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ABSTRACT ARTICLE HISTORY
The ability to monitor one’s behaviour is frequently impaired Received 8 September 2021
following TBI, impacting on patients’ rehabilitation. Accepted 21 January 2022

Inaccuracies in judgement or self-reflection of one's
performance provides a useful marker of metacognition.
However, metacognition is rarely measured during routine metacognition; remote
neuropsychology assessments and how it varies across cognitive assessment; self-
cognitive domains is unclear. A cohort of participants awareness; processing
consisting of 111 TBI patients [mean age=45.32(14.15), speed; memory
female=29] and 84 controls [mean age=31.51(12.27),

female =43] was studied. Participants completed cognitive

assessments via a bespoke digital platform on their

smartphones. Included in the assessment were a prospective

evaluation of memory and attention, and retrospective

confidence judgements of task performance. Metacognitive

accuracy was calculated from the difference between

confidence judgement of task performance and actual

performance. Prospective judgment of attention and memory

was correlated with task performance in these domains for

controls but not patients. TBlI patients had lower task

performance in processing speed, executive functioning and

working memory compared to controls, maintaining high

confidence, resulting in overestimation of cognitive

performance compared to controls. Additional judgments of

task  performance  complement  neuropsychological

assessments with little additional time-cost. These results

have important theoretical and practical implications for

evaluation of metacognitive impairment in TBI patients and

neurorehabilitation.
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Background

The ability to self-reflect in order to accurately evaluate one’s behaviour and
thinking is frequently impaired following traumatic brain injury (TBI) (Dockree
et al., 2015; Fleming & Lau, 2014; Ham et al., 2014). Clinically, this lack of self-a-
wareness can severely impact the efficacy of rehabilitation interventions (Hart
et al,, 2005; Prigatano, 2005; Robertson & Schmitter-Edgecombe, 2015), and is
often associated with poor functional outcomes (Kelly et al., 2014; Ownsworth
& Fleming, 2005; O’Keeffe et al., 2007; Robertson & Schmitter-Edgecombe, 2015).

Metacognition is complex and can be viewed as a sub-component of self-
awareness, separable from other facets such as emergent awareness. Within
metacognition itself, an early definition from developmental and educational
psychology states that these processes can be divided into three subcompo-
nents of metacognitive knowledge, metacognitive regulation and metacogni-
tive experiences (Flavell, 1979). A main focus of cognitive neuroscience has
been on metacognitive knowledge; evaluating one’s cognitive performance
or ability in the form of cognitive judgements (Yeo et al., 2021). Recently,
there has been an argument for a “metacognitive g factor”, suggesting that
metacognition is a domain general function, with a single overarching com-
ponent “g” (Mazancieux et al., 2020). Contrary to this view, evidence from the
existing literature supports that inter-subject variability in metacognition may
dissociate according to the cognitive-process domains that are being self-eval-
uated e.g., online awareness, perception and memory (Fitzgerald et al., 2017).
Patterns of neural activity during fMRI tasks add another angle to this debate,
providing evidence of both domain general and domain specific metacognitive
processes across perceptual and memory domains (Morales et al., 2018). In
research, metacognition is frequently investigated with concurrent judgements
using signal detection theory (Allen et al., 2017; Siedlecka et al., 2016). In
addition, the temporal stage at which judgments are made can influence accu-
racy (Hacker et al.,, 2009). That is, whether judgments made are prospective or
retrospective in relation to task performance. Retrospective judgments
provide a global response following completion of a test, rather than individual
items as would be with concurrent judgments, sometimes referred to relative
metacognitive judgments (Kelly & Metcalfe, 2011). From the existing work,
metacognition is not only likely to have generalized processes but also dis-
sociate across cognitive abilities and can be subcategorized into different pro-
cesses such as prediction/prospective judgements, online monitoring and
retrospective self-reflection/judgment.

In the context of TBI, metacognitive accuracy may vary across domains in the
presence of spatial variation of focal lesions, suggesting metacognition may be
domain specific (Fleming et al., 2014). Given the heterogenous nature of trau-
matic brain injuries generalized or specific impairments may arise, highlighting
the importance to investigate metacognition across domains. Impairments in
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metacognition or lack of insight into disabilities are seen in cases with severe
damage or focal injury to specific brain systems involving the prefrontal
cortex (PFC) which is a key region for metacognition (Qiu et al., 2018). Conver-
sely, there is a frequently cited discrepancy in emotional distress following TBI,
whereby patients with milder injuries report more significant psychiatric pro-
blems than those with severe injuries (Bigler, 2001).

Metacognition has been investigated in the context of neuroimaging. The
medial and lateral prefrontal cortices are activated during metamemory paradigms
(Fleming & Dolan, 2012). Metamemory involves a judgment of accuracy sub-
sequent to answering items on a memory test. Other evidence for levels of self-
confidence in performance on memory from a meta-analysis indicates the role
of the left dorsolateral prefrontal cortex (dPFC), posterior medial prefrontal
cortex (MPFC) and bilateral inferior frontal gyrus/insula. Differences were seen
when contrasting prospective and retrospective judgments. Retrospective judg-
ments saw clusters in the bilateral parahippocampal cortex and the left inferior
frontal gyrus, while prospective judgments had clusters in the posterior mPFC
and left dPFC. Similar results are seen for metadecision paradigms, with activity
in the medial and lateral PFC, the precuneus and the insula (Vaccaro & Fleming,
2018). Lesions in the orbitofrontal cortex (OFC) have previously been linked with
impairments in judging one’s own performance (Beer et al., 2006). Patients who
perform poorly on objective online error monitoring paradigms in which partici-
pants have to correct errors made in the task show reduced functional connectivity
of the salience network at rest (Ham et al., 2014). These results were seen indepen-
dent of lesions or white matter damage suggesting metacognition deficits are
likely due to a disrupted control network, in which a multitude of tracts or func-
tional connectivity may be impaired (Dockree et al,, 2015; Ham et al., 2014).

Metacognition is not routinely assessed in standard clinical neuropsychologi-
cal assessments. This seems remiss given that metacognition can be signifi-
cantly impaired following brain injury including traumatic brain injury and
this has implications for rehabilitation, coping with everyday life and personal
relationships. Discrepancy scores between caregivers and patients of
symptom severity from questionnaire data have been a useful method of estab-
lishing metacognition in TBI patients (Fleming et al., 1996; O'Keeffe et al., 2007).
Other work has compared participants’ performance with semi-quantified
verbal reports of how they believe they did on the task (Hart et al., 1998).

Here we used a semi-quantitative approach to evaluate metacognition
through completion of cognitive tests performed remotely via participants’
smartphones; this required participants to complete a battery of tests across
multiple cognitive domains known to be sensitive to TBI including processing
speed, attention, working memory and emotional processing. Following com-
pletion of each task participants rated their perceived performance of the
task on a sliding scale from 0-100. This reflection provides a global measure
of metacognitive awareness across several cognitive domains without the



NEUROPSYCHOLOGICAL REHABILITATION e 577

interference of task design, including assessments where task accuracy is not
the primary outcome measure. Metacognitive accuracy is defined here as the
difference (A) between retrospective confidence judgments (CJ) in performance
and actual performance. In addition, patients are asked to give prospective jud-
gements on their memory and attentional function, two commonly reported
complaints following TBI. These were collected as part of a questionnaire
prior to the completion of cognitive tasks.

We hypothesized that (1) TBI patients would have reduced judgment of
attention and memory measured prospectively compared to controls;
(2) patients would tend to overestimate their performance based on the differ-
ence between performance and retrospective confidence judgments; and (3)
patterns of reduced metacognitive accuracy would have a significant associ-
ation with self-reported levels of wellbeing.

Methods

Participants took part in a remote assessment via their smartphone using a
bespoke App (CogniTrack), programmed in CORDOVA and deployable on prac-
tically any modern smartphone. Data were automatically synced back to a
remote database on a cognitive assessment platform (Cognitron) hosted on
the Amazon elastic cloud. The number of participants varied across tasks,
depending on the measures they completed as part of a wider longitudinal
assessment. To avoid practice effects, only the first timepoint each task was
completed was taken forward for the current analysis.

Patients were recruited from a specialist outpatient TBI clinic at St Mary’s Hos-
pital, as well as from the major trauma wards at the St. Mary’s and St. George's
Hospitals between March 2019 to August 2019. Patients were given the option
to complete elective cognitive tasks via their smartphone as part of a research
programme during a routine clinical appointment. Results from these tasks
were available for feedback during follow-up appointments. To aid matching
socio-economic demographics as close as possible control participants were
recruited by word of mouth from friends, family, or partners of patients.
Additional control participants included were recruited by word of mouth
through the research team. Exclusion criteria were previous neurological or psy-
chiatric illness. Inclusion criteria were that participants required a smartphone
capable of downloading and running the app. All participants gave informed
consent to partake in the study through a checkbox on an information screen
when they downloaded the app.

A sample of 244 individuals consisting of 142 TBI patients and 99 controls
aged between 18-80 enrolled in the study and downloaded the app. Following
exclusion of incomplete first assessment and missing demographic data a total
of 111 TBI patients [mean age =45.32(14.15), female=29] and 84 controls
[mean age =31.51(12.27), female =43] were analyzed in the current work.
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Controls’ highest reported completed education was University = 65; High
school = 16; Unknown =4. Patients’ highest education level was University =
50; High school =30, Primary = 3; Unknown =28. The mean time since injury
was 24.77 months, ranging from 0-473 months. Mechanism of injury included:
Home/domestic = 2; Road traffic accident (RTA) 48; Sport = 12; Workplace acci-
dent = 8; Unknown = 26; Other = 2. Self-reports of loss of consciousness (LOC):
<1 min=18; 1min-30 min = 24; Th-24hr =5; 24hr-7days = 1; more than 7 days
= 3; unknown = 53; no LOC = 7. The sample sizes across each of the remote cog-
nitive tasks are as follows: MC (Pat n =101, Con n=83); SRT (Pat n=65,Con n=
64); CRT (Pat n=103, Con n=82); TD (Pat n =99, Con n =76); PAL; (Pat n =104,
Con n =72); Trails (Pat n=103, Con n=79); EMD (Pat n =38, Con n=47); EMC
(Pat n=32, Con n=51).

Before the cognitive assessment, participants completed a novel short phys-
ical and mental health questionnaire (PMHQ), which includes questions on
memory, attention, and wellbeing. Self-report measures of wellbeing and cog-
nitive function were recorded using a digital visual analogue scale ranging from
0-100. Participants completed the cognitive tasks covering domains of proces-
sing speed, memory, executive functioning, attention, and emotional proces-
sing. Prospective ratings of general memory and attention were looked at in
relation to subsequent task performance in those domains.

Processing speed

Motor control (MC) requires participants to select targets (n = 30) appearing on
the screen in random locations as quickly and accurately as possible. Simple
reaction time (SRT) involves tapping on the screen as quickly as possible
when a target appears (n =60). Choice reaction time (CRT) requires selection
of one of two arrows as quickly and accurately as possible (n=60). If a target
arrow appears pointing left, the participant needs to select left; if the target
arrow points right, the participant needs to select right.

Attention

In the target detection (TD) task, a target stimulus is provided. In a field of chan-
ging shapes, the participant must identify and select the target stimulus (n=
120). Each stimulus is presented for the field of stimuli changed every
1000 ms with any given stimuli remaining on screen between 1000 ms and
3000 ms. The total number of correct selections are counted.

Executive functioning

The trail making task is a response-based task modelled from the classic pen and
paper assessment of the same name. The switch cost from trail making task
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(Trails) involves two levels. The first a set of sixteen numbers are dispersed
across the screen. Participants are required to select each number going up
in ascending order (e.g., 1-2-3-4...). The second level involves numbers and
letters. Participants must switch between these also going up in ascending
order. (e.g., 1-A-2-B-3 ...).

Working memory

Paired associates learning (PAL) is a working memory task, where participants
are required to remember both an image and the location on a grid. Stimulus
duration is 2,000 ms for each association. Following each correct trial an
additional stimulus is added, increasing the difficulty. The task ends after 3 con-
secutive incorrect trials. The outcome measure is the maximum number of
correct associations.

Emotional processing

Emotional discrimination (EMD) is a response-based task presenting 50 trials of
two faces with emotional expressions. The task is balanced for emotional pairing
containing stimuli from the Chicago face database, including varying sex and
ethnicity (Ma et al.,, 2015). The aim is to identify if the faces are exhibiting the
same or different emotions. The total number of correct responses is calculated.
The emotional control task (EMC) is a variation of a Stroop paradigm, using
stimuli from the Chicago face database. Two stimuli are presented, a target
(small) and distractor (large) over 50 trials. In half the trials the target and dis-
tractor are incongruent emotional expressions. Overall accuracy of correct
responses to the target stimuli was measured in the current study.

Statistical analysis

Data analysis was run with the statistical package (R Core Team, 2018; http://
www.R-project.org/).

Following each task, participants were asked to provide a retrospective CJ on
their task performance in relation to other people. This was given in the form of a
slider ranging from 0-100, with 100 being very confident on task performance.
Data from participants was filtered to take only the first time point a task was com-
pleted. Overall task performance, confidence of performance and global meta-
cognitive accuracy were explored across a range of cognitive tasks. An index of
global metacognitive accuracy was calculated using the difference between CJ
and actual task performance in a given task. Task performance was normalized
transformed to a percentage of maximum possible scale (POMP; 0-100) to
match judgment scores. As true POMP cannot be calculated for reaction time
measures with no absolute maximum or minimum, it was calculated relative to
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the maximum and minimum performance of the sample population in sub-
sequent analyses. Discrepancy scores were calculated for each task by subtract-
ing subjects’ CJ from normalized POMP scores. Scores close to 0 indicate good
calibration of judging performance while values closer to +100 indicate over-
confidence, and similarly, values closer to —100 indicate underconfidence in per-
formance. Additionally, an estimate of metacognitive performance was
calculated across tasks by correlating performance and confidence. This is
taken as a global estimate rather than trial-by-trial judgments.

Task performance, confidence judgment and metacognitive accuracy were
compared in separate analysis across groups for each cognitive task using a
2-factor ANOVA, where appropriate post-hoc pairwise comparisons were con-
ducted with Tukey’s HSD.

Results
Task performance

Overall performance across 8 cognitive tasks between TBI patients and healthy
controls was investigated with an ANOVA. TBI patients had poorer performance
compared to controls across a range of cognitive domains including processing
speed, attention, working memory, executive functioning, but not emotional
processing (Figure 1). A significant interaction between cognitive tasks and

Performance accross cognitive tasks
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Figure 1. Normalized performance scores across cognitive tasks Higher scores on the POMP
scale indicate better performance. MC =motor control; SRT =simple reaction time; CRT=
choice reaction time; TD =target detection; PAL = paired associates learning; trails = trail
making B-A; EMD = emotional discrimination; EMC = emotional control.
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group on performance was seen F(1,1141) 3.69, p <0.001; Post-hoc pairwise
estimates with Tukey correction show that patients performed worse on all cog-
nitive tasks compared to controls apart from emotional discrimination and
emotional control. MC t(1141) 4.67, p<0 .001; SRT t(1141) 5.32, p<0.001;
CRT t(1141) 8.16, p<0.001; TD t(1141) 3.32, p<0.001; PAL t (1141) 5.13,
p <0.001; Trails t(1141) 5.33, p<0.001; EMD t(1141) 0.41, p=0.67; EMC t
(1141) 1.6, p=0.1. Subsidiary analysis including age and education as nuisance
regressors produced comparable group differences apart from TD (t(1141)
1.69, p=0.09).

Retrospective confidence judgment

Following completion of tasks, participants were asked to judge their perform-
ance (Figure 2). An interaction between group and cognitive domain fell just
below the predetermined significance level with an ANOVA F(1, 1014) 2.05,
p =0.056; A significant difference was seen overall between groups for confi-
dence (F(1, 1014) 1.5, p=0.02; A main effect of cognitive domain was seen
F(1,1014) 25.05, p <0.001. Post-hoc pairwise estimates of tasks indicate the
only cognitive domain with a significant group difference was for working
memory (PAL), with patients indicating lower confidence compared to controls
t(1014) 2.5, p=0.01. Subsidiary analysis including age and education as covari-
ates provide comparable results.

Confidence in task performance
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Figure 2. Rating of confidence of task performance. MC = motor control; SRT = simple reaction
time; CRT = choice reaction time; TD = target detection; PAL = paired associates learning; trails
= trail making B-A; EMD = emotional discrimination; EMC = emotional control.
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Metacognitive accuracy (confidence - performance)

To examine metacognitive accuracy, analysis of discrepancy measures (retro-
spective CJ - performance) were performed, showing a significant difference
in pooled metacognitive accuracy across tasks between controls (mean =
—8.41(26.85)) and patients (mean = 2.65(30.39)), t(1086) —6.37, p <0.001.

A two-factor ANOVA was run to examine the relationship between group and
cognitive domains with metacognitive accuracy (Figure 3). There was a signifi-
cant interaction, where cognitive domain moderates group effects of metacog-
nitive accuracy F(7, 1073) 3.63, p < 0.001; post-hoc comparisons of patients and
controls across cognitive domains were conducted using ordinary least squares,
accounting for means across factors. Results were adjusted for multiple com-
parisons with Tukey correction. Both controls and patients had a positive bias
on motor control, believing they did better than their actual performance,
with patients showing significantly higher bias compared to controls t(1073)
—4.21, p < 0.001. Patients also overestimate their performance more compared
to controls for SRT: t(1073) —4.44, p <0.001; and CRT t(1073) —6.79, p <0.001;
A negative bias was seen in target detection, PAL, trails, emotional discrimi-
nation and emotional control, with patients showing a greater negative bias
in target detection t(1073) —-2.61, p<0.001; and trails t(1073) —-3.63, p<
0.001 compared to controls. No significant differences were seen between

Global metacognitive accuracy

Fkkk ek *kkk g * ns ok ns ns

50-

-50-

metacognitive accuracy (confidence - performance)
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Figure 3. Metacognitive accuracy across cognitive tasks. Discrepancy was calculated using the
difference between confidence judgment and task performance. Values closer to 100, indicate
overestimation of performance, while values closer to —100 indicate underestimation. Dotted
lines represent group pooled metacognitive accuracy. MC = motor control; SRT = simple reac-
tion time; CRT = choice reaction time; TD = target detection; PAL = paired associates learning;
trails = trail making B-A; EMD = emotional discrimination; EMC = emotional control.
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groups for PAL t(1073) —1.3, p=0.18; and emotional discrimination t(1073)
—0.21, p=0.83 or emotional control t(1073) 0.76, p =0.44. As with task per-
formance, subsidiary analysis including age and education level as covariates
provide comparable results apart from TD (t(1073) —0.862, p=0.3889)

Prospective judgement of memory and attention functioning

Further to metacognitive accuracy, investigating the relationship between task
performance and retrospective CJs, we looked at the link between task perform-
ance and prospective reports of memory and attention functioning (Figure 4).
Prior to completing the tasks, participants were asked to give a judgment of
their attention and memory.

Working memory

A type Il ANOVA with 2 factors, group and task, was used to investigate the
relationship of working memory performance and group on prospective judge-
ments of memory. There was a significant interaction for prospective memory
judgement modulated by group and performance F(1, 147) 4.62, p=0.03;
the model shows an overall significant effect for performance F(1,147) 7.98,
p =0.005; no main effect of group was seen F(1, 147) 13.55, p=0.07; post-
hoc analysis of each group’s simple slope showed the main effect of perform-
ance was seen in controls but not patients. The slope coefficient for controls

R=04, p=<0.001 R
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2 g
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g g
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A . A A 30-
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Judgement of memory function Judgement of attention function

Figure 4. Relationship of general prospective ratings of memory and attention with task
performance.
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was 6.83, 95% Cl [2.91, 10.76] and for patients was 1.37, 95% Cl [-1.77, 4.51]; as
the simple slope in patients crosses zero, no significant effect of performance
prospective memory judgement is seen (Figure 4).

Attention

A type Il ANOVA was conducted to investigate the relationship of attentional
performance and group to prospective judgements of attention. There was
no significant interaction for prospective judgement of attention with task per-
formance and group on F(1, 160) 0.63, p =0.42; the model shows an overall
significant effect for performance F(1,160) 6.91, p =0.009.

Relationship to reported measures of wellbeing

The relationship of mood and metacognitive accuracy pooled across cognitive
tasks was investigated in relation to patient and control groups with an ANOVA
(Figure 5). No significant group by mood interaction was seen F(1, 199) 0.009,
p =0.92; however main effects of mood F(1, 199) 12.35, p <0.001 and group
F(1, 199) 39.71, p<0.001 were seen, indicating participants that rate having
a lower mood tend to underestimate their performance to a greater degree,
than those rating a higher mood in both patients and controls, while patients
tend to overestimate their performance compared to controls overall (Figure 5).

60- 4 60-
R=0.25, p=0.023 R=0.16,p=0.14
R=0.24, p=0.0087 R=0.31, p=0.00047
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Figure 5. Pooled metacognitive accuracy and measures of mood and anxiety. Lower values on
x-axis indicate low mood and higher anxiety, while larger values are associated with better
mood and low anxiety.
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A similar model was run for anxiety and pooled metacognitive accuracy. No sig-
nificant group by anxiety interaction was seen F(1, 199) 1.72, p=0.19; However
main effects of anxiety F(1, 199) 15.09, p < 0.001 and group F(1, 199) 39.01,p<
0.001 were seen. Those with higher anxiety tend to underestimate their perform-
ance to a greater degree, than those rating a lower anxiety.

Discussion

Here we present a remote assessment of cognitive performance and metacog-
nition across a range of tasks in TBI patients and healthy controls. Metacognitive
accuracy was assessed from the difference between task performance and retro-
spective confidence judgements of performance across a range of cognitive
tasks. Prospective memory and attention reports were also evaluated. This
measure at the start or end of cognitive assessments has little additional time
cost but provides an informative semi-quantitative assessment of global meta-
cognition that can provide novel context to raw cognitive scores.

Controls had good prospective judgement of general memory ability when
contrasted with performance on a working memory paradigm, whereas TBI
patients did not. Similarly, controls’ judgement of general attention was corre-
lated with a subsequent attentional processing task; this effect was not seen in
TBI patients. TBI patients showed significant impairment on performance for all
cognitive tasks compared to healthy controls apart from emotional discrimi-
nation. When controlling for within sample age and education, no group differ-
ences were seen for target detection. Age and education are important to
consider as they fluctuate throughout the lifespan. Preliminary data from the
Great British Intelligence Test (Hampshire, 2020) provide age curves in over
300,000 participants for the target detection task, indicating decreasing accu-
racy over the age of 50 (Supplementary). Future work will benefit from norma-
tive scoring with an independent population sample.

Overall, the range of retrospective confidence judgements did not vary sig-
nificantly between groups apart from for working memory, which was appropri-
ately lower in patients compared to controls. It is important to note in this
battery the working memory task (PAL) only finished when the participant
reached their individual ceiling performance. As such potential recency
effects of performance on the memory task may bias overall confidence
judgment.

Metacognitive accuracy, the discrepancy measure between confidence and
performance across the range of cognitive tasks, indicated TBI patients overes-
timating their performance except in the domains of memory and emotional
processing. Simpler reaction time tasks with low cognitive load had a higher
bias in confidence compared to other paradigms with great cognitive load
such as working memory and attention. The relationship of metacognitive accu-
racy pooled across all tasks and self-reported levels of mood indicated a positive
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correlation with mood in both groups. This may reflect a bias when evaluating
performance whereby one tends to underestimate performance with lower
mood, and overestimate with higher ratings of mood.

Evidence of meta-analysis across neuroimaging studies indicate separate
neural substrates for prospective and retrospective judgments (Vaccaro &
Fleming, 2018). Prospective metamemory is associated with the posterior
medial prefrontal cortex (PFC), left dorsolateral PFC and right insula, while retro-
spective metamemory is associated with bilateral parahippocampus and left
inferior frontal gyrus activation. These fronto-temporal regions are particularly
susceptible to damage from TBIl and may explain potential inter-individual varia-
bility in deficits of one temporal orientation but not another. It is beyond the
scope of this work but examining potential variation in temporal focus across
domains and its relation to general and specific processes would be a good
target for neuroimaging analysis in TBI cohorts.

This measure of self-reflection has evident relevance for clinical populations.
The findings in this study regarding reduced metacognition in the TBI group
have implications for clinical neuropsychology. These findings would indicate
that metacognition should be assessed in routine clinical neuropsychological
assessments involving patients with TBI and could have potential utility in a
range of other neurological and psychiatric conditions. Generalizing poor meta-
cognition to broader aspects of behaviour, patients lacking a sense of their limit-
ations may be at increased risk of harm through the manifestation of
inappropriate behaviours. Coupled with other commonly reported post-TBI
behaviours such as impulsivity, a profile of likely gambling behaviour or risk-
taking behaviours may emerge, compounding social, emotional and financial
issues, or worse, leading to an elevated risk of physical altercations or assault
(Regard et al., 2003; Turner et al,, 2019; Williams et al., 2018). With increasing
sample sizes, normative scores could be generated for each task paradigm.
This could contribute to clinical assessments of impaired insight into disability
whereby patients falling below a cut-off score (e.g., <1SD) on performance mis-
attribute high confidence to their performance. The current sample did not
enable further investigations with reasonable sample sizes of patients who per-
formed poorly (<1SD) but with high levels of confidence, or patients with good
performance (>1 SD) with low levels of confidence. This subgrouping could be
valuable in future work investigating significant discrepancies between meta-
cognition and performance. An alternative to this frequentist approach is to
use machine learning classifiers to investigate if the data can be split meaning-
fully into subgroups such as identifying high performers with low confidence or
low performers with high confidence.

Limitations of remote cognitive assessments need to be considered com-
pared to controlled environments for formal neuropsychology assessments.
For instance, while participants are requested to set time aside to complete
the tasks in a distraction-free environment, this cannot be enforced, and
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some settings may have had more distractions than others. However, we have
previously found good compliance among participants and observed minimal
performance costs for remote vs in person online assessments. As part of
ongoing development of remote cognitive testing, embedded effort tests and
flags to determine if participants have left the testing platform, along with
self-report effort assessment have been included for future work. Similarly,
another consequence of this lack of supervision lies in the inevitability of incom-
plete data. Third, as in the design of any cognitive battery, an effect of task
sequence is unavoidable. In this case, the emotional paradigms were the last
in the set of tasks to be completed over multiple sessions. As a result, due to
attrition, the number of observations for the emotional processing tasks are
lower compared to that available for reaction time tasks placed at the start of
the battery. We found an average attrition rate of 25% for controls and 23%
for patients across 10 sessions. While this could be addressed by running ran-
domized, or pseudo-randomized ordering of tasks, a consistent standardized
order was chosen for task delivery in order to reduce order-related variance
when comparing patients to controls. Additionally, there may be non-random
effects present in patients who completed all tasks vs those who only com-
pleted a subset; a conceivable source of bias relates to low motivation or
injury severity. Of note the design of tasks for remote assessments rely on
visual perception. Further metacognitive impairments may also arise from audi-
tory or verbal processing paradigms, reflecting challenges in daily life including
understanding instructions.

The current work identifies areas of behavioural interest from remote
assessments which could be the target of more detailed lab based and neu-
roimaging experiments. An additional online metacognition task would have
added benefits alongside these confidence judgements. This could take the
form of a trial-by-trial perceptual judgement, in which signal detection
theory, or a paradigm such as the stop change task, could be adapted and
applied. Previous work has utilized signal detection theory with modified cog-
nitive paradigms, including retrospective confidence judgements following
each trial (Fleming et al., 2010; Fleming & Dolan, 2012; Hauser et al., 2017).
For the current work, this approach proved unfeasible, as it would interfere
with the paradigm structure of the cognitive tasks. Metacognitive sensitivity,
or bias for trial by trial accuracy, is not measured here as in (Rouault et al.,
2018). Instead, a single confidence judgement is given following completion
of each task paradigm giving global measures of metacognition. Limitations
of “single-shot” metacognition assessments have been described previously
(Fleming & Lau, 2014). Most notably, the inability to distinguish between con-
cepts such as metacognitive sensitivity and bias. However, the presented
method in this work provides useful evaluation across multiple cognitive
domains, with minimal time cost or modification of existing cognitive para-
digms. Its utility is most notably seen in (Kruger & Dunning, 1999). With
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this in mind, a specific paradigm to measure metacognition as part of a
testing battery would have added value to the current approach, fractionat-
ing components of metacognition.

This global metacognitive accuracy score would be most beneficial when con-
sidered alongside other standard questionnaires and detailed clinical information,
such as the Glasgow Outcome Scale - Extended (GOSE), Post-traumatic amnesia
(PTA) and other measures of functional outcome—or perhaps a customized
digital testing paradigm. Initial results here highlight a link between metacogni-
tive accuracy and mood, which could be investigated further. Such metacognitive
measures may provide better insights into patient outcomes beyond what is con-
ventionally assessed with cognitive tests. Further investigation of the neural cor-
relates and relationship to functional outcomes is also required.

Conclusion

Metacognitive accuracy is easily measured alongside remote cognitive assess-
ments. Short questions regarding performance provides a global measure of
metacognition that is sensitive to deficits in the TBI population. Presented
alongside raw cognitive results, this extra dimension supplements our under-
standing of behavioural and functional outcomes post-TBI.

In addition to supporting this theoretical perspective, there are practical clini-
cal implications. The finding that TBI patients have limited prospective insight
into their memory performance supports the importance of administering stan-
dardized clinical neuropsychological assessments as routine. These results
clearly demonstrate that simply asking a patient how they feel their memory
is, whilst important, is unlikely to provide accurate information leading to
patients not being offered necessary neurorehabilitation. The present results
suggest that measures of metacognition have additive value alongside cogni-
tive measures in a population of TBI. Further work needs to be completed inves-
tigating the neural correlates and relationship of metacognition to functional
outcomes. The findings in this study indicate that the assessment of metacogni-
tion in standard neuropsychological assessments requires further development
and investigation.
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