 22-year-old right-handed male who sustained a
moderate-severe TBI when hit by a car whilst cycling.
He underwent a left craniotomy for a traumatic extra-
dural haematoma involving the left parietal and tem-
poral lobes. Following admissions to intensive care, he
was stepped down to the major trauma unit and then to
the neurological rehabilitation unit before discharge. He
was then assessed in the TBI clinic via telephone
appointment. Our online cognitive assessment was
performed remotely, and his performance in all tests
was in the average to high-average range relative to the
large normative dataset. The exception was the Paired
Associates Learning task, which was in the low-average
range (24th percentile). At formal neuropsychological
assessment, he reported mild, subjective cognitive dif-
ficulties, in particular relating to attention. Memory,
processing speed, and executive functions were tested,
and were all found to be reflective of a largely intact
cognitive functioning. This was consistent with the on-
line cognitive assessment, but our tool was able to detect
an area of cognitive impairment missed by the standard
neuropsychological assessment. In terms of treatment,
the assessing neuropsychologist advised cognitive and
fatigue management strategies.
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Domain U M1 M2

CRT 0.145 -0.442
PAL 0.250 0.280
SRT 0.031 -0.372
TOL -0.213 -0.396
Card Pairs 0.542 0.204
2D manipulation -0.094 0.719
Picture completion 0.115 -0.678
Trail making -0.301 -0.836

CRT = choice reaction time, PAL = paired associate learning, SRT = simple
reaction time, TOL = Tower of London.

Table 1: Back projected r values indicating loading for each of the
computerised tests (Domain U) onto the two significant modes (M1
and M2) identified by the canonical correlation analysis and showing
shared variance between the computerised tasks and the standard
neuropsychological scales.

Case 2

A 36-year-old right-handed male who sustained a
moderate-severe TBI following a fall. The CT brain scan
showed a right extra-axial haemorrhage, frontal and left
temporal haemorrhagic contusions, fracture through
the left middle ear extending to the skull base, and a
right hairline skull base fracture. He attended the TBI
clinic in-person, and his performance on the online
cognitive tasks pointed to impairments in Motor Control
(1st percentile), Picture Completion (5th percentile),
SRT (17th percentile), and CRT (19th percentile). Dur-
ing formal neuropsychological assessment, he reported
difficulties with memory, processing speed, and execu-
tive functions. The assessment indicated executive
functions performance was within expected levels,
although there was collateral information pointing to

Domain V M1 M2

RBANS immediate memory 0.462 0.366
RBANS visuospatial 0.079 0.707
RBANS language 0.107 0.475
RBANS attention 0.302 0.558
RBANS delayed memory 0.522 0.394
MoCA visuospatial -0.107 0.536
MoCA naming -0.088 0.551
MoCA attention 0.262 0.381
MoCA language -0.109 0.717
MoCA abstraction 0.012 0.558
MoCA delayed recall 0.611 0.282
MoCA orientation 0.375 0.002

RBANS = repeatable battery for the assessment of neuropsychological status,
MoCA = montreal cognitive assessment.

Table 2: Back projected r values indicating loading for each of the
neuropsychological subscales (Domain V) onto the two significant
modes (M1 and M2) identified by the canonical correlation analysis
and showing shared variance between the computerised tasks and
the standard neuropsychological scales.

significant everyday executive difficulties. The online
cognitive testing highlighted processing speed diffi-
culties that were not picked up in the formal neuro-
psychological assessment. The clinical recommendation
was for community-based neurorehabilitation including
neuropsychology and neuro-occupational therapy.

Discussion

The results of our study suggest that online cognitive
assessment in patients with moderate-severe TBI is
feasible and comparable to standard neuropsychological
tests. It was successfully trialled in the authors’ TBI
clinic helping to guide further referral for formal neu-
ropsychological assessment and neurorehabilitation for
patients. We identified a brief battery of online cognitive
tasks that can detect specific TBI-related cognitive im-
pairments across different devices. The use of online
tools for cognitive assessments reduces the need for
lengthy assessments and scoring sessions by trained
professionals and can be utilised by different healthcare
workers including neuropsychology and occupational
therapists, as well as neurologists. It also provides a
more granular cognitive assessment while recording
multiple measures simultaneously — something unfea-
sible in traditional assessments performed by a single
clinician. Factor analysis on the selected tasks allowed
us to define a brief battery that optimises sensitivity to
deficits while avoiding redundancy. This, together with
the gamified format, optimises engagement, and per-
formance. By selecting tasks with a low sensitivity to
device, we have justified the possibility of having pa-
tients complete these tasks at home, saving time spent
to travel to the hospital and optimising resources.

Stage 2 found that our online cognitive tasks and the
derived composite scores share variance with classic
neuropsychological tests, suggesting that they can
measure some of the same constructs, and that they can
have superior sensitivity to injury severity.

Alternative online cognitive batteries, such as the
CNS-Vital Signs, Immediate Post-Concussion Assess-
ment and Cognitive Testing (imPACT), Automated
Neuropsychological Assessment Metric (ANAM) and
Axon/CogState/CogSport (CogState), previously proved
to be sensitive to cognitive effects of concussion and
showed significant correlations to standard neuropsy-
chological scales.””*” However, their diagnostic utility
seems unclear in the post-acute phase, and correlations
to traditional neuropsychological tests range from weak
to moderate. Moreover, there has been limited research
on the use of these tests in moderate-severe TBI.

In Stage 3 we showed the sensitivity of a tool that
autogenerates reports with immediate readout, sup-
porting the potential of our tool in remotely tracking the
trajectory of patients’ cognitive impairments. As it is
known that cognitive performance varies greatly based
on demographic factors such as age, gender, or

www.thelancet.com Vol 59 May, 2023


www.thelancet.com/digital-health

Articles

E in person E remotely

25

0.0

DfE

-5.0

2D Manipulations-median RT

2D Manipulations-Summary Score
Card Pairs-Duration

Card Pairs-Summary Score
CRT-STD

CRT-Summary Score
PAL-median RT

PAL-Summary Score

Picture Completion-Duration
SRT-mean RT

SRT-STD

TOL correct-median RT
TOL-Summary Score

Trail Making B-median RT
Trail Making-Summary Score

Picture Completion-Summary Score

Fig. 7: Comparison of patients’ performance on the battery of computerised tasks completed in person and remotely. Legend: Boxplot dis-
playing comparison of DfE scores between patients who completed the computerised task in-person (blue) and remotely (red).

education level, and that these can even act as markers
of injury severity,” it is important to consider these
when evaluating cognitive performance. Using our
novel approach, we have achieved this systematically
and precisely by leveraging a uniquely large normative
dataset to allow a more ‘culture fair’ scoring procedure.
Despite the benefits of such a tool, we acknowledge
some limitations. The usability of the tool is reduced in
people without access to an online device, although the
test may be applied in clinic prior to the appointment
with the clinician. For people without the requisite
computer literacy, the tool is also unlikely to be effective.
This has been pre-emptively mitigated through very
simple task designs, with animated instructions, and is
also expected to diminish in future generations. More-
over, for data collected remotely, we cannot be certain of
the exact conditions under which the tasks were
completed, and the degree of supervision provided.
Our findings should also be considered in light of
certain methodological limitations. First, patients
completed different tasks in Stage 1, resulting in
different datasets for each task. However, the minimum
number of patients completing each task was equal to
27, which is comparable to previous similar studies.”’
Second, some gender and age differences were found
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in Stage 1, although this is reflective of the epidemiology
of TBI, which occurs more in males.” Third, we did not
seek to retains patients’ participation longitudinally
across all three stages of the study. In Stage 3, we do not
have data from the same patients performing the tasks
both in-person and remotely, for comparison. This arose
partly due to the COVID-19 pandemic, which prevented
many patients from attending hospital appointments in-
person. However, this provided us with the opportunity
to demonstrate a core benefit of online testing, as we
were able to acquire cognitive data for the purpose of
clinical assessment in patients who remained at home.
Future studies could employ a crossover design to
investigate the potential effect of remote vs. in-person
testing further. Also, we did not include tests that
measure aspects of memory at longer temporal scales,
impulsivity, or emotion processing/control. Such tasks
are available, as are many others, within the same online
task framework, and they will be evaluated for their
potential value as an extension to this TBI-optimised
battery. The variability of the time since the injury
across stages also represents a limitation, with average
time since the injury higher at later stages of the study,
which may complicate the results due to recovery and
decline trajectories.’* Critically though, the tests were
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consistently sensitive across the three stages of the
study, meaning there is likely reliability across a range
of post-injury timepoints. This may also limit the gen-
eralisability of our findings to the TBI population.
However, the fact that St Mary’s Hospital clinic is a
tertiary referral clinic which receives referrals from
across the country, and that patients were also recruited
from major trauma wards that were not limited to the
Imperial College NHS trust, contribute to the repre-
sentativeness of our sample of the national TBI
population.

It is also important to note that the computerised
tasks were presented in a set sequence, with no option
to skip them. Therefore, missing data were more likely
to relate to tasks towards the end of the battery. This
may lead to underrepresenting participants with higher
level of impairments and the associated difficulty in
completing the tasks. However, this is an unavoidable
phenomenon of all cognitive assessment techniques,
and failure to complete the assessment can be consid-
ered a useful outcome measure in itself. Finally,
although the length of Hospital stay represents
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a surrogate marker of injury severity,”” we recognise that
it can be extended by the presence of polytrauma or
other causes of delayed discharge, and consequently,
participants” TBI severity may have been overestimated
here. However, as our data were collected retrospec-
tively, other indicators of injury severity, such as length
of post-traumatic amnesia, would have been unreliable.

Despite the limitations mentioned, this study shows
the feasibility of using online cognitive testing in TBI.
Cognitive impairments represent a major complaint and
cause of disability in TBIL.*® However, the nature and
magnitude vary greatly, dictating the need for more
precise and targeted assessments that are validated in
this specific population and that pick up multiple as-
pects of cognition. Our tool offers the potential for
improved cost-efficacy ratio compared to traditional as-
sessments. It allows rapid and relatively cheap assess-
ment, so it can provide a standardised way of screening
patients to determine those needing referral for further
investigations and neurorehabilitation. This is done
with increased precision in measuring multiple behav-
ioural measures, reduced risk of learning effect and a
culture-fair approach to the scoring process. The possi-
bility of administering the tool remotely, without the
need for a clinician present, and on any device, confers
clear financial benefit. This is potentially applicable to
other clinical groups and has been previously used and
reported by our research group in the context of people
with multiple sclerosis,” dementia,” and people who
contracted COVID-19 and consequently received exten-
sive care."”

Notably, our assessment battery measures cognitive
domains that overlap with those included in the neu-
ropsychological tests recommended by the National
Institute of Neurological Disorders and Stroke (NINDS)
common data elements to assess cognition in adults
with moderate-severe TBI, and the established Cam-
bridge Neuropsychological Test Automated Battery
(CANTAB). However, our software is specifically
designed for repeat remote deployments under unsu-
pervised conditions and can be normed against a
comprehensive set of population variables collected
from hundreds of thousands of members of the public.
Additionally, the tool produces an associated, clinician-
facing report created by software developers and
design experts, providing it with unique clinical utility.

Rehabilitation therapists and neuropsychologists can
leverage this tool to conduct longitudinal assessments
with added depth, without requiring multiple clinical
appointments. Limited resources can then be diverted to
those most in need. Moreover, moderate-severe TBI has
long-term sequelae, and there are now questions as to
whether associated cognitive deficits are progressive,
underlying the importance of close monitoring over
time.”! Future studies should focus on administering
these tasks longitudinally to characterise impairment.
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Hopefully these results can direct bespoke, personalised
rehabilitation plans for more effective recovery, in a way
that is not possible with current assessment methods.

Parties interested in using this technology should
contact the senior author.
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