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Abstract 

Traumatic Brain Injury (TBI) occurs when a head injury results in altered brain function. 
There is substantial evidence that moderate to severe TBI is associated with decreased 
emotion recognition, and performance on emotion recognition tasks could be predictive 
of social functioning after TBI. Despite this, emotion recognition is not routinely 
assessed in clinical settings because tasks used to measure emotion recognition lack 
information about psychometrics and are rarely developed for use in a TBI population.  

This thesis investigated the psychometric properties of the Bristol Emotion Recognition 
Task (ERT) by considering measurement reliability and validity of inferences about 
emotion recognition. Findings suggested low test-retest reliability in a longitudinal 
cohort, but adequate internal consistency in both neurologically healthy and TBI 
populations. A construct validation study assessing correlations between the Bristol ERT 
and other tasks indicated that the Bristol ERT can be used as a measure of emotion 
recognition. A cross-sectional study was conducted to assess emotion recognition after 
moderate to severe TBI. Results suggested that participants with TBI performed worse 
than controls on the Bristol ERT. This difference was not explained by anxiety or other 
potentially confounding factors. The same study design was used to investigate emotion 
recognition after mild TBI and found no evidence for a difference in performance 
between people with mild TBI and controls. Finally, associations between emotion 
recognition, mild TBI, and anxiety were investigated in a longitudinal cohort. There was 
no evidence that mild TBI or Generalised Anxiety Disorder were associated with emotion 
recognition, but weak evidence that participants with mild TBI were more likely to label 
faces as angry. 

The findings highlight the importance of considering severity of injury when assessing 
emotion recognition after TBI. They also suggest the Bristol ERT has potential as a 
measure of emotion recognition in clinical settings, but further development is needed. 
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Chapter 1 Introduction 

1.1 Thesis Motivation 

My PhD project has investigated emotion recognition after Traumatic Brain 

Injury (TBI) using the Bristol Emotion Recognition Task (ERT). There is substantial 

evidence that emotion recognition is impaired after moderate to severe TBI (Babbage et 

al., 2011; Murphy et al., 2021), although less is known about emotion recognition after 

mild TBI (Theadom et al., 2019). I first became interested in this field during my Masters 

in Applied Neuropsychology, when I learnt that TBI can often lead to breakdown in 

relationships and social isolation (Ponsford et al., 2014). I hope that by better 

understanding changes in social cognition associated with TBI, such as the decrease in 

emotion recognition, we can begin to mitigate some of these difficulties. 

It is striking that despite growing awareness of deficits in emotion recognition 

after TBI, social cognition is not routinely assessed in a clinical setting (Kelly et al., 2017). 

I think that bridging this gap between research and clinical practice is important, which 

means that we need to start developing emotion recognition tasks used in research for 

use in neuropsychological assessment (Kessels, 2019). Therefore, I chose to evaluate the 

utility of the Bristol ERT as a measure of emotion recognition in a TBI population. The 

task is already available as part of the Cambridge Automated Neuropsychological Test 

Battery but prior to this thesis had not been evaluated in this population. To effectively 

interpret emotion recognition performance on the Bristol ERT in a clinical setting it is 

also important to understand the impact of potentially confounding factors. Findings 

from my masters research indicated that clinical levels of anxiety could be associated 

negative bias on the Bristol ERT (Müller-Glodde, 2015). Concurrent research 

investigating the impact of state anxiety on emotion recognition measured using the 

Bristol ERT suggested that anxiety can also lead to deficits in emotion recognition 

(Attwood et al., 2017). This led me to wonder about associations between emotion 

recognition, TBI, and anxiety, which is why I decided to focus on anxiety as a potential 

confounder for emotion recognition in a TBI population in this thesis. Ultimately, I hope 

that the Bristol ERT will be a useful tool to assess emotion recognition and can be used 

to inform interventions for people struggling with social interactions after TBI. 
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1.2 Traumatic Brain Injury 

Traumatic Brain Injury (TBI) is the modern terminology for a head injury and has 

been defined as “an alteration of brain function, or other evidence of brain pathology, 

caused by an external force” (Menon et al., 2010). Alteration in brain function can mean 

several things, including loss of consciousness at the time of the accident, post traumatic 

amnesia, and changes in mental or physical state due to neurological changes. 

1.2.1 Prevalence 

TBI is often referred to as the silent or hidden epidemic and is the leading cause 

of disability from neurological disease (Dewan et al., 2019; Maas et al., 2017; Majdan et 

al., 2016). In 2018, the headway brain association reported almost 156,000 

hospitalisations for head injury in the UK alone (Headway, 2018). It is difficult to 

establish incidence of TBI, as many people with mild TBI do not seek medical attention 

and data is not always reliably available. Global incidence has been estimated at over 50 

million new cases each year (Maas et al., 2017), with Dewan and colleagues (2019) 

modelling a worldwide incidence of 64 to 74 million cases annually. A meta-analysis 

conducted in 2013 suggested the prevalence of TBI in the general population to be 

around 12% (Frost et al., 2013), although Maas and colleagues (2017) have stipulated 

that due to increasing incidence and underreporting it is possible that 50% of people 

experience a TBI in their lifetime. Men are 1.5 to 2 times more likely than women to 

have a TBI and incidence is higher in young individuals, although high income countries 

are reporting increasing numbers of TBIs in older populations (Headway, 2018; Maas et 

al., 2017; Maas et al., 2008; Peeters et al., 2017). 

1.2.2 Diagnosis 

A range of indicators are used to give a diagnosis of TBI, including length of loss 

of consciousness, presence of Post Traumatic Amnesia (PTA), scores on the Glasgow 

Coma Scale (GCS), and other reported symptoms (McKee & Daneshvar, 2015; Menon et 

al., 2010). The GCS was developed by Teasdale and Jennett (1974, 1976) as a 

standardised measure of responsiveness after suspected TBI, and scores are based on 

eye, motor, and verbal reactivity to stimuli. Neuroimaging techniques like Computerised 

Tomography (CT) and Magnetic Resonance Imaging (MRI) can be used to inform a 

diagnosis of TBI but it remains a clinical decision (Schweitzer et al., 2019). 
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The Mayo Classification for TBI Severity (Mayo system) was developed to help 

standardise clinical decision making about severity of TBI based on all available 

indicators (Malec et al., 2007). There are three categories which capture the likelihood 

that a TBI has occurred: 1) moderate to severe TBI (definite TBI), 2) mild TBI (probable 

TBI), and 3) possible TBI. Indicators used are the length of loss of consciousness, PTA, 

scores on the GCS, neuroimaging abnormalities, and neurological symptoms (Friedland, 

2013; Malec et al., 2007; Teasdale & Jennett, 1974, 1976). Whilst this sounds relatively 

straight forward it can be difficult to accurately assess severity because reports of loss of 

consciousness, or PTA are difficult to estimate if there are no witnesses to the event 

(Ruff et al., 2009). Further, intoxication and shock might result in similar symptoms and 

lead to lower GCS scores. Secondary brain injury, (for example, lack of oxygen to the 

brain due to hypoxia or hypotension, or intracranial pressure due to swelling or build-up 

of fluid in the brain) can also have a big impact on outcomes after TBI (Friedland, 2013; 

Maas et al., 2008). Additionally, there is substantial overlap in self-reported symptoms 

that occur post TBI with symptoms reported after injuries that do not involve trauma to 

the head (Gasquoine, 2020). These complexities have led to inconsistencies in diagnosis 

and classification of TBI. Many overlapping definitions exist that are revised as 

understanding develops. 

1.2.2.1 Moderate to Severe Traumatic Brain Injury 

A diagnosis of moderate to severe TBI is given when there is no doubt that there 

has been damage to the brain. The Mayo system classification for moderate to severe 

TBI is defined as having one or more of the following criteria: GCS score of less than 13 

(Moderate 9-12, Severe 3-8) within 24 hours of the TBI event, loss of consciousness of 

more than half an hour, and PTA for 24 hours or longer (Azouvi et al., 2017; Friedland, 

2013; Malec et al., 2007). Additionally, any external or neuroimaging evidence of 

significant damage to the brain would likely lead to a diagnosis of moderate to severe 

TBI. It is important to note that whilst everyone who matches these criteria has 

definitely experienced a TBI, this does not mean that it is a homogeneous group, and 

outcomes can vary drastically (Friedland, 2013; Svingos et al., 2019). 

1.2.2.2 Mild Traumatic Brain Injury 

The aim of any definition of mild TBI is to exclude any injuries that are moderate 

or severe, as well as excluding any head injuries that did not result in an injury to the 



 

Page 4 of 255 
 

brain (Gasquoine, 2020). The most commonly used criteria for mild TBI has been loss of 

consciousness for less than 30 minutes (Carroll et al., 2004; Ruff et al., 2009). However, 

Gasquoine (2020) argues that presence of PTA (less than 24 hours long) and not loss of 

consciousness should be used as an indicator to establish whether a mild TBI has 

occurred. The Mayo system classification suggests that a diagnosis of mild TBI should be 

given if one of the following criteria is met: any loss of consciousness up to 30 minutes, 

presence of PTA that lasts no longer than a day, or a skull fracture that leaves the brain 

dura intact (Friedland, 2013; Malec et al., 2007). In terms of the Glasgow Coma Scale, 

mild TBI is defined as a score of 13 to 15 (Azouvi et al., 2017; Teasdale & Jennett, 1976). 

It is often difficult to establish whether a head injury has resulted in damage to the 

brain, so if indicators of mild TBI are not available or unclear but there are changes in 

brain function a diagnosis of possible TBI can be given. Possible TBI is defined as 

presence of neurological symptoms such as blurred vision, confusion, dizziness, 

headache, nausea, being dazed or other focal neurological symptoms (Friedland, 2013; 

Malec et al., 2007). These neurological symptoms are also included as diagnostic criteria 

for mild TBI and are commonly associated with having a concussion (Levin & Diaz-

Arrastia, 2015). In fact, concussion and mild TBI are often used interchangeably in the 

literature (Gasquoine, 2020; Levin & Diaz-Arrastia, 2015; Ruff et al., 2009). It is 

important to recognise that these categories are representative of the level of 

confidence that a TBI has occurred and should not be treated as distinct conditions. 

It is difficult to accurately diagnose mild TBI because of the inability to 

accurately identify structural damage, and the comorbidity of symptoms with other 

conditions. As a result, there is large variation in the outcomes for people diagnosed 

with mild TBI (Gasquoine, 2020; Ruff et al., 2009). CT scans do not reliably predict 

severity of symptoms or outcomes after TBI, which is one of the reasons they are not 

used as the primary diagnostic tools to define severity of TBI (Brown et al., 2019; Fure et 

al., 2021). Recent developments in brain imaging have shown that some types of brain 

damage are not detectable using traditional CT or MRI scanning (Bigler, 2013). 

Development of non-invasive diagnostic methods for TBI such as Diffusion Tensor 

Imaging could support clarification of classification in years to come but are not yet 

available for routine clinical assessments (Bigler, 2013; Joseph et al., 2018). Si and 

colleagues (2018) used a data driven approach to identify sub-classes of mild TBI with 

distinct outcome profiles. This shows that there are likely to be different categories of 

mild TBI that we are currently unable to identify effectively. 
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1.2.3 Pathology 

TBI injuries often involve both primary and secondary trauma (Azouvi et al., 

2017; Ng & Lee, 2019). Primary trauma is the damage caused by the initial impact of 

force and secondary traumas are systemic complications that arise because of the 

impact. Examples of secondary trauma are vascular injury, lack of oxygen due to hypoxia 

or hypotension, swelling, or inflammation (McKee & Daneshvar, 2015). These have the 

potential to cause further damage but can sometimes be stopped or reversed given 

appropriate treatment. The primary trauma is not reversible and the type of primary 

impact, as well as the force, direction, and duration of the impact influence the type and 

extent of damage caused (Maas et al., 2008; McAllister, 2011). An injury is classified as 

open if an external object has penetrated the brain and closed if an external force has 

caused damage without penetrating the brain. There are three types of external forces 

that can cause damage to the brain; direct impact, a rapid acceleration/deceleration, or 

a blast (Figure 1-1; Azouvi et al., 2017; Maas et al., 2008; McAllister, 2011; Ng & Lee, 

2019; Suer & Abd-Elsayed, 2020). Most people experience a combination of these 

different types of primary impact, adding to the complexity of diagnosis and treatment 

(McAllister, 2011). 

Figure 1-1 
 
Different forces that can cause a TBI 

(Suer & Abd-Elsayed, 2020) 

The damage caused by the primary impact can be focal (localised to one area) or more 

widespread, referred to as diffuse (Azouvi et al., 2017). Localised contusions are usually 

seen at the site of direct impact and areas where the brain has impacted with the skull 
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due to the force of the TBI (Ng & Lee, 2019). Given the mechanism of this type of injury 

there are certain regions of the brain more vulnerable to damage (Figure 1-2).  

Figure 1-2 
 
Brain areas that are vulnerable to damage after TBI 

 

(McAllister, 2011) 

The frontal and temporal regions of the brain are particularly at risk because the 

bone structure and ridges in the skull around those areas are more likely to cause 

damage to the brain when impacted (Bigler, 2007; McAllister, 2011). Rapid 

acceleration/deceleration forces are also likely to cause the brain to impact in those 

areas and can cause tearing of blood vessels that may result in focal or diffuse damage 

(McKee & Daneshvar, 2015). Acceleration/deceleration and rotational forces are very 

likely to cause diffuse axonal injury (shearing of neural axons), which is usually multifocal 

or diffuse, damaging white matter tracts in the brain (McKee & Daneshvar, 2015; Ng & 

Lee, 2019). A blast or shockwave can also cause axonal damage and is generally 

associated with diffuse damage to the brain (Ng & Lee, 2019). Diffuse axonal injury is 

present in the majority of TBI cases and is thought to be the main type of damage in 

mild TBI, whilst moderate to severe TBI is usually a combination of focal and diffuse 

damage (Calvillo & Irimia, 2020; McKee & Daneshvar, 2015; Ng & Lee, 2019). The degree 

of axonal shearing is thought to be linked to severity of TBI, but it requires MRI or 

Diffusion Tensor Imaging to detect, as it is not visible on CT scans (Azouvi et al., 2017; Ng 

& Lee, 2019; Wallace et al., 2018). Finally, TBI is also associated with changes in brain 

function detected using functional MRI, such as changes in the default mode network 

and altered connectivity in the frontal temporal networks (Azouvi et al., 2017; Yeates et 

al., 2017). 



 

Page 7 of 255 
 

In summary, injury to the frontal-temporal regions of the brain as well as diffuse 

axonal damage are characteristic of TBI, but injury is not limited to those areas. Given 

the variable nature of injuries and possible secondary complications, outcomes after TBI 

are heterogenous and often difficult to predict (Calvillo & Irimia, 2020; Svingos et al., 

2019). Improving understanding of psychosocial outcomes after TBI is important to 

develop appropriate interventions and support for people living with TBI. 

1.2.4 Outcomes 

Most people who experience a TBI survive and make a full recovery, but a 

substantial number live with long-term effects. A recent European based cohort study 

investigating outcomes six months post injury found that almost 90% of patients that 

were seen for a TBI survived (Steyerberg et al., 2019). Most people had fully recovered 

after six months, however around 25% of people seen only in ER and over 50% of people 

admitted to hospital reported ongoing difficulties (Steyerberg et al., 2019). A 

longitudinal study of 141 participants with mild to severe TBI found that over half the 

participants reported cognitive and behavioural changes even 10 years post injury 

(Ponsford et al., 2014). Having a moderate to severe TBI is more likely to be associated 

with long-term difficulties but an estimated 10% to 30% of cases categorised as mild also 

report persistent symptoms and disability (Maas et al., 2017; Prince & Bruhns, 2017; 

Steyerberg et al., 2019). This means that there are a growing number of people living 

with long-term outcomes of TBI and it is increasingly understood as a chronic health 

condition (Azouvi et al., 2017; Forslund et al., 2019; Galgano et al., 2017; Jourdan et al., 

2018; Maas et al., 2017). Understanding the long-term outcomes associated with TBI is 

important to improve the treatment and support available. 

Difficulties experienced after TBI include somatic symptoms, psychiatric 

consequences, behavioural changes, and cognitive deficits (Azouvi et al., 2017; Calvillo & 

Irimia, 2020; Prince & Bruhns, 2017). Commonly reported somatic symptoms are 

headaches, dizziness, fatigue, and sleep disturbances (Dikmen et al., 2010). There is an 

increased risk of anxiety and depressive disorders after injury (Alway et al., 2016; 

Ashman et al., 2004; Ponsford et al., 2018). Concerning behavioural changes include 

increased irritability or even aggression (Dikmen et al., 2010; Phyland et al., 2021), 

apathy (Worthington & Wood, 2018), and being socially inappropriate (Hicks et al., 

2017). Cognitive deficits commonly associated with TBI are impaired memory, decreased 

processing speed and attention, and difficulties with executive functioning (Azouvi et al., 
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2017; Draper & Ponsford, 2008). More recently, changes in social cognition have also 

been associated with TBI and are emerging as an important factor in brain injury 

outcome and rehabilitation (Allain et al., 2019; Calvillo & Irimia, 2020). 

1.2.4.1 Social cognition 

Social cognition refers to the processes underlying our ability to perceive, 

interpret, and understand social information that is required for appropriate social 

interaction (Allain et al., 2019; Cassel et al., 2019). Cognitive aspects include theory of 

mind, perspective taking and cognitive empathy; whilst affective aspects include 

emotion perception and affective empathy. Additionally, social and emotional self-

awareness plus self-regulation are considered important aspects of social cognition that 

could underpin some of the other cognitive and affective aspects (Cassel et al., 2019).  

Having a TBI is associated with difficulties across many if not all aspects of social 

cognition (Allain et al., 2019; Cassel et al., 2019; Maggio et al., 2020; McDonald, 2013) 

and there is overlap between the brain areas associated with social cognition (Figure 

1-3) and the brain areas vulnerable to damage due to TBI (Figure 1-2). 

Figure 1-3 
 
Brain areas associated with social cognition 

 

(Maggio et al., 2020) 
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Moderate to severe TBI has consistently been linked to deficits in emotion recognition 

(Babbage et al., 2011) and theory of mind (Lin et al., 2021). There is also evidence for 

decreased empathy and increased alexithymia i.e. difficulties in identifying and thinking 

about emotions (de Sousa et al., 2010; Williams & Wood, 2010). To date, little is known 

about social cognition after mild TBI (Calvillo & Irimia, 2020; Theadom et al., 2019). In a 

longitudinal follow-up study Theadom and colleagues (2019) found evidence for social 

cognition deficits in about 20% of participants with mild TBI four years post injury. There 

is also evidence for changes in brain activation when emotional stimuli are presented to 

people with persisting symptoms after mild TBI (Bohorquez-Montoya et al., 2020). 

Further studies are needed to develop our understanding of changes in social cognition 

after mild TBI. 

There is an increased understanding of changes in social cognition after TBI and 

the impact it can have on patient outcomes. TBI can have a long-term impact on social 

relationships and communication (Ponsford et al., 2014) and there is evidence that 

social cognition might be underlying successful social functioning (May et al., 2017; 

Milders, 2019; Milders et al., 2008). Unlike cognitive functions such as memory and 

attention, social cognition is not consistently assessed in a clinical setting (Kelly et al., 

2017; Maggio et al., 2020). This is problematic because arguably there is only a weak link 

between general cognitive deficits and social outcomes (Milders, 2019). It is important 

to better evaluate social cognition after TBI, to help inform interventions and improve 

quality of life for people living with TBI. This thesis aims to further our understanding of 

social cognition after TBI by using the Bristol Emotion Recognition Task (described in 

section 1.3.2) to investigate emotion recognition in this population. 

1.3 Emotion Recognition 

Emotion recognition is the process by which an emotion expressed by another 

person is accurately perceived and identified (Adolphs, 2002b; Beer & Ochsner, 2006; 

Knapp et al., 2013). Non-verbal cues such as body language, vocal inflections, and facial 

expressions are an important part of social communication because they provide 

information about other people’s emotional states or social intentions (Aviezer et al., 

2008; Dukes et al., 2017; Knapp et al., 2013; Neumann, Keiski, et al., 2014; Parkinson, 

2005). Facial expressions, in particular, are a rich source of information about emotions 

and are used as a means of social communication (Knapp et al., 2013; Parkinson, 2005).  
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In the mid to late twentieth century, Basic Emotion Theory became a foundation 

for the study of emotion recognition from facial expressions (Crivelli & Fridlund, 2019; 

Ekman, 1992; Ekman et al., 1987; Keltner, Sauter, et al., 2019). Ekman and colleagues 

introduced what are known as the six ‘basic’ emotions, namely happiness, sadness, 

anger, fear, surprise, and disgust (Crivelli & Fridlund, 2019; Ekman, 1992; Friesen & 

Ekman, 1976). A common criticism is that this categorisation is overly simplistic and to 

date there is no consensus on the definition of an emotion (Crivelli & Fridlund, 2019; 

Keltner, Tracy, et al., 2019). Some of the ways that emotions are conceptualised are as 

behavioural states (i.e. withdrawal or approach), moods (e.g. anxious or content), social 

emotions (e.g. pride or guilt), and of course ‘basic’ emotions (Adolphs, 2002b; Crivelli & 

Fridlund, 2019). There is evidence for distinct cross cultural facial expressions that map 

onto four of the ‘basic’ emotions, happy, sad, angry/disgusted, and fearful/surprised 

(Jack et al., 2014; Jack et al., 2016), and it is possible that there are distinct neural 

correlates for ‘basic’ emotions (Celeghin et al., 2017). So, despite ‘basic’ emotions not 

capturing the full range of emotions used in social interaction, an inability to identify 

those emotions could be indicative of wider difficulties. 

Linked to the question of how an emotion is defined is the question of how it is 

accurately recognised. There is ongoing debate about what processes are involved in 

emotion recognition and whether processes are more bottom-up, i.e., perceptual, or 

top-down, i.e., inferential (Adolphs, 2002b; Joseph & Newman, 2010; Newen et al., 

2015). It is possible that emotion recognition is a purely perceptual process, requiring 

categorisation a facial properties and retrieval of an appropriate label, with little to no 

understanding of emotions required (Adolphs, 2002b; Newen et al., 2015). Equally, 

emotion recognition could be inextricably linked to the ability to identify and express 

one’s own emotions and dependent on emotional understanding (Adolphs, 2002b). 

There is no one coherent model of emotion recognition and its function in the wider 

context of social cognition or emotional intelligence. Probably the most comprehensive 

theories are Basic Emotion Theory and related models, which have continued to develop 

to reflect current understanding (Crivelli & Fridlund, 2019; Keltner, Tracy, et al., 2019). 

An example of a different model is the framework of Emotion Understanding in 

Recognition and Knowledge Abilities (EUReKA) introduced by Castro and colleagues 

(2016) . They propose that emotion recognition and emotion knowledge together 

constitute emotional understanding, and argue that there are four aspects of emotion 

recognition, of which labelling prototypical (i.e., basic) expressions is one. 
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In sum, although there is no consensus on processes underlying emotion 

recognition, the ability to accurately identify ‘basic’ emotions is recognised as one 

component of emotion recognition that potentially acts as a foundation for more 

complex processes (Adolphs, 2002b; Castro et al., 2016; Celeghin et al., 2017; Jack et al., 

2014). It is important to acknowledge the complexity involved in understanding the 

process of emotion recognition, however this thesis does not aim to further develop 

these theories. Instead, it focuses on what an emotion recognition task using the six 

‘basic’ emotions can tell us about difficulties in emotion recognition after TBI. The ability 

to recognise emotions from facial expressions has been linked to successful social 

interaction (Avery et al., 2016; Milders et al., 2008). Given this association between 

emotion recognition and social interaction, these admittedly simplified/basic emotion 

recognition tasks could provide useful information for diagnosis and treatment of social 

cognition deficits after TBI. 

1.3.1 Measuring Emotion Recognition 

Despite an increased understanding of changes in social cognition after TBI and 

the impact it can have on patient outcomes, it is not consistently assessed in clinical 

practice (Kelly et al., 2017; Maggio et al., 2020). One reason is that tests of social 

cognition are not yet well established, and many tasks used for research lack validation 

and information about reliability (Howieson, 2019; Kelly et al., 2017). D’Souza and 

colleagues (2019) argue that even tasks that are well established in clinical practice do 

not always have sufficient information about validity and reliability in a TBI population. A 

better understanding of psychometric concepts, such as reliability, validity, and 

discriminability (Cooper et al., 2017) is crucial for both research and clinical practice. 

Simply put, reliability refers to consistency in measurement given stable conditions 

(Bowden, 2017; Streiner et al., 2015). Reliability coefficients can be used to inform study 

design and analysis, and should be consistently reported for a more effective 

interpretation of experimental results (Parsons et al., 2019). In clinical practice this 

translates to providing context for a clinical assessment that goes beyond simple test 

scores (Kessels, 2019; Meyer et al., 2001). A recent study by Camargo and colleagues 

(2018) defined validity as “the degree to which collected evidence, theory and 

argumentation support inferences based on observed scores”. In other words, an 

assessment of whether valid inferences can be made based on the outcome measures of 

a particular task or questionnaire. In both research and clinical practice, it is important 

to check that the inferences being made have a good foundation, otherwise conclusions 
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drawn are not useful and potentially misleading. Discriminability refers to the ability to 

distinguish between two groups based on the observed scores on a task (Streiner et al., 

2015). This is particularly important in a clinical setting if a task is being used to inform 

diagnosis but is also used to investigate the effectiveness of interventions, and group 

differences in an experimental setting. 

In the area of Neuropsychology, Howieson (2019) identified three test batteries 

of social cognition that have been validated and provide normative data; The Social 

Cognition and Emotional Assessment (Funkiewiez et al., 2012), The Awareness of Social 

Inference Test (TASIT, McDonald et al., 2003), and the EMOTICOM battery (Bland et al., 

2016). The Social Cognition and Emotional Assessment was developed specifically for 

detection of frontotemporal degeneration and has not been utilised in a TBI setting. 

TASIT was specifically developed to assess social cognition after TBI and has been 

recommended as the most appropriate tool to assess social cognition in a moderate to 

severe TBI population (Honan et al., 2019). The EMOTICOM battery was not designed 

with a particular population in mind and to date has not been evaluated or used in a TBI 

setting. The above batteries each include a different emotion recognition task. All three 

tasks are so called forced choice labelling tasks using the six basic emotions, which 

means that participants are presented with a stimulus and are asked to identify the 

emotion presented using the labels provided. Where the tasks differ is in the type of 

stimuli used. 

1.3.1.1 Emotion Recognition Tasks 

Paiva-Silva and colleagues (2016) published a systematic review of tasks used to 

assess emotion recognition from facial expressions over the past 20 years. The review 

showed that the most common methodology used to investigate behavioural emotion 

recognition is forced choice labelling tasks, followed by emotion matching tasks. They 

reported that the stimuli themselves vary dramatically across studies, and could be 

categorised as static or dynamic, natural versus manipulated, and photographic, 

computer generated, or drawn. Natural static stimuli were identified as the most used 

form of stimuli, despite criticisms that facial expressions in real life are often more 

ambiguous and present dynamically (Krumhuber et al., 2013). Morphed sequences both 

in static form or as dynamic clips have been used to address this issue and help avoid 

ceiling effects in performance (Paiva-Silva et al., 2016; Suzuki et al., 2006). Arguably, 

dynamic morph sequences have been shown to have a slight advantage in accuracy and 
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speed of recognition compared to static stimuli (Calvo et al., 2016). The emotions most 

commonly investigated are the ‘basic’ emotions of happiness, sadness, fear, anger, 

disgust and surprise (Ekman & Cordaro, 2011). The number of tasks available to evaluate 

emotion recognition can make it difficult to draw comparisons between studies (Paiva-

Silva et al., 2016). 

The first and probably most well-known set of emotion stimuli was developed 

by Ekman and Friesen (Ekman & Friesen, 1978; Friesen & Ekman, 1976). The Pictures of 

Facial Affect are photographs of facial expressions for happiness, sadness, anger, fear 

surprise, and disgust, as well as a neutral expression. They are still commonly used 

despite other data sets such as the Karolinska Directed Emotional Faces having been 

developed that are arguably more comprehensive (Goeleven et al., 2008; Young et al., 

2002). It is not surprising that in a scoping review of social cognition measures used after 

acquired brain injury, Wallis and colleagues (2021) identified the Pictures of Facial Affect 

as the most widely used measure of emotion recognition. Although the same basic 

stimuli are used, studies vary in how the stimuli are prepared and presented. Examples 

of validated forced choice labelling tasks using the Pictures of Facial Affect are the 

Ekman 60 Faces test from The Facial Expressions of Emotion: Stimuli and Test (Young et 

al., 2002) and the Identification of emotions test used in the Social Cognition and 

Emotional Assessment battery (Funkiewiez et al., 2012). 

The other commonly used measure of emotion recognition after acquired brain 

injury identified by Wallis and colleagues (2021) was the Emotion Evaluation Test (EET) 

from TASIT (McDonald et al., 2003) and its short version TASIT-S (Honan et al., 2016). 

Unlike the tasks using the Pictures of Facial Affect, the EET from TASIT does not use 

facial expression stimuli. Instead, participants are presented a series of video clips 

showing one or two actors in dialogue. The scripts used are neutral, but participants are 

asked to identify the emotion presented based on various nonverbal cues, including 

facial expressions. After viewing the vignette participants are asked to identify the 

emotion presented as one of the six ‘basic’ emotions or as neutral. TASIT is currently 

one of only two outcome measures of social cognition recommended for use after 

moderate to severe TBI (Honan et al., 2019), and the only measure that includes an 

emotion recognition task. This highlights the need for further development of tasks in 

this domain and the emotion recognition task part of the EMOTICOM battery could 

prove useful for neuropsychological assessment (Howieson, 2019). 
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The EMOTICOM battery was developed as a comprehensive neuropsychological 

test battery of affective (i.e., social) cognition (Bland et al., 2016). The emotion 

recognition task included in this battery was a four emotion version of the Emotion 

Recognition Task from the Cambridge Automated Neuropsychological Test Battery 

(CANTAB) owned by Cambridge Cognition Ltd. The task was developed by Professors 

Marcus Munafò and Ian Penton-Voak at the University of Bristol and will be referred to 

in this thesis as the Bristol Emotion Recognition Task (ERT). It is described in detail in the 

next section. The EMOTICOM battery has not been evaluated in TBI setting so the utility 

of the Bristol ERT in this population has not yet been established. 

1.3.2 Bristol Emotion Recognition Task 

The Bristol ERT is a forced choice labelling task using 354x464 pixel front view 

photographs of facial expressions as the stimuli. The emotions available are the six 

‘basic’ emotions, happy, sad, anger, fear, surprise, and disgust. Instead of selecting a set 

of photographs capturing a facial expression, the stimuli were created by merging 

photographs of 12 people making the facial expression for that emotion. Figure 1-4 

shows the male and female morphed stimuli developed for this task. Computer 

generated morphed stimuli have several benefits over photographs such as the Pictures 

of Facial Affect, including the reduction of idiosyncrasies in facial expressions and the 

ability to manipulate expression intensity (Vetter & Walker, 2011). Judgements made 

about a face have been shown to influence the ability to identify the emotion expressed 

(Colonnelle et al., 2019; Vuilleumier & Righart, 2011), and using a standardised 

computer generated face could help reduce variability in responses based on judgments 

about the stimuli presented. A commonly used method to generate emotional 

expressions at different levels of intensity is to create morph sequences consisting of a 

series of images that are a combination of two endpoint images. The aim is to increase 

sensitivity of emotion recognition tasks and prevent ceiling effects (Paiva-Silva et al., 

2016). For the Bristol ERT, a linear morph sequence was used to generate stimuli with 

different levels of intensity for each emotion. The lowest intensity level is highly 

ambiguous, showing very little of the target emotion and thus only marginally different 

from the baseline image. The highest intensity level is completely unambiguous, 

showing the target emotion at 100% intensity. The remaining levels of intensity consist 

of equal increments between those two levels (See Figure 1-4 b for an example of an 8-

face sequence). Single emotion morph sequences are often created by merging a neutral 

expression with an emotion expression. However, using a neutral face as a baseline is 

https://www.cambridgecognition.com/cantab/cognitive-tests/emotion-and-social/emotion-recognition-task-ert/
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potentially problematic because neutral faces can be perceived as threatening (Yoon & 

Zinbarg, 2008). Arguably responses for low intensity stimuli could skew towards being 

perceived as angry. Consequently, the stimuli for the Bristol ERT were generated using a 

prototypical non emotional face as a baseline instead of a neutral facial expression. The 

prototypical face is a composite of the 100% intensity stimuli modified to contain equal 

proportions of six ‘basic’ emotions (See central picture in section a of Figure 1-4). 

Israelashvili and colleagues (2021) found that prototypical faces are an appropriate 

proxy for natural facial expressions and arguably they are a more appropriate as a 

baseline for morph sequences than neutral facial expressions (Skinner & Benton, 2010). 

Figure 1-4 
 
Example of stimuli used in the Bristol Emotion Recognition Task 

 

a. Example of male stimuli depicting all six emotions at 100% intensity around the prototypical 
face, which consists of equal proportions all these six emotions. 

b. Example of female stimuli in a sequence showing happiness at eight levels of intensity from 
lowest to highest 

(Müller-Glodde, 2015) 
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A common criticism of emotion recognition tasks is that they are not realistic 

because facial expressions develop dynamically and asking participants to make a 

judgement by looking at a static image is not an adequate representation of the emotion 

recognition process (Calvo et al., 2016; Darke et al., 2019). Some tasks use dynamic 

morph sequences to address this issue (Montagne et al., 2007). An alternative 

adaptation to better reflect real life perception could be to present the stimuli for only a 

short period of time, because sometimes expressions of emotion can be very brief. 

Humans can pick up on these brief cues with astounding accuracy (Smith, 2012; Sweeny 

et al., 2013). Both experimental and neuroimaging evidence indicate that emotion 

recognition from facial expressions is thought to occur through a combination of 

automatic (bottom-up) processes and top-down modulation (Vuilleumier & Righart, 

2011). Having a reduced presentation time for the stimuli could help tap into the more 

automated cognitive process. Consequently, the presentation time for stimuli on the 

Bristol ERT is usually 500ms, as information to accurately categorise emotions is thought 

to be available after 200ms (Schyns et al., 2009). In conjunction with the short 

presentation time on the Bristol ERT, a mask is included directly after presentation to 

avoid afterimage effects. The aim is to minimise the possibility of adaptation effects that 

could impact responses on subsequent trials, as Webster and colleagues (2004) found 

that adaptation to a particular expression can influence the judgements made about 

subsequent ambiguous expressions. In sum, the stimuli used and the way they are 

presented aim to reduce trial to trial noise, which should help decrease unwanted 

variation that could obscure potential emotion recognition effects. 

The Bristol ERT can be used to measure emotion recognition accuracy as well as 

provide information about response biases that could be indicative of interpretive 

biases. As an overall measure of accuracy, ‘total hits’ (number of correct identifications) 

is calculated. This is the primary outcome measure used throughout this thesis. In 

addition, a ‘hit rate’ and ‘false alarm rate’ (number of times an emotion was correctly or 

erroneously chosen, respectively) is recorded for each emotion. The hits and false 

alarms for each emotion can be used to calculate an unbiased hit rate based on a 

formula presented by Wagner (1993). 

𝐻𝑢 =  
ℎ𝑖𝑡𝑠2

16 × (ℎ𝑖𝑡𝑠 + 𝑓𝑎𝑙𝑠𝑒 𝑎𝑙𝑎𝑟𝑚𝑠)
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Higher proportion of total hits or Hu for each emotion indicate increased emotion 

recognition accuracy on the Bristol ERT. The total number of times an emotion was 

selected (number of hits plus false alarms for each emotion) can be used as a measure 

of response bias. A response score for a particular emotion could indicate an 

interpretive or perceptual bias towards that emotion. The Bristol ERT has been used 

successfully in different areas of research to investigate the association between 

emotion recognition and alcohol use (Eastwood et al., 2020; Freeman et al., 2018), 

anxiety (Attwood et al., 2017), autism (Griffiths et al., 2019), bipolar disorder (Russo et 

al., 2015), and depression (Bamford et al., 2015). It was also used to investigate emotion 

recognition after acquired brain injury as part of a master's project (Müller-Glodde, 

2015), which was a feasibility study for use of the Bristol ERT in a TBI population.  

1.3.2.1 Description of the task used throughout this thesis 

In the version of the Bristol ERT used in this thesis, all six emotion stimuli were 

presented at eight levels of intensity. Both male and female stimuli were used, and all 

the faces presented were Caucasian. This means a total of 96 stimuli were included and 

presented once to each participant. The order of presentation was randomised, and 

participants were offered a break after completing 48 trials. Each trial started with the 

presentation of a fixation cross (1500 to 2500ms), followed by presentation of the face 

stimulus for 250 to 500ms and then a visual noise mask for around 250ms (See Figure 

1-5 for an example of a trial). Participants were presented with a response screen 

showing the six emotions included in this task and asked to select the emotion that best 

described the facial expression they had seen. There is no time constraint on giving a 

response, but participants are instructed to respond as quickly and accurately as they 

can. Once a response was selected the next trial started automatically. 

Figure 1-5 
 
Trial sequence for Bristol Emotion Recognition Task 

  

                angry 

happy                surprise 

  sad                    fearful 

               disgust 

1500 - 2500ms 500ms 250ms Until response 
was given 
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1.4 Emotion Recognition and Traumatic Brain Injury 

There is consistent evidence of impaired emotion recognition after TBI across a 

range of emotion recognition tasks (e.g. Knox & Douglas, 2009; McDonald et al., 2011; 

Milders et al., 2003; Rosenberg et al., 2014; Rosenberg et al., 2019; Zupan et al., 2014). 

In 2011, Babbage and colleagues conducted a meta-analysis of studies investigating 

emotion recognition after moderate to severe TBI using static facial emotion recognition 

tasks. The results indicated that participants with TBI are worse at emotion recognition 

tasks compared to neurologically healthy controls and that the effect size for this deficit 

is large (Hedges’ g = 1.1, 95% CI 0.97 to 1.25). An estimated 50% of people with TBI 

present with emotion recognition difficulties based on a cross-sectional study conducted 

by Biszak and Babbage (2014). Murphy and colleagues (2021) recently published an 

updated systematic review and meta-analysis of emotion recognition deficits after TBI, 

including forced choice labelling tasks for basic emotion across a range of presentation 

modalities. They calculated an unbiased effect size estimate of Hedges’ g = 0.79 (95% CI 

0.61 to 0.96), which is slightly smaller than the one reported by Babbage and colleagues 

but still a moderate to large effect of emotion recognition deficits after TBI. They did not 

find a difference in effect across task modalities and reported that the two most used 

tasks included were the Pictures of Facial Affect and the Emotion Evaluation Task from 

TASIT. Murphy and colleagues (2021) did not actively exclude studies looking at mild TBI, 

but were unable to find suitable studies to be included in their analysis, highlighting a 

clear gap in the literature. 

There are few longitudinal studies of emotion recognition after TBI for an adult 

population, but evidence available indicates that deficits in emotion recognition after 

TBI are persistent. Ietswaart and colleagues (2008) recruited participants shortly after a 

TBI or orthopaedic injury and assessed emotion recognition around two months post 

injury and again one year later. TBI participants performed worse than orthopaedic 

injury controls at both time points and there was no evidence for improvement specific 

to the TBI group. Theadom and colleagues (2019) assessed long term impact of mild TBI 

on emotion recognition. They reported a trend towards decreased emotion recognition 

after mild TBI but there was no evidence for a difference in performance between 

participants with mild TBI and healthy controls four years post injury. Initially there was 

evidence that negative emotions were specifically impaired (Croker & McDonald, 2005) 

but more recent research indicates that TBI patients are impaired on all emotions 

(Murphy et al., 2021; Rosenberg et al., 2018). This change could reflect the development 
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of emotion recognitions tasks, with newer tasks being able to address issues such as the 

ceiling effects observed for recognition of happiness. This shows the importance of using 

well developed and validated tasks to effectively measure and interpret changes in 

emotion recognition. Murphy and colleagues (2021) did suggest that based on the 

magnitude of difficulties observed for each emotion, that negative emotions such as fear 

and anger are associated with a larger impairment than happiness and surprise. 

A review of emotion recognition performance on behaviour outcomes after TBI 

suggested that better emotion recognition is associated with a better social/functional 

outcome (Milders, 2019). In turn, it is not surprising that deficits in emotion recognition 

have been associated with poorer outcome after TBI (Milders, 2019; Milders et al., 

2008). For example, decreased emotion recognition and anger misattributions have 

been linked to other reported socially inadequate behaviour after moderate to severe 

TBI (Jorna et al., 2021; Spikman, Boelen, et al., 2013). Given that emotion recognition 

deficits after TBI are well established and there is evidence that these are linked to social 

functioning outcomes, it is difficult to understand why emotion recognition is not more 

routinely assessed and considered in clinical practice. Kelly and colleagues (2017) 

highlighted that there is a lack of awareness and clarity around the assessment of 

emotion recognition that needs to be addressed. 

1.4.1 Brain structure and functioning 

Emotion recognition is not associated with just one brain area but is comprised 

of a network of different brain areas and neural networks. Areas that have been linked 

to facial emotion recognition are the amygdala, thalamus, temporal /occipital brain 

structures (e.g., fusiform gyrus), as well as the medial and orbital frontal lobes (Adolphs, 

2002a; Haxby & Gobbini, 2011; Henry et al., 2016; Rosen & Levenson, 2009). Some of 

these areas associated with emotion recognition are vulnerable to damage after TBI, 

including the orbitofrontal cortex and the amygdala (Bigler, 2007; McAllister, 2011). 

Spikman and colleagues (2012) found that poor emotion recognition after moderate to 

severe TBI is associated with damage to the orbitofrontal cortex and the amygdala has 

been associated with emotion recognition performance (Adolphs, 2010). Further, both 

focal and diffuse axonal injury, common after TBI, have also associated with changes in 

emotion recognition (Yassin et al., 2017). However, white matter damage is also 

associated with generally lower cognitive performance (Wallace et al., 2018) so the 

changes in emotion recognition could be the result of a more general cognitive deficit. 
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There is also evidence of changes in brain functioning related to emotion recognition 

after TBI. Xiao and colleagues (2017) conducted a meta-analysis of fMRI studies 

investigating social cognitive deficits after TBI. They found that deficits were linked to 

decreased activation in the tempo parietal junction and medial prefrontal cortex. Rigon 

and colleagues (2017) found that the ability to recognise emotions from facial 

expressions was associated with differences in resting state functional connectivity in 

participants with TBI compared to healthy controls. There is clearly evidence for a neural 

basis of emotion recognition deficits after TBI, but small sample sizes and lack of 

specificity in a lot of studies means that it is not possible to make any causal inferences 

based on current research. 

1.4.2 Factors that could influence Emotion Recognition after Traumatic Brain Injury 

When considering changes in emotion recognition after TBI it is important to 

acknowledge that there are a lot of factors that could be moderating or mediating these 

changes. General cognitive ability could influence the ability to complete the emotion 

recognition tasks, or inability to effectively perceive faces could be impacting emotion 

recognition performance (J. D. Henry et al., 2015). Arguably, emotion recognition is 

linked to understanding of emotions, so it is also possible that difficulties in identifying 

and describing emotions (alexithymia) could underlie performance on emotion 

recognition tasks (Williams & Wood, 2010). There is also evidence that age and sex 

impact emotion recognition (Abbruzzese et al., 2019). Men are more likely to have a 

head injury and certain age groups are at a higher risk of TBI. It is therefore possible that 

these factors could confound the associations observed. Finally, people who have 

experienced TBI are more likely to feel aggression and experience mood disorders after 

their injury (Azouvi et al., 2017; Ng & Lee, 2019; Ponsford et al., 2018). These have also 

been linked to changes in emotion recognition and could influence performance on 

emotion recognition tasks.  

1.4.2.1 General cognitive ability 

The most common cognitive deficits after TBI are in the domains of memory, 

working memory, processing speed/attention, and executive functioning skills such as 

inhibition and planning (Azouvi et al., 2017; Jourdan et al., 2016). A meta-analysis of 

processing speed and attention difficulties after severe TBI showed a large effect size for 

deficits in processing speed and attention across tasks (Mathias & Wheaton, 2007). The 

authors highlighted that slowed processing speed could be having a big impact on the 
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performance of any time limited tasks used in this population. A meta-analysis of 

working memory difficulties after moderate to severe TBI reported a small to moderate 

effect size across visuospatial and verbal tasks (Dunning et al., 2016). Longitudinal 

studies have shown that the cognitive difficulties after moderate to severe TBI persist 

long term (Draper & Ponsford, 2008; Jourdan et al., 2016; Ponsford et al., 2014). There is 

mixed evidence about long term deficits in cognition after mild TBI, with some studies 

reporting deficits in working memory and processing speed 5 years post injury and 

others finding no deficits 3 months post injury (Calvillo & Irimia, 2020). 

Given the general cognitive deficits prevalent after TBI, it is possible that deficits 

in emotion recognition performance after TBI are the result of general cognitive deficits.  

Yim and colleagues (2013) found that verbal and non-verbal memory, working memory 

performance, and processing speed were all associated with performance on a static 

face emotion recognition task after severe TBI. They also reported that only non-verbal 

memory and working memory were predictive of performance on the emotion 

recognition task. Notably they increased presentation time of stimuli to 15 seconds to 

try and mitigate the potential impact of processing speed (Azouvi et al., 2017). 

Conversely, Spikman and colleagues (2012) did not find any evidence for a correlation 

between tasks measuring general cognitive ability and performance on a facial emotion 

recognition task. Rosenberg and colleagues (2015) investigated the impact of non-verbal 

reasoning, working memory, and processing speed on emotion recognition after 

moderate to severe TBI. They found associations between all three general cognitive 

domains and emotion recognition performances in the TBI group, but their analysis 

showed that these did not fully account for emotion recognition deficits observed after 

TBI. Neumann, Völker, and colleagues (2021) recently investigated the interaction 

between lesions in brain areas associated with emotion recognition and working 

memory load on emotion recognition in self and others. They found that both brain 

lesions and working memory load are associated with decreased emotion recognition 

performance, but contrary to their prediction, the effects seem to be independent of 

one another. This provides further evidence that deficits in emotion recognition after 

TBI are not the result of deficits in general cognitive ability. Nevertheless, it is important 

to consider how task demands of emotion recognition tasks could be impacting 

performance given the prevalence of general cognitive difficulties after TBI. Due to the 

short presentation time of stimuli on the Bristol ERT it is possible that processing speed 

may be particularly important for performance on the Bristol ERT. 
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1.4.2.2 Face perception 

Arguably, emotion recognition from faces and face identification are two distinct 

processes that function independently of one another (Duchaine et al., 2003). Evidence 

for this is provided by the fact that people can be impaired on one but not the other, 

however, it is likely that there are shared neural mechanisms that underlie both these 

processes (Haxby & Gobbini, 2011). A functional MRI study by Neumann and colleagues 

(2014) reported that decreased neural activation of the right fusiform gyrus – associated 

with face perception was correlated with impaired facial emotion recognition after TBI. 

They subsequently proposed that difficulties with emotion recognition from faces are 

driven by general face processing difficulties and not emotion specific problems. It is 

important to consider that performance on facial emotion recognition tasks is 

influenced by the ability to perceive faces in general. Consequently, when evaluating 

emotion recognition in a clinical setting it would be advisable to also consider general 

face perception and include a measure such as the Glasgow Face Matching Test (Burton 

et al., 2010; J. D. Henry et al., 2015). 

1.4.2.3 Ability to identify emotions (Alexithymia) 

Alexithymia refers to difficulties in identifying and understanding one’s own 

emotions, which is a commonly reported difficulty after TBI (Henry et al., 2006). In a 

neurologically healthy population alexithymia has been linked to deficits in emotion 

recognition and changes in automatic perception of social cues (Martinez-Sanchez et al., 

2017; Parker et al., 1993; Prkachin et al., 2009; Rosenberg et al., 2020). Given the 

potential links between emotion recognition and expression (Adolphs, 2002b), it is 

important to consider whether alexithymia could be impacting emotion recognition 

deficits observed after TBI. In fact, Williams and Wood (2010) suggested that alexithymia 

could be the cause for emotion recognition deficits after TBI and more recently the 

ability to experience emotions has been linked to accurate emotion perception in a TBI 

population (Wearne et al., 2019). It is important to note that the evidence for an 

association between emotion recognition and alexithymia has been mixed. For example, 

Rosenberg and colleagues (2019) did not find an association between alexithymia and 

the Emotion Evaluation Task from TASIT, although alexithymia was correlated with 

performance on other emotion recognition tasks in that study. There is evidence to 

suggest that changes in emotion recognition associated with alexithymia are linked to 

temporal constraints (Ihme, Sacher, Lichev, Rosenberg, Kugel, Rufer, Grabe, Pampel, 
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Lepsien, Kersting, Villringer, Lane, et al., 2014; Rosenberg et al., 2020). This means that, 

unlike for the Emotion Evaluation Task from TASIT, alexithymia could impact 

performance on the Bristol ERT because stimuli are only presented briefly. In sum, it is 

important to consider the potential impact of alexithymia on emotion recognition in a 

TBI population.  

1.4.2.4 Age 

An important consideration is that emotion recognition ability has been shown 

to decrease with increasing age (Abbruzzese et al., 2019; Ferreira & Torro-Alves, 2016; 

Mill et al., 2009; Ruffman et al., 2008; West et al., 2012). A study by Byom and 

colleagues (2019) investigated the interaction between TBI and age on emotion 

recognition. They found that both having a TBI and older age were associated with 

decreased emotion recognition but did not find evidence for an interaction between 

these two factors. The observed decline in emotion recognition with increased age could 

be the result of general cognitive decline or high comorbidity with mood disorders in an 

older population (Murphy et al., 2019). Although Horning and colleagues (2012) argued 

that age related decline in emotion recognition is influenced but not fully explained by 

decline in general cognitive ability. A recent study by Hayes and colleagues (2020) 

highlighted the fact that different emotion recognition tasks were associated with 

different age related effects, indicating that it is important to consider task 

characteristics when making inferences about emotion recognition. 

Another consideration is evidence to suggest that ability to recognise emotions 

emerges at a young age but continues to develop into late puberty (Lawrence et al., 

2015). Some emotions, such as happiness, sadness, and anger are accurately recognised 

from an early age, whilst recognition for fear, disgust, and surprise increase in accuracy 

into late puberty (Lawrence et al., 2015). Wu and colleagues (2016) suggest that 

connectivity between the amygdala and frontal regions of the brain might underly some 

of these developments, because functional MRI shows differences in activation from 

childhood through to early adulthood in those areas. Considering TBI in the context of 

these developments, a TBI that occurred during childhood may not have the same 

impact on emotion recognition as an injury received after emotion recognition is fully 

developed around the age of 16. 
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1.4.2.5 Sex 

In line with the popular belief that females are better at recognising emotions 

than males, studies have shown that females perform slightly better at emotion 

recognition tasks than males (Thompson & Voyer, 2014; Turkstra et al., 2020). However, 

the size of this effect is commonly small, and the exact nature of the differences is 

unclear. It is possible that females have an advantage over men at identifying subtle 

emotions but not full intensity stimuli (Hoffmann et al., 2010; Sasson et al., 2010). 

Differences in performance could be specific to negative emotions, but the evidence is 

mixed and may be confounded by age. For example, females are possibly better at 

identifying anger (Abbruzzese et al., 2019; Thompson & Voyer, 2014) and potentially 

have a response bias for fearful and sad faces (Sasson et al., 2010). Like the age effects, 

the type of emotion recognition tasks used seems to impact results. Abbruzzese and 

colleagues (2019) reported that older females may be better at discriminating between 

emotions than older men, but not necessarily better at identifying them. 

Although men are more likely to experience a TBI (Headway, 2018; Majdan et 

al., 2016) it seems that females may be at greater risk of poorer outcomes after mild TBI 

(REF). A recent study investigating sex differences in outcome after TBI in a European 

cohort presented evidence for worse outcomes in women after mild TBI but found no 

sex differences in outcomes reported after moderate to severe TBI (Mikolic et al., 2021). 

Interestingly, being female may be a protective factor in terms of emotion recognition 

performance after TBI. Rigon and colleagues (2016) reported that only male participants 

had decreased emotion recognition on a dynamic emotion recognition task after 

moderate to severe TBI. However, Zupan and colleagues (2017) were not able to 

replicate this finding using static facial stimuli. However, their findings did indicate that 

even in a severe TBI population females have an advantage in recognising fearful 

expressions compared to males. However, despite the influence of sex being relatively 

consistent across studies, it is important to emphasise that effect sizes are small and 

further research is needed to clarify sex and TBI interactions. 

1.4.2.6 Aggression 

Post TBI aggression is used to describe verbal outbursts as well as physical 

violence, with the former being more common (Rao et al., 2009; Roy et al., 2017; Sabaz 

et al., 2014). Aggression is a common sequalae of TBI with estimates of prevalence 

between 11% and 34% and often negatively impacts rehabilitation and social 
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relationships (Roy et al., 2017; Tateno et al., 2003). Onset of aggressive behaviours has 

been observed within minutes of the injury and can persist for years (Ng & Lee, 2019). 

Roy and colleagues (2017) assessed aggression at three timepoints within a year post 

injury in a mixed sample of mild, moderate and severe TBI. Scores on the Glasgow Coma 

Scale were not associated with presence of aggression, indicating that post TBI 

aggression is not linked to severity of injury and could be prevalent after mild TBI. 

Aggression after TBI is linked to worse social outcomes and has also been associated 

with increased alexithymia (Hicks et al., 2017; Roy et al., 2017; Sabaz et al., 2014; 

Williams et al., 2018). 

To the best of our knowledge aggression has not been directly linked to deficits 

in emotion recognition, although Hoaken and colleagues (2007) found that violent 

offenders were worse at emotion recognition than non-violent offenders. Further, there 

is substantial evidence that aggression is associated with hostile attribution, meaning 

that people with higher levels of aggression are more likely to interpret ambiguous 

stimuli as hostile (Dodge, 2006). Penton-Voak and colleagues (2013) found that 

modifying perceptual threshold of ambiguous stimuli towards more positive attribution 

decreased aggression in young offenders and healthy control participants. Similarly, 

interpretive bias towards hostility in ambiguous scenarios has been associated with 

aggression after TBI (D. Neumann et al., 2021). Notably these negative attributions were 

not correlated with performance on the Emotion Evaluation Test from TASIT. The 

associations between aggression and performance on emotion recognition tasks are not 

yet well understood but it is possible that perceptual biases could be linked to adverse 

behaviours after TBI. 

1.4.2.7 Depression and Anxiety 

TBI is associated with an increased risk of developing psychiatric disorders such 

as depression, anxiety, and Post Traumatic Stress Disorder (PTSD; Alway et al., 2016; 

Ashman et al., 2004; Gould et al., 2011). Prospective studies have shown that pre-injury 

disorders predispose but do not fully account for the development of disorders post 

injury (Alway et al., 2016; Gould et al., 2011). Further, the risk of developing a 

psychiatric disorder seems to be highest in the year following injury (Alway et al., 2016). 

Major Depressive Disorder, or depressive disorder not otherwise specified are most 

common after TBI (Alway et al., 2016; Jorge et al., 2004; Ponsford et al., 2018). A meta-

analysis examining prevalence of depression indicated an estimated prevalence of 
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clinically significant levels of depression after TBI in around 38% of people (Osborn et al., 

2014). There have been mixed reports of prevalence of anxiety after TBI, in part due to 

mixed methodologies and definitions of anxiety (Osborn et al., 2016; Ponsford et al., 

2018). Nevertheless, a meta-analysis taking into consideration the different approaches 

indicated that there is increased risk of anxiety after moderate to severe TBI and mild 

TBI (Osborn et al., 2016). The authors also reported that a diagnosis of Generalised 

Anxiety Disorder was less prevalent than clinically significant levels of anxiety without 

diagnosis of an anxiety disorder, estimated to be 11% and 37% prevalence respectively. 

This highlights the importance of considering continuous measures of anxiety in a TBI 

population instead of focusing on people with a diagnosis of anxiety. Compared to other 

mood disorders, anxiety is reported relatively soon after injury and prevalence seems to 

decrease after the first two years (Alway et al., 2016; Osborn et al., 2016; Ponsford et 

al., 2018). 

There is evidence that both depression and anxiety are associated with deficits 

in emotion recognition. Recent meta-analytic studies indicate that the deficit in emotion 

recognition associated with depression is relatively small, reporting Hedge’s g between -

0.16 and -0.22 (Dalili et al., 2015; Krause et al., 2021). Both studies also suggested that 

recognition of sad faces may not be impaired in people with depression. Demenescu and 

colleagues (2010) conducted a meta-analysis for emotion recognition after both 

depression and anxiety. They reported a much larger effect size for depression than the 

more recent studies (d =-0.58). The estimated effect size for emotion recognition deficits 

associated with anxiety was d =-0.35. A limitation of the anxiety estimate in their study 

is that they did not separate findings by type of anxiety disorder included. Plana and 

colleagues (2014) conducted a meta-analysis looking at individual anxiety disorders and 

found a small effect size for emotion recognition deficits associated with social phobia, 

generalised anxiety disorder, obsessive compulsive disorder and panic disorder, but a 

large effect for deficits after PTSD. 

There is mixed evidence regarding the association between emotion recognition 

and anxiety in sub-clinical populations. It is possible that trait anxiety is associated with 

increased emotion recognition performance (Attwood et al., 2017; Mendes Ferrer Rosa 

et al., 2017), with some studies reporting an improvement specifically for fearful stimuli 

(Doty et al., 2013; Surcinelli et al., 2006). However, other studies have not found any 

evidence for an association between trait anxiety and emotion recognition (Cooper et 

al., 2008; Dyer et al., 2022; Suslow et al., 2019). Suslow and colleagues (2019) reported 
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that state anxiety was also not associated with emotion recognition performance in 

their study, whilst Attwood and colleagues (2017) reported a deficit for overall emotion 

recognition after state anxiety was induced. Using the same methodology, Dyer and 

colleagues (2022) were recently able to replicate this finding and reported that observed 

deficit was likely driven by decreased emotion recognition accuracy for happiness, 

disgust and fear. Both trait and state anxiety could also be associated with negative 

biases in emotion recognition, meaning that ambiguous or neutral stimuli are 

interpreted as more negative or threating (Attwood et al., 2017; Maoz et al., 2016; 

Mendes Ferrer Rosa et al., 2017; Richards et al., 2002; Rossignol et al., 2005). Similarly, 

depression has been associated with a negative attribution bias towards perceiving faces 

as sad or disgusted (Penton-Voak et al., 2012; Watters & Williams, 2011). 

In sum, depression and anxiety are commonly reported after TBI and have been 

associated with both deficits in emotion recognition and negative attribution biases. 

Although the reported effects are small it is possible that emotion recognition 

performance after TBI could be confounded by anxiety and depression, especially after 

mild TBI (Calvillo & Irimia, 2020). Presence of negative interpretive biases could help 

understand whether changes in emotion recognition after TBI are being impacted by 

anxiety and depression. Venkatatesan and colleagues (2021) recently investigated 

association between social cognition, depression and functional outcomes after TBI. 

They concluded that social cognition and depression are distinct but interrelated 

concepts that should be considered conjointly after TBI. To the best of our knowledge 

research investigating association between emotion recognition and anxiety after TBI 

has not been published.  
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1.5 Thesis Overview 

Traumatic Brain Injury (TBI) is an injury to the head by an external force that 

results in changes in brain function and or structure (Menon et al., 2010). Emotion 

recognition deficits after moderate to severe TBI are well established in the research 

literature (Babbage et al., 2011; Murphy et al., 2021). However, emotion recognition 

tasks are not routinely used in a clinical setting (Kelly et al., 2017). It is therefore 

important to start translating research into clinical practice (Yeates et al., 2017). Kessel 

(2019) has outlined some of the challenges associated with adapting cognitive tasks 

developed for research purposes to be suitable for use neuropsychological assessment 

in clinical practice. One challenge is that the psychometric properties of emotion 

recognition tasks are not well understood, another that tasks developed in a research 

setting are not readily available for use in clinical practice. Further, the associations 

between emotion recognition and other neuropsychological or psychosocial factors 

need to be established and considered (Cassel et al., 2019). Current understanding of 

possible changes in emotion recognition after mild TBI is limited due to a lack of 

research in this area (Calvillo & Irimia, 2020). Given the number of people with mild TBI 

that report persistent symptoms and disability (Prince & Bruhns, 2017), it is important to 

investigate whether deficits in emotion recognition are present after mild TBI as well. 

The Bristol Emotion Recognition Task (ERT) is a six forced choice emotion 

recognition task available as part of the Cambridge Automated Neuropsychological Test 

Battery (CANTAB) owned by Cambridge Cognition Ltd. The task stimuli and procedure 

are designed to reduce random variation when measuring emotion recognition 

accuracy, which means that it could also be useful in assessing interpretive bias by 

considering misidentifications made. This could be useful when considering changes in 

emotion recognition after TBI and the potential impact of other factors linked to TBI. A 

feasibility study conducted in 2015 indicated that the Bristol ERT is suitable for use in a 

clinical setting and able to detect differences in emotion recognition between patients 

with acquired brain injury when compared to neurologically healthy controls (Müller-

Glodde, 2015). As the Bristol ERT is available as part of the CANTAB it could easily 

become available as a measure of emotion recognition in clinical practice (Kessels, 

2019). However, the task has not yet been used to investigate changes in emotion 

recognition after TBI and there is insufficient information about reliability and validity 

available for it to be recommended for use in a clinical setting. 

https://www.cambridgecognition.com/cantab/cognitive-tests/emotion-and-social/emotion-recognition-task-ert/


 

Page 29 of 255 
 

1.5.1 Aims 

There are three main aims of this thesis. The first is to investigate the 

psychometric properties of the Bristol ERT to help assess whether the task should be 

used to measure emotion recognition in a clinical setting. This will be done by checking 

reliability of the measurements made using the Bristol ERT and considering the validity 

of inferences made about emotion recognition using the Bristol ERT. The second aim of 

this thesis is to develop our understanding of changes in emotion recognition after TBI 

using the Bristol ERT. This will be achieved by trying to replicate the deficit in emotion 

recognition associated with moderate to severe TBI and investigating the association 

between emotion recognition and mild TBI to address the gap in the current literature. 

The third aim is to evaluate whether changes in emotion recognition after TBI could be 

associated with anxiety. The Bristol ERT has been used to investigate emotion 

recognition following state anxiety and the results indicated that anxiety can lead to 

overall emotion recognition deficits and negative attribution bias (Attwood et al., 2017). 

It follows that anxiety could be influencing emotion recognition performance after TBI 

and to the best of our knowledge studies have not investigated this association. 

Ultimately this thesis will add to our understanding of emotion recognition after TBI and 

help evaluate the utility of the Bristol ERT for use in both clinical and research settings. 

1.5.2 Chapter outline 

The next two chapters of this thesis will focus on establishing psychometric 

properties of the Bristol ERT in neurologically healthy populations to gain a better 

understanding about whether reliable and valid inferences about emotion recognition 

can be made based on performance on the Bristol ERT. In Chapter 2, the test-retest 

reliability of the Bristol ERT will be investigated in a longitudinal cohort study and a 

construct validation study comparing performance on the Bristol ERT to performance on 

two other emotion recognition tasks is presented in Chapter 3. The study presented in 

Chapter 4 investigates emotion recognition deficits using the Bristol ERT in a clinical 

setting by comparing performance between patients with moderate to severe TBI to age 

and sex matched healthy controls Chapters 5 and 6 will look at associations between 

emotion recognition, mild TBI, and anxiety. Chapter 5 presents an online observational 

study comparing performance on the Bristol ERT between participants with self-

reported TBI and neurologically healthy controls In Chapter 6, data from a prospective 

longitudinal cohort study is analysed to explore these associations.  



 

Page 30 of 255 
 

Chapter 2 Test-retest Reliability of the Bristol Emotion Recognition 

Task in the Avon Longitudinal Study of Parents and Children 

2.1 Introduction  

To effectively use and interpret the results of any given test it is necessary to 

understand the psychometric properties of the test (Bowden, 2017). Consequently, 

standardised tests used in clinical practice are required to establish information about 

reliability and validity (Mitrushina et al., 2005; Strauss et al., 2006). This is because 

outcomes are used to inform clinical decision making and scores that unreliable or do 

not allow for valid inferences could lead to incorrect diagnoses or treatment. Although 

tasks used in research settings are not always held to the same standard as in clinical 

practice it is equally important for theory to be developed based on reliable data and 

valid inferences. There is a growing awareness in the field of cognitive research that 

there is a lack of understanding about the psychometric properties associated with 

commonly used cognitive measures (Parsons et al., 2019). In 2016, the National Advisory 

Mental Health Council Workgroup on Tasks and Measures for Research Domain Criteria 

highlighted the lack of psychometric data for tasks used in research and recommended 

both further research and a standardisation of practices in the field (NAMHC, 2016). 

Despite a need for research around the development of cognitive tasks, studies 

addressing this topic are often harder to fund and publish (Vitoratou & Pickles, 2017). 

To date little information has been published about the reliability and validity of 

the Bristol Emotion Recognition Task (ERT), the primary measure of emotion recognition 

used in this thesis. To evaluate general utility of this task for research or in a clinical 

setting these psychometric properties need to be better established. Reliability is a 

requirement, though not sufficient, to infer validity (Cook & Beckman, 2006), so the first 

logical step is to investigate the reliability of the Bristol ERT. This chapter will explore 

what reliability means, review relevant literature regarding reliability of the Bristol ERT, 

and then assess test-retest reliability of the Bristol ERT using data collected at as part of 

a longitudinal cohort, the Avon Longitudinal Study of Parents and Children (ALSPAC). At 

the same time as the Bristol ERT, participants in this cohort also completed two 

commonly used measures of cognitive ability, a working memory task (N-back) and a 

measure of inhibition (Stop Signal Task). Calculating reliability coefficients for these tasks 

using the ALSPAC data and comparing these to reliability estimates reported in the 

literature will help establish psychometric information for the Bristol ERT. 
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2.1.1 What is reliability? 

Broadly, a task is considered reliable if measurements made using that task can 

be replicated given stable conditions (Bowden, 2017; Streiner et al., 2008). According to 

Classic Test Theory every time something is measured there will be an error in 

measurement, so the obtained score is a combination of an individual’s true score and 

an error in measurement (DeVellis, 2006; Novick, 1966). Good reliability is obtained if 

the error in measurement is small, meaning that the observed score is close to the true 

score. The reliability coefficient is expressed as the ratio of the variability in the true 

score to variability in the obtained score. As the true score for an individual is unknown, 

it is not possible to determine what proportion of the observed score is the result of 

error. Instead, we estimate reliability by using variance (ơ2) in measurement as an 

indicator of variability. 

𝑅𝑒𝑙𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑣𝑎𝑟𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦

𝑆𝑢𝑏𝑗𝑒𝑐𝑡 𝑣𝑎𝑟𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 + 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 𝑒𝑟𝑟𝑜𝑟
 =   

𝜎𝑠𝑢𝑏𝑗𝑒𝑐𝑡
2

𝜎𝑠𝑢𝑏𝑗𝑒𝑐𝑡
2 + 𝜎𝑒𝑟𝑟𝑜𝑟

2
  

(Fisher, 1925; Streiner et al., 2015) 

There are different types of reliability that can be estimated using variance. They 

consider different sources of error in measurement and are in turn calculated in 

different ways (Streiner et al., 2015). Internal consistency assesses whether items within 

a test measure the same construct. Commonly reported reliability coefficients are 

Cronbach’s alpha, and a split half estimate based on a correlation using Spearman-

Brown correction (Hogan et al., 2000; Reis & Judd, 2000; Streiner et al., 2008). Test-

retest reliability evaluates the stability of measurement over time, parallel forms 

reliability assesses the equivalence across versions of the same test, and inter-rater 

reliability assesses variability in judgment made by different people. Commonly reported 

reliability coefficients for these types of reliability are Pearson’s-product-moment 

correlation or an Intraclass Correlation Coefficient (Reis & Judd, 2000; Streiner et al., 

2008; Weir, 2005). All these coefficients use a correlational approach to estimate 

reliability and the most appropriate reliability coefficient will depend on the data 

collected and question being asked of that data. For example, internal consistency can 

be assessed when there is only a single point of measurement, whilst the other types of 

reliability require two or more measurements. 
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It is important to note whilst tasks are often described as reliable or unreliable, 

they are not inherently one or the other (Hedge et al., 2018; Parsons et al., 2019). It is 

the measurements made using a task that can be assessed for reliability. This means 

that reliability coefficients for a task are calculated for a specific sample, and the 

reliability estimates can vary across samples because every time a task is used the error 

in measurement will be slightly different. Therefore, using the reliability calculated for 

one sample to infer reliability of measurement in a different sample has been described 

as reliability induction (Parsons et al., 2019; Vacha-Haase et al., 2002). Reliability 

induction is not ideal but is often inevitable as reliability estimates are not available for 

every sample or possible to calculate for individual measurements. Parsons and 

colleagues (2019) recommend that, in a research setting, reliability estimates should be 

calculated and reported for every study and reliability induction should be avoided 

where possible. For research in novel populations pooled estimates from previous 

studies could be used as a benchmark for comparable reliability instead of applying 

arbitrary thresholds to evaluate reliability. These pooled estimates are also critical in a 

clinical setting, where tasks are commonly used as part of an assessment to evaluate 

individual performance (Bowden, 2017). Well established reliability estimates based on 

normative data or studies that have assessed reliability in a population of interest are 

required to accurately interpret individual test scores. They help determine the likely 

true range of an individual score and whether a change in performance is likely to reflect 

a true change in cognitive ability (Vaz et al., 2013). 

Finally, reliability coefficients are not the only way in which reliability is 

evaluated. In an experimental setting, tasks are often considered reliable if they 

repeatedly replicate a given effect with a consistent effect size, but these tasks are not 

necessarily associated with good reliability coefficients (De Schryver et al., 2016; Hedge 

et al., 2018; Soveri et al., 2018). In experimental research the aim is often to minimise 

individual differences within a sample in order to effectively compare group effects (De 

Schryver et al., 2016). Hedge and colleagues (2018) argue that the resulting 

homogeneity within these groups causes the individual scores to be close together when 

ranked. Consequently, if the same individuals complete the chosen measure again, they 

are less likely to be ranked consistently. This results in low reliability estimates based on 

a correlational approach commonly used to calculate reliability coefficients. It does not 

however mean that these tasks are inappropriate to investigate group differences 

(Hedge et al., 2018). For example, the Bristol ERT may reliably differentiate between a 
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group of participants with TBI and a group of controls even if individual variance in 

performance is high (i.e., reliability coefficients are low). However, if a task is being used 

to assess individual differences it is crucial to use tasks that have been shown to have 

high reliability estimates or consider potential implications when this is not possible. 

In sum, for the purpose of this study, reliability is assessed using reliability 

coefficients to evaluate the utility of the tasks included to assess change in performance 

of an individual. This means that reliability is assessed through individual variability in 

measurement. Parsons, Kruijt, and Fox (2019) propose standardised practices for 

reporting reliability in cognitive behavioural tasks. Split-half reliability should be 

calculated to assess internal consistency when there is data from only one 

measurement, whilst test-retest reliability should be calculated if data is available from 

two or more timepoints. In ALSPAC data for the Bristol ERT and the two other cognitive 

tasks is available at two timepoints. This study will investigate test-retest reliability of 

these tasks as a way to assess to the stability of measurement across time. 

2.1.2 Reliability coefficients for test-retest reliability 

Pearson’s correlation coefficient has commonly been used as a reliability 

estimate for test-retest reliability, but more recently the Intraclass Correlation 

Coefficient (ICC) has been recommended as a more appropriate indicator (Hedge et al., 

2018; Koo & Li, 2016; Parsons et al., 2019; Polit, 2014; Weir, 2005). An important 

difference between the two is that the ICC can account for systematic error in the data, 

whilst Pearson’s r only captures consistency, i.e., whether individuals are ranked in the 

same order at the two testing points (Berchtold, 2016; Bruton et al., 2000; Koo & Li, 

2016; Weir, 2005). Koo and Li (2016) argue that when assessing reliability it is important 

to measure absolute agreement between scores, and not consistency in raking, by 

accounting for systematic changes. There are six versions of the ICC presented by Shrout 

and Fleiss (1979) and ten versions according to McGraw and Wong (1996). They are all 

variations of the reliability formula presented in the previous section, in fact, the ICC1.1 

according to Shrout and Fleiss (1979) is exactly that: 

𝐼𝐶𝐶1.1 =  
𝜎𝑠𝑢𝑏𝑗𝑒𝑐𝑡

2

𝜎𝑠𝑢𝑏𝑗𝑒𝑐𝑡
2 + 𝜎𝑒𝑟𝑟𝑜𝑟

2
=  

 
𝑀𝑒𝑎𝑛 𝑆𝑞𝑢𝑎𝑟𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑠𝑢𝑏𝑗𝑒𝑐𝑡𝑠 − 𝑀𝑒𝑎𝑛 𝑆𝑞𝑢𝑎𝑟𝑒 𝑤𝑖𝑡ℎ𝑖𝑛 𝑠𝑢𝑏𝑗𝑒𝑐𝑡𝑠

𝑀𝑒𝑎𝑛 𝑆𝑞𝑢𝑎𝑟𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑠𝑢𝑏𝑗𝑒𝑐𝑡𝑠 + (𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑖𝑎𝑙𝑠 − 1)  ×  𝑀𝑒𝑎𝑛 𝑆𝑞𝑢𝑎𝑟𝑒 𝑤𝑖𝑡ℎ𝑖𝑛 𝑠𝑢𝑏𝑗𝑒𝑐𝑡𝑠
 

(Shrout & Fleiss, 1979; Weir, 2005) 
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The type of ICC most appropriate to use depends on whether the data is based 

on a single or mean score, a 1-way or 2-way model is being investigated, effects are 

thought to be fixed or random, and whether systematic change should be accounted for 

(Weir, 2005). Arguably, the most appropriate ICC for test-retest analyses is the ICC2.1 

(Shrout & Fleiss, 1979), because it accounts for systematic change by treating it as a 

form of error. It is used to estimate agreement between scores at two time points 

(Berchtold, 2016; Koo & Li, 2016; Parsons et al., 2019). 

𝐼𝐶𝐶2.1 

=  
𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙𝑠

𝑉𝑎𝑟𝑎𝑖𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙𝑠 + 𝐸𝑟𝑟𝑜𝑟 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 + 𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑠𝑒𝑠𝑠𝑖𝑜𝑛𝑠
    

(Hedge et al., 2018) 

The ICC3.1 (Shrout & Fleiss, 1979) does not account for variance between sessions and 

thus is an indicator of consistency as opposed to agreement in scores. It may be the 

most appropriate reliability coefficient to use if systematic changes, like practice effects, 

are expected (Parsons et al., 2019). As a measure of consistency, the ICC3.1 is likely to 

closely match Pearson’s r. 

Publications often fail to distinguish between consistency and agreement and 

regularly do not specify what ICC is used when reporting test-retest reliability 

(Berchtold, 2016). Information about both consistency and agreement can be useful if 

they are reported clearly and interpreted appropriately. Measures of agreement factor 

in systematic error, so naturally they are lower if there is a systematic shift in the data. 

Measures of consistency are less affected by systematic changes and thus may be more 

appropriate to use if systematic shifts are expected or not considered important. The 

ICC2.1 will be reported as a measure of agreement in this study. In addition, the ICC3.1 

and Pearson’s r will be reported as measures of consistency. 

2.1.3 Interpreting reliability coefficients 

Standardised reliability coefficients for test-retest reliability fall between 0 and 1 

because of how they are calculated (Streiner et al., 2008; Webb et al., 2006). For the ICC, 

the variance between individuals is always going to be less than the variance between 

individuals plus error variance, and for Pearson’s r, a negative coefficient would be 

implausible when correlating scores on the same task. Higher coefficients are always 

indicative of better reliability making it easy to compare coefficients across studies and 

tasks. The difficulty is deciding what level of reliability is considered adequate, which will 
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vary depending what the task is being used for (Strauss et al., 2006). For example, tasks 

used for decision making will be required to be associated with much higher reliability 

coefficients than a task used to assess outcomes. A variety of acceptable thresholds 

have been suggested, and terms used to describe these thresholds are inconsistent and 

often overlapping (Cicchetti, 2001; Koo & Li, 2016; Ponterotto & Ruckdeschel, 2007; 

Strauss et al., 2006). Strauss and colleagues (2006) proposed the following thresholds as 

general guidelines when evaluating the reliability of neuropsychological test: coefficients 

less than .60 are low, coefficients between .60 and .69 are marginal, coefficients 

between .70 and .79 are adequate; coefficients between .80 and .89 are high, and 

coefficients greater that .90 are very high. With regards to the ICC Koo and Li (2016) 

suggested that an ICC <0.5 is indicative of poor reliability, an ICC between 0.5 and 0.75 

shows moderate reliability, between 0.75 and 0.9 indicates good reliability, and an ICC 

greater than 0.90 demonstrates excellent reliability. Whilst these thresholds can be 

useful, it is important to remember that they are arbitrary points on a continuous 

spectrum and should not be treated as definitive (Parsons et al., 2019). A better 

approach might be to describe reliability being within a range based on the 95% 

confidence intervals (Koo & Li, 2016). Parsons and colleagues (2019) proposed avoiding 

use of thresholds altogether, and instead a normative range of reliability coefficients 

could be established by pooling reliability estimates for any given task. Arguably, 

evaluating reliability in the context of previous findings is more informative than 

applying arbitrary thresholds to determine whether measurements are reliable. 

Reliability coefficients are calculated on the assumption that all within subject 

variance is due to an error in measurement, be it random error or systematic error. 

When interpreting reliability coefficients, it is important to consider factors other than 

measurement error that could be causing variance or influencing the reliability 

coefficient. For instance, as mentioned previously, a homogenous sample can be 

problematic because when there is very little between subject variance, small changes in 

measurement error have a bigger impact on the reliability coefficient (Hedge et al., 

2018). In the case of test-retest reliability it is also important to consider the impact of 

the test-retest interval, i.e., time between testing sessions. Participants commonly 

perform better on a task the second time they are asked to complete it, known as a 

practice effect (Calamia et al., 2012). If reliability is assessed as agreement between 

scores (e.g., ICC2.1) this systematic change will result in a lower reliability coefficient, 

although less likely to impact estimates of consistency (Streiner et al., 2008). Arguably, 
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practice effects are stronger when there is a shorter test-retest interval, although they 

have been shown to persist for several years (Calamia et al., 2012). Equally, a long 

interval between testing sessions could result in a true change of the construct being 

measured, which would also result in a lower reliability coefficient. Consequently, there 

is no standard recommended time between testing sessions, although 2 to 14 days is a 

common interval (Streiner et al., 2008). Another important consideration is that true 

change in the underlying construct is more likely if it is state dependent as opposed to a 

trait, in which case test-retest reliability may not be the best indicator of reliability (Polit, 

2014). Finally, contextual factors that differ between testing sessions could give rise to 

variation in measurement that impacts the reliability estimates (Webb et al., 2006). 

These considerations are important when evaluating reliability coefficients, as well as 

informing study design or the way in which tasks are used.  

Test-retest reliability is useful in a clinical setting because tasks are often 

administered at different times to see whether there has been a change in performance 

for an individual (Lexell & Downham, 2005). It is sometimes difficult to apply 

standardised reliability coefficients such as the ICC or Pearson’s r to the interpretation of 

individual scores (Streiner et al., 2008), and it is often more useful to express reliability 

in the units of the task used to make that measurement. The Standard Error of 

Measurement (SEM) and the Smallest Real Difference (SRD) are absolute indicators of 

reliability that are useful when interpreting individual scores (Lexell & Downham, 2005; 

Vaz et al., 2013; Weir, 2005). The SEM is an estimate of the within-subject standard 

deviation and can be expressed as: 

𝑆𝐸𝑀 =  √𝑤𝑖𝑡ℎ𝑖𝑛 𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑣𝑎𝑟𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛√1 − 𝑟𝑒𝑙𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 

(Streiner et al., 2008; Weir, 2005) 

Whilst the SEM is related to the ICC, it provides information about the precision of 

individual scores instead of quantifying how well scores obtained from different people 

are differentiated (Streiner et al., 2008). The SRD, also known as repeatability coefficient 

or minimal difference, can be defined as the minimum difference between scores 

needed to indicate change beyond random error (Vaz et al., 2013; Weir, 2005). The SRD 

is based on the 95% confidence interval around the SEM and can be expressed as: 

𝑆𝑅𝐷 = (1.96 × √2 ) × 𝑆𝐸𝑀 = 2.77 × 𝑆𝐸𝑀 
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These absolute indicators of reliability are helpful when interpreting individual scores, 

but it is important to note that they do not show whether the change in test score 

observed translates to meaningful change in functioning (Vaz et al., 2013). 

2.1.4 Why is it important to establish reliability? 

Reliability impacts the ability to detect true change and make accurate 

inferences based on our data. In a clinical context, tasks that are associated with low 

reliability coefficients and in turn a high standard error of measurement, are less likely 

to provide useful information about individual performance (Bowden, 2017; Vaz et al., 

2013). Reliability can also influence statistical power and should be taken into 

consideration when conducting sample size calculations, and when comparing effect 

sizes across studies or tasks (Parsons et al., 2019). Low statistical power has been 

highlighted as a pervasive issue in psychological research (Anvari & Lakens, 2018; Button 

et al., 2013). It is associated with an increased likelihood of making a type II error (i.e., 

claiming there is no effect when there is in fact a true effect), as well as decreasing the 

positive predictive power (i.e., decreasing the likelihood of correctly identifying a true 

effect). The relationship between reliability and statistical power is not straight forward, 

as demonstrated mathematically by Zimmerman and Zumbo (2015). They show that 

increasing reliability will only increase statistical power if the increase in reliability is due 

to a decrease in error variance and not an increase in subject variance. Parsons and 

colleagues (2019) argue that it is beneficial to consider the impact that reliability could 

be having on statistical power when interpreting results.  

Conducting a-priori sample size calculations to indicate the number of 

participants needed in a study to detect an effect size of interest with adequate power 

at a set significance criterion, can help avoid running underpowered studies (Lakens, 

2013b). Determining an accurate effect size estimate is crucial to ensure that enough 

data is collected for us to be confident in the statistical inferences made based on that 

data. When using correlation coefficients as a measure of effect size it is important to 

consider that the reliability of tests limits the maximum observable correlation between 

variables (Parsons et al., 2019). Spearman’s (1904) attenuation correction formula 

states: 

𝑇𝑟𝑢𝑒 𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 =  
𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛

√(𝑟𝑒𝑙𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑡𝑎𝑠𝑘 1 × 𝑟𝑒𝑙𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑜𝑓 𝑡𝑎𝑠𝑘 2)
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It would be good to consider the impact of reliability could be having on an observed 

effect size and where possible adjust effect size estimates before doing a sample size 

calculation to avoid conducting an underpowered study (Parsons et al., 2019). For 

example, if the true correlation is estimated as r = 0.5 and the reliability associated with 

both tasks is considered high (r = 0.8 and r= 0.85) then the maximum observable 

correlation is r = 0.41 (based on Spearman’s formula rearranged to calculate the 

observed correlation 0.5 ×  √(0.8 × 0.85)). The lower estimate of r= 0.41 should be 

used as an effect size for the sample size calculation. Parsons and colleagues (2019) also 

argue that when comparing results across studies the effect sizes in each study should 

be corrected using the reliability reported for the sample in that study. When reliability 

is not accounted for, group differences could be the result of differing error variance in 

the samples being compared (Cooper et al., 2017). 

2.1.5 Reliability of the Bristol Emotion Recognition Task (ERT) 

Bland and colleagues (2016) conducted a study to validate the EMOTICOM 

battery (a Neuropsychological Test Battery to Evaluate Emotion, Motivation, Impulsivity, 

and Social Cognition) which included a version of the Bristol ERT. Faces expressing four 

of the six available emotions were presented (happy, sad, angry, and fearful). Their test-

retest reliability estimates are based on 42 participants asked to repeat the battery 

between five to ten days after being tested for the first time. They reported good test-

retest reliability for the Bristol ERT (ICC2 = 0.86) and concluded that the battery, 

including the Bristol ERT, is a valid assessment tool. Notably they only reported the 

reliability estimate for an affective bias score calculated by subtracting the average score 

for sad faces from the average score for happy faces on the Bristol ERT. Despite listing 

average accuracy on the Bristol ERT as an outcome for the battery, no reliability 

estimates for average emotion recognition accuracy was reported in this paper. It is 

unclear how or why the affective bias score and not average emotion recognition was 

chosen as the outcome measure for this study, especially as this means performance on 

angry and fearful faces was not considered at all. 

Test-retest reliability of emotion recognition accuracy has been investigated 

using other emotion recognition tasks. For example, Palmer, Langbehn, Tabrizi, and 

Papoutsi (2018) recently conducted a test-retest reliability analysis of emotion 

recognition accuracy using 60 Ekman and Friesen faces for happiness, sadness, anger, 

fear, disgust, surprise and neutral as stimuli. They tested 16 participants at three 
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different timepoints, each approximately a week apart. Test-retest reliability for 

accuracy of negative emotions (combined accuracy for anger, fear, disgust, and sadness) 

was calculated using a Spearman correlation. They reported high reliability of r = 0.84 

for both the comparison between sessions one & two, and sessions two & three. The 

reason they use only combined accuracy of negative emotions as an outcome measure 

is because that is what is used to test for striatal impairments in a clinical setting. They 

did not find an overall practice effect for accuracy. This data could indicate that the 

Bristol ERT would have relatively good/high test-retest reliability for emotion 

recognition accuracy. However, it is possible that the reliability scores reported by 

Palmer and colleagues (2018) were inflated considering they had a relatively small 

sample and it does not give a reliability estimate for overall emotion recognition 

accuracy, only accuracy of negative emotions. 

A further consideration is that the task demands for the Bristol ERT are likely to 

be different to the task used by Palmer and colleagues (2018) because emotions in the 

Bristol ERT are presented at varying levels of intensity. As accuracy is decreased for low 

intensity stimuli the test-retest reliability of the task is also likely to decrease, although 

ceiling effects at 100% intensity could also result in low reliability estimates. Evidence 

for this pattern of results is provided by Cecilione and colleagues (2017) in a study 

investigating test-retest reliability of a facial expression labelling task similar to the 

Bristol ERT. Participants in this study were twin children aged 9 to 14 years who 

attended testing sessions two to five weeks apart. An unbiased hit rate (As described by 

Wagner, 1993) was used as their main outcome measure and emotion specific reliability, 

but not the reliability for overall emotion recognition accuracy was reported. The results 

indicated that reliability was decreased at lower intensity presentations across all 

emotions and the highest reliability estimates for each emotion varied between 60%-

100% intensity. The highest Pearson correlation coefficient for each emotion were: 

anger at 90% intensity r= 0.508 (0.375, 0.621), fear at 70% intensity r= 0.465 (0.318, 

0.592), happiness at 80% intensity r= 0.587 (0.461, 0.691), sadness 100% intensity r= 

0.467 (0.323, 0.590), disgust at 70% intensity r= 0.6 (0.480, 0.698), and surprise at 60% 

intensity r= 0.440 (0.291, 0.568). The fact that the high reliability did not automatically 

correspond to the highest level of intensity (100%) could indicate that there were ceiling 

effects at 100% intensity, which resulted in homogeneity and could have decreased 

reliability estimates. The authors proposed that median scores for each emotion better 

accounted for the impact of intensity on performance, which they calculated as an 
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intercept score using latent growth modelling to analyse their data. When using these 

intercept scores, the reliability coefficients were much better: anger r= 0.811 (95% CI 

0.661, 0.829), fear r= 0.796 (95% CI 0.652, 0.897), happiness r= 0.831 (95% CI 0.741, 

0.899), sadness r= 0.763 (95% CI 0.619, 0.864), disgust r= 0.847 (95% CI 0.715, 0.934), 

and surprise r= 0.789 (95% CI 0.606, 0.904). The scores were less impacted by high 

variability at the lower intensities and modelling the data in this way seems to be an 

effective method to analyse emotion specific data when trial level data is available. 

Cecilione and colleagues (2017) concluded that their task showed strong test-retest 

reliability based on the intercept reliability, despite the correlation coefficients for the 

unbiased hit rates being low across the board. This highlights the importance of 

considering what outcome measure are appropriate. 

Adams and colleagues (2016) investigated psychometric properties for a range 

of emotional processing tasks in adults, again including a facial emotion recognition task 

comparable to the Bristol ERT. They used a discrimination index as their main outcome 

measure for each emotion and report a two-way mixed model ICC as an estimate of 

reliability: anger ICC = 0.577 (95% CI, 0.167, 0.798), disgust ICC = 0.984 (95% CI, 0.961, 

0.994), fear ICC = 0.791 (95% CI, 0.536, 0.914), happy ICC = 0.689 (95% CI, 0.353, 0.868), 

sad ICC = 0.840 (95% CI, 0.631, 0.935), and surprise ICC = 0.597 (95% CI, 0.208, 0.823). 

Using the thresholds proposed by Koo and Li (2016), these scores range from moderate 

to excellent (Cicchetti, 2001), although some of the confidence intervals were very big 

and suggest that reliability could be poor. The authors caution that their sample was too 

small to reach adequate power and that results cannot be generalised to other tasks. 

In sum, there is some evidence that suggests test-retest reliability of the Bristol 

ERT should be adequate, but studies vary in the tasks they use, outcome measures, and 

analysis techniques. Latent growth modelling seems to be a good approach to capture 

emotion specific trends, but as trial level data was not available for the current study, 

this approach was not used here. Instead, test-retest reliability for emotion specific 

accuracy based on an unbiased hit rate will be assessed. None of the studies discussed 

have reported test-retest reliability for overall emotion recognition based on positive 

and negative emotions combined. There is also no discussion of or reasoning for use of 

consistency estimates versus estimates of agreement and there also seems to be a 

tendency to rely on small sample sizes when investigating test-retest reliability. The 

primary aim of this study was to investigate test-retest reliability of overall emotion 

accuracy (total hits) using the Bristol ERT in a large sample of healthy young adults. 
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2.1.6 Avon Longitudinal Study of Parents and Children (ALSPAC) 

Pregnant women resident in Avon, UK with expected dates of delivery 1st April 

1991 to 31st December 1992 were invited to take part in the ALSPAC study. The initial 

number of pregnancies enrolled is 14,541. Of these initial pregnancies, there was a total 

of 14,676 foetuses, resulting in 14,062 live births and 13,988 children who were alive at 

1 year of age. When the oldest children were approximately 7 years of age, an additional 

913 children not included in the initial phase were enrolled. Details about the phases of 

enrolment and further information about the cohort are described in the cohort profile 

papers and update (Boyd et al., 2013; Fraser et al., 2013; Northstone et al., 2019). The 

total sample size for analyses using any data collected after the age of seven is 15,454 

pregnancies, resulting in 15,589 foetuses. Of these 14,901 were alive at 1 year of age. 

Data for the three cognitive tasks reviewed in this chapter was collected at a 

clinic when the children, now young adults, were around 24 years of age. The clinic was 

held between June 2015 and October 2017, with 4026 of the young people attending 

the clinic in that time period. Gaining a better understanding of the reliability associated 

with these cognitive tasks in this cohort could be useful in the interpretation of research 

that has already been conducted, as well as to inform future research. For example, a 

study by Mahedy and colleagues (2020) used these cognitive tasks as an outcome 

measure for cognitive functioning following tobacco and alcohol use. Additionally, 

comparing these reliability estimates for this sample to those reported in the literature 

will potentially allow for an evaluation of the quality of data collected in this cohort. If 

reliability estimates are low across all three tasks it could indicate poor-quality data. 

2.1.7 Aims and Hypotheses 

In this chapter, test-retest reliability of overall emotion recognition accuracy 

(total hits) measured using the Bristol ERT was estimated in a large cohort study. Based 

on the current literature we expected adequate to high reliability of the Bristol ERT in 

this sample according to the thresholds defined by Strauss and colleagues (2006). 

Reliability estimates for the N-back and Stop Signal Task will also be reported for the 

purpose of evaluating the reliability of the measures in the ALSPAC cohort (for a review 

of reliability estimates for these tasks see Appendix A, section 8.1). Data from these 

tasks is available to all ALSPAC researchers, so they are likely to be used to address a 

variety of research questions. Consequently, reliability estimates of both consistency 

and agreement of scores across the two testing sessions at age 24 will be reported.  
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2.2 Methods 

2.2.1 Participants 

The participants were drawn from the Avon Longitudinal Study of Parents and 

Children (ALSPAC). Around age 24, participants enrolled in ALSPAC were invited to 

attend a clinic-based assessment. Of those who attended the clinic, 3854 provided valid 

data for the cognitive tasks assessed in this study. Approximately 3% of participants who 

attended that clinic were invited to return 4 to 10 weeks later to complete the same 

tasks again. 112 participants attended both timepoints and cognitive task data for both 

the first and second timepoint were extracted for these participants. Ethical approval for 

the study was obtained from the ALSPAC Ethics and Law Committee and the Local 

Research Ethics Committees. 

2.2.2 Measures 

The measures of interest were three computer-based cognitive tasks. The Bristol 

ERT, a visioverbal version of the N-back task (Kirchner, 1958), and the Stop Signal Task 

(Logan & Cowan, 1984), used to assess emotion recognition, working memory and 

inhibition respectively. All three tasks were presented using E-prime software (PST Inc, 

Sharpsburg, PA, USA). Study data were collected and managed using REDCap electronic 

data capture tools hosted at the University of Bristol. REDCap (Research Electronic Data 

Capture) is a secure, web-based software platform designed to support data capture for 

research studies(Harris et al., 2009). Please note that the study website contains details 

of all the data that is available through a fully searchable data dictionary and variable 

search tool (http://www.bris.ac.uk/alspac/researchers/data-access/data-dictionary/). 

2.2.2.1 Emotion recognition 

The Bristol ERT was used to assess emotion recognition. Please refer to the 

introductory chapter (section 1.3.2) for a full description of the task. The only deviation 

from that description is that stimuli were presented for 200ms instead of 500ms and the 

response screen timed out after 10 seconds and automatically started the next trial. The 

primary outcome measure for the current study was the proportion of total hits on the 

Bristol ERT calculated by dividing the total number of hits by 96 (total number of trials). 

The secondary outcome was individual emotion recognition accuracy based on the 

unbiased hit rate (Hu) as outlined by Wagner (1993). For both measures, higher scores 

are indicative of better performance on the Bristol ERT. 

http://www.bris.ac.uk/alspac/researchers/data-access/data-dictionary/
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2.2.2.2 Working memory 

The N-back task (2-back condition) was used as a measure of working memory. 

Participants were presented numbers between 0 and 9 on a screen. For each 

presentation they had to indicate whether the number in the current trial was the same 

or not as the number presented 2 trials before. The numbers were presented in black on 

a white background for 500ms, after which participants were presented with a response 

screen for 3000ms. After completing a practice block with 12 trials, participants 

completed an experimental block of 48 trials. The experimental block included eight 

targets, which are the trials where the number in the current trial is the same as the 

number presented two trials before. The outcome measures for this task are the 

number of times a participant correctly identified a target (hits) and the number of 

times a participant erroneously thought there was a target (false alarms). If a participant 

pressed ‘same’ every trial they would have a perfect hit score but also high false alarms. 

Hence, the hits and false alarms are used to calculate a discriminability index (d’prime) 

as a measure of overall performance:  

𝑑′𝑝𝑟𝑖𝑚𝑒 = 𝑖𝑛𝑣𝑒𝑟𝑠𝑒 𝑛𝑜𝑟𝑚𝑎𝑙 (ℎ𝑖𝑡𝑠) − 𝑖𝑛𝑣𝑒𝑟𝑠𝑒 𝑛𝑜𝑟𝑚𝑎𝑙 (𝑓𝑎𝑙𝑠𝑒 𝑎𝑙𝑎𝑟𝑚𝑠) 

(Rossi et al., 2016) 

The d’prime was used as the primary outcome for the N-back in this study. A positive 

d’prime indicates good discrimination of hits versus false alarms, whilst a negative 

d’prime indicates low discriminability.  

2.2.2.3 Inhibition 

The Stop Signal Task was used to assess response inhibition. During the task 

participants are presented with an X or an O on the screen and asked to press a 

corresponding response button identifying the letter as quickly as possible. In 25% of 

trials the participants hear a beep shortly after the presentation of the letter and are 

instructed to not give a response if they hear the beep i.e., the stop signal. Each trial 

started with the presentation of a fixation cross in the middle of the screen and ends 

once the participant has made a response. Participants completed 32 practice trials and 

then 4 blocks of 64 test trials i.e., 256 test trials in total. Each block was split into sets of 

16 trials that each contained 12 trials without a stop signal (go trials) and 4 trials with a 

stop signal (stop trials) presented in a random order. Both accuracy and reaction time 

for each trial was recorded. The primary outcome was a Stop Signal Reaction Time 

(SSRT) which was calculated based on median SSRT proposed by Band, van der Molen 
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and Logan (2003). It is calculated using the reaction time on the go trials and the delay 

between the letter appearing and the stop signal being presented: 

𝑆𝑆𝑅𝑇𝑚𝑒𝑑 = 

𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑡ℎ𝑒 𝑚𝑒𝑑𝑖𝑎𝑛 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑎𝑛𝑑 𝑚𝑒𝑑𝑖𝑎𝑛 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 

Shorter times on the SSRT are indicative of better inhibition as theoretically less time is 

needed to inhibit a response after a stop signal is given. 

2.2.3 Data extraction and withdrawal 

Variables extracted from ALSPAC included: the raw data required to calculate 

the primary outcomes for each cognitive task, demographic information (age at clinic, 

sex, and current occupation), as well as information about length of time between 

testing sessions. Data was extracted using Stata on the 19th October 2019 and cohort 

withdrawal scripts were applied to exclude any participants that have requested their 

data be withdrawn from ALSPAC at that time. The final data set was exported into 

RStudio (2020) R version 4.0.4 for data cleaning and analysis. The main analysis packages 

used were the core stats package in R, psych package version 2.1.9, and Hmisc package 

version 4.4.2 (Harrell, 2014). 

2.2.4 Data Analysis 

The main analysis was a calculation of the reliability coefficients for the primary 

outcomes on the Bristol ERT, N-back, and SST as an indication of test-retest reliability of 

these tasks in ALSPAC. The primary outcome measure for each task were proportion of 

total hits for the Bristol ERT, d’prime for the N-back, and SSRTmed for the SST at the both 

testing sessions. As recommend by Parsons and colleagues (2019), the ICC2.1 was 

reported as a measure of agreement between scores between the testing sessions and 

the ICC3.1 was reported as a measure of consistency. Additionally, Pearson’s r based on 

the correlation between testing session 1 and testing session 2 was reported for each 

task as this is a commonly reported indicator of reliability in the current literature. 

To investigate whether there could be a systematic change in performance 

between testing sessions (for example due to practise effects), a paired Welch’s t-test 

was conducted. To evaluate the size of this effect, a version of Hedge’s g and common 

language effect size was reported (Lakens, 2013b). The effect size estimate was adjusted 

using the reliability estimates according to Baugh (2002). Further, the effect of length of 

time between testing sessions was explored by splitting participants into short or long 
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delay between sessions groups. The ICC2.1 was used to calculate Standard Error of 

Measurement (SEM) and Smallest Real Difference (SRD), to indicate the size of change 

required to indicate a true change in performance for an individual based on the 

reliability of this sample. 

A secondary analysis of the Bristol ERT data was conducted looking at emotion 

recognition accuracy for each of the six emotions individually. The outcome measure for 

this analysis was an unbiased hit rate based on the number of hits and false alarms for 

each emotion. Like the primary analysis, the reliability coefficients for each emotion 

were calculated and systematic change between sessions investigated using a paired 

Welch’s t-test. 
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2.3 Results 

2.3.1 Demographics 

The 112 participants (47 male, 65 female) that attended the cognitive testing 

session at both time points had a mean age of 24 years (range 22 to 26 years). At the 

time of the first testing session most participants, 75, reported being in full- or part-time 

employment. 17 participants reported being in full- or part-time education or training, 

and 10 participants said they were engaged in both work and education. Only 9 

participants indicated that none of those options describe their current occupation. The 

mean time between the first and the second testing session was 43 days with a range of 

27 to 77 days in between sessions. The median was slightly lower at 40.5 days between 

testing sessions. 

2.3.2 Exclusions 

For each task, participants were excluded if they had missing data at one of the 

two testing timepoints. Of the 112 participants that attended both testing session 22 

had missing Bristol ERT data, 23 had missing N-back data, and 24 had missing SST data. 

Additionally, 2 participants were excluded from the N-back analysis as their responses 

were considered unreliable (defined as having more false alarms than non-target correct 

responses, most likely indicating confusion of response keys). This means that the final n 

used for the analyses was slightly different for each task: 90 for the Bristol ERT, 87 for 

the N-back and 88 for the SST. There was substantial overlap of missing data across 

tasks, meaning that most participants who had missing data for one task also had 

missing data for the other two tasks. Exclusion of all participants that had any missing 

data left 85 cases with complete data for all three outcome measures. The analysis was 

re-run using this complete data set as a sensitivity analysis. 

2.3.3 Reliability coefficients for the primary outcomes 

Reliability coefficients for each of the three tasks were calculated to assess the 

stability of measurement between the first and second testing sessions. Results for all 

the tasks are presented in Table 2-1. For the Bristol ERT both ICC scores suggested 

moderate reliability in this sample based on the thresholds outlined by Koo and Li 

(2016). Similarly, Pearson’s r indicated marginal reliability according to the thresholds 

set by Strauss and colleagues (2006). When the confidence intervals around these 

estimates were taken into consideration, as suggested by Koo and Li (2016), the test-
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retest reliability in this sample should be reported as poor to moderate or low to 

adequate. This means that overall emotion recognition scores were associated with 

quite a lot of within-subject variability between sessions. 

Table 2-1 
 
Test-retest reliability coefficients for the three cognitive tasks 

Task 
(outcome measure) 

Intraclass Correlation Coefficient (ICC) Pearson’s r 

df ICC2.1 95% CI ICC3.1 95% CI df r 95%CI 

Bristol ERT 
(prop. of totalhits) 

89 0.56 0.36, 0.70 0.60 0.45, 0.72 88 0.60 0.45, 0.72 

N-back 
(d’prime) 

86 0.43 0.24, 0.59 0.43 0.24, 0.59 85 0.43 0.24, 0.58 

SST 
(SSRTmed) 

87 0.62 0.30, 0.79 0.70 0.58, 0.80 86 0.73 0.62, 0.82 

Note: df is degrees of freedom. CI refers to 95% Confidence Interval. ERT is Emotion Recognition 
Task. Prop. is proportion. SST is Stop Signal Task 

The reliability coefficients for the N-back task indicated poor/low reliability of 

measures in this sample, with the confidence intervals in a poor to moderate range. The 

reliability coefficients for the SST were slightly higher and indicated moderate/adequate 

reliability. The confidence intervals for the ICC3.1 and Pearson’s r were in the 

moderate/marginal to good/high range, but the confidence interval for the ICC2.1 was 

very large, suggesting that reliability could be poor/low in this sample. As expected for 

all three tasks the two measures of consistency, ICC3.1 and Pearson’s r were very 

similar. For the Bristol ERT and SST, the ICC2.1 was slightly lower than the ICC3.1 and 

Pearson’s r. This means that the agreement between scores was not as good as the 

consistency (i.e., ranking of participant scores), suggesting that there was a systematic 

shift in performance between the two testing sessions indicative of a practice effect. 

2.3.4 Comparison of means for the primary outcomes 

The descriptive statistics for the primary outcomes on the Bristol ERT, N-back, 

and SST are presented in Table 2-2. The results for the comparisons of means between 

the two timepoints (also Table 2-2) indicate that participants performed better at the 

second testing session compared to the first one on the Bristol ERT and the SST. This 

means that overall emotion recognition accuracy on the Bristol ERT improved and 

participants needed less time to successfully inhibit a response on the SST. Hedges’ gav 

Table 2-2 and common language (CL) effect sizes were calculated based on materials 

provided by Lakens (2013b). The CL effect size for the Bristol ERT indicated that the 
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likelihood of participants scoring higher in the second session compared to the first was 

67%. Similarly, for the SST the likelihood that participants reduced their SSRT in the 

second session compared to the first is 75%. There was no evidence of a difference in 

performance on the N-back task, which was also reflected in the CL effect size indicating 

that the likelihood of and increased d’prime in the second session compared to the first 

was only 52%, where 50% is chance. 

Table 2-2 
 
Descriptive statistics for primary outcome measures and paired t-test results 

Task 

(outcome measure) 
n 

Time 1 Time 2 Welch’s paired t-test 

Mean SD Mean SD t-value p-value gav 

Bristol ERT 

(prop. of total hits) 
90 0.693 0.074 0.722 0.074 4.13 < .01 0.389 

N-back 

(d’prime) 
87 2.858 0.695 2.902 0.707 0.55 .59 0.062 

SST 

(SSRTmed) 
88 255.3 49.03 232.8 37.42 -6.31 < .01 0.511 

Note: SD is standard deviation. gav is average Hedges’ g corrected for reliability using Pearson’s r. 

ERT is Emotion Recognition Task. Prop. is proportion. SST is Stop Signal Task. 

The improvement in scores on the Bristol ERT and SST corresponded to the 

decrease in ICC2.1 observed for these measurements. To investigate whether the length 

of time between the first and the second session influenced whether there was an 

improvement in performance, participants were divided using a median split on length 

of time between testing sessions. The median time between sessions was 40.5 days, so 

the sample was split into a short delay between sessions group (27-40 days) and a long 

delay between sessions group (41-77 days). Comparison of means between the two 

testing sessions using a paired Welch’s t-test showed that in both the short and long 

conditions participants improved their performance on the Bristol ERT and SST from 

session one to session two (Table 2-3). Although after correcting for the number of tests 

conducted using a Bonferroni correction (0.05/9 = 0.005) there was no longer evidence 

for a difference in scores on the Bristol ERT in the long condition. There was no evidence 

for a change in performance on the N-back in either condition. The CL effect size 

estimates for the Bristol ERT indicated that the likelihood of a participant’s score being 

higher in the second session was 71 % in the short delay condition compared to 62% in 

the long delay condition. See Appendix B (section 8.2) for further details of the effect 

size calculations. 
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Table 2-3 
 
Descriptive statistics and paired t-test results split by length of time between sessions 

Task 
(outcome 
measure) 

n 
Delay 

between 
sessions 

Time 1 Time 2 Paired t-test 

Mean SD Mean SD t-value p-value gav 

Bristol ERT 
(prop. 
of total hits) 

45 short 0.697 0.077 0.733 0.075 3.75 <.001 0.466 

45 long 0.690 0.072 0.711 0.073 2.11 0.04 0.285 

N-back 
(d’prime) 

44 short 2.97 0.677 3.10 0.552 1.16 0.25 0.207 

43 long 2.75 0.704 2.70 0.791 -0.45 0.65 0.066 

SST 
(SSRTmed) 

43 short 253.2 45.4 231.5 35.6 -4.70 <.001 0.522 

45 long 257.5 53.0 234.1 39.6 -4.23 0.001 0.492 

Note: SD is standard deviation. gav is average Hedges’ g, corrected for reliability using Pearson’s r. 
ERT is Emotion Recognition Task. Prop. is proportion. SST is Stop Signal Task.  

A sensitivity analysis was conducted using only cases with full data for all three 

tasks (see Appendix C, section 8.3). The means and standard deviations were similar and 

resulted in the same pattern of results when analysed using a paired Welch’s t-test. 

2.3.5 Standard Error of Measurement and the Smallest Real Difference 

The ICC2.1 for each of the cognitive tasks was used to calculate the Standard 

Error of Measurement (SEM) associated with primary outcome of each task. The 

confidence intervals around the SEM were used to approximate the Smallest Real 

Difference (SRD) needed to indicate a true change in an individual’s performance 

between the two testing sessions in ALSPAC (Table 2-4). 

Table 2-4 
 
Standard Error of Measurement and Smallest Real Difference of the three cognitive tasks 

Task 
(outcome measure) 

Standard Error of Measurement 
(SEM) 

Smallest Real Difference 
(SRD) 

Bristol ERT 
(prop. of total hits) 

0.05 0.14 

N-back 
(d’prime) 

0.58 1.6 

SST 
(SSRT) 

28.72 79.55 

Note: the SEM and SRD are presented in the units of the primary outcome: proportion of total hits 
for the Bristol ERT, d’prime for the N-back, and milliseconds for the Stop Signal Task (SST). 
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The SEM was used to indicate the error margin around individual scores, which 

was 5% or approximately 5 trials on the Bristol ERT. The SRD on the Bristol ERT indicated 

that participants would need to perform differently on 14% of the trials to be confident 

of a true change in performance. As there were 96 trials in this task participants would 

have to improve their performance by correctly identifying 13 more emotions or 

deteriorate in performance by identifying 13 emotions less (0.14 × 96 = 13). 

As the d’prime is a standardised measure of discriminability it was harder to 

translate it into a change on performance on the N-back task. The discriminability score 

could be increased by getting more hits or reducing the number of false alarms. Given 

the number of hits and false alarms in this task, the highest d’prime value was 3.78 and 

the lowest was -3.78. Participants would have to shift their discriminability score by 1.6 

on this scale to suggest there had been a true change in performance. As a reminder the 

SSRTmed, which was the SSRT used in this study, is based on the difference between the 

median response time on ‘go’ trials and median stop signal delay time on successful 

‘stop’ trials on the SST. This means the SSRT could be decreased (i.e., improved) through 

a faster reaction time on the go trials or a longer delay before the stop signal is given on 

successful stop trials. The standard error of measurement associated with and 

individuals SSRT was approximately 29ms. The SDR indicated that participants would 

need to decrease or increase their SSRT by approximately 80ms to suggest a true change 

in performance. 

2.3.6 Individual emotions on the Bristol ERT (secondary analysis) 

For the Bristol ERT the reliability coefficients for each emotion were calculated 

using an unbiased hit rate (Hu). The reliability coefficients were low across the board, 

indicating poor/low reliability of the by emotion outcome measure in this sample (Table 

2-5). The lowest reliability in performance was for sad faces, where the 95 % confidence 

interval did not extend beyond the poor range. The confidence intervals for all the other 

emotions suggested poor to moderate reliability, although all of them except disgust 

were primarily in the poor range. Again, the ICC3.1 and Pearson’s r were the same for 

each emotion. The ICC2.1 was marginally lower for happy, fearful, surprised, and 

disgusted face recognition accuracy indicating that there may have been a systematic 

shift in accuracy between sessions for these emotions, but not for sad or angry face 

recognition accuracy. 
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Table 2-5 
 
Reliability coefficients for each individual emotion form the Bristol ERT 

Bristol ERT 
by Emotion 
(outcome = Hu) 

Intraclass Correlation Coefficient (ICC) Pearson’s r 

df ICC2.1 95% CI ICC3.1 95% CI df r 95% CI 

Happy 89 0.35 0.16, 0.52 0.37 0.17, 0.53 88 0.37 0.17, 0.53 

Sad 89 0.24 0.04, 0.43 0.24 0.04, 0.43 88 0.24 0.04, 0.43 

Angry 89 0.44 0.26, 0.59 0.44 0.26, 0.59 88 0.44 0.26, 0.60 

Fear 89 0.43 0.23, 0.59 0.46 0.28, 0.61 88 0.46 0.28, 0.61 

Surprise 89 0.36 0.17, 0.52 0.37 0.18, 0.54 88 0.37 0.18, 0.54 

Disgust 89 0.50 0.33, 0.64 0.51 0.34, 0.65 88 0.51 0.34, 0.65 

Note: Hu is the unbiased hit rate as defined by Wagner (1993). df is degrees of freedom. CI refers 
to 95% Confidence Interval. 

Descriptive statistics and results for a paired t-test comparing mean accuracy for 

each emotion at the two timepoints are presented in Table 2-6. The mean accuracy 

scores showed a trend towards improvement in emotion recognition accuracy. The 

results for the paired Welch’s t-test indicated that only happy, fearful, and surprised 

faces were recognised more accurately at the second session compared to the first. 

Although, when a Bonferroni correction was applied to account for the number of tests 

conducted, the difference in accuracy score for surprised faces no longer met the 

significance threshold of 0.008 (0.05/6 = 0.008). As these results were based on an 

unbiased hit rate (Hu) the increase in accuracy for happy and fearful faces could be 

explained by an increase in correct identification of happy and fearful faces, or a 

decrease in the number of incorrect identifications of these emotions. These results 

suggested that the changes in overall emotion recognition may have been driven by 

changes in recognition accuracy for specifically happy and fearful faces, although this 

was not formally assessed. 
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Table 2-6 
 
Summary of outcome measures and paired t-test for each emotion from the Bristol ERT 

Bristol ERT 

by Emotion 

(outcome = HU) 

Time 1 Time 2 Paired t-test 

Mean SD Mean SD df t-value p-value 

Happy 0.560 0.106 0.595 0.109 89 2.77 < 0.01 

Sad 0.562 0.116 0.583 0.120 89 1.39 0.17 

Angry 0.570 0.168 0.598 0.148 89 1.55 0.12 

Fear 0.319 0.212 0.405 0.220 89 3.65 < 0.01 

Surprise 0.449 0.116 0.485 0.115 89 2.57 0.01 

Disgust 0.609 0.145 0.631 0.141 89 1.48 0.14 

Note: HU is unbiased hit rate as defined by Wagner (1993). df is degrees of freedom. SD is 

standard deviation. 
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2.4 Discussion 

The main aim of this study was to evaluate the test-retest reliability of overall 

emotion recognition accuracy (total hits) on the Bristol ERT completed by the ALSPAC 

cohort. The reliability coefficients for the Bristol ERT indicated that reliability in this 

sample was moderate/marginal. The reliability coefficients for the visuoverbal 2-back 

version of the N-back task were suggestive of poor reliability and measurements made 

using Stop Signal Task seemed to have good test-retest reliability. The results for the 

Bristol ERT were evaluated in the context of the current literature and the wider 

implications for reliability of measurement in ALSPAC discussed in considering the 

reliability of all three cognitive tasks in this sample. See Appendix A (section 8.1) for a 

discussion of the reliability of the N-back and Stop Signal Task. 

2.4.1 Test-retest reliability estimates for the Bristol ERT 

To the best of our knowledge, this was the first study investigating test-retest 

reliability of overall emotion recognition accuracy on the Bristol ERT. The reliability 

estimates for the Bristol ERT in this sample were in the threshold between low and 

marginal according to the thresholds outlined by Strauss and colleagues (2006). 

Arguably 0.7 is the minimum acceptable test-retest reliability threshold for tasks used to 

assesses psychological outcomes (Strauss et al., 2006). The Bristol ERT clearly does not 

meet this standard in the ALSPAC cohort. Confidence intervals around the ICC reliability 

estimates suggested that test-retest reliability in this sample could be poor and was 

moderate at best according to the thresholds proposed by Koo and Li (2016). These 

results indicated that the Bristol ERT is not well suited for tracking changes in individual 

performance as it would be difficult to differentiate true change from variance in 

measurement. That does not mean that the Bristol ERT is unable to detect group 

differences as outlined by Hedge and colleagues (2018). 

The measure of agreement between scores (ICC2.1) on the Bristol ERT being 

slightly lower than the measures of consistency (ICC3.1 and Pearson’s r) could be 

explained by the systematic improvement in scores in the second testing session 

compared to the first. The fact that the improvement in performance seems to be driven 

by participants who had a shorter delay between sessions was suggestive of a practice 

effect. This means that measures of consistency (ICC3.1 and Pearson’s r) may be more 

appropriate when evaluating test-retest reliability on the Bristol ERT when the time 

between testing sessions is short e.g., within one to two months (Parsons et al., 2019). 
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The reliability estimates for consistency were both in the moderate/marginal range, so 

research studies using the Bristol ERT to assess change in emotion recognition over time 

should consider the impact low reliability could be having and evaluate whether the 

Bristol ERT is suitable for the intended use. That being said, more research is needed to 

establish pooled estimates across different samples and evaluate reliability of the Bristol 

ERT in other populations. 

The effect size estimates for the difference in scores between sessions were 

corrected for reliability using Pearson’s r and indicate that the likelihood of scores 

changing between sessions was only slightly higher than chance. Despite there being a 

statistically reliable difference in performance between sessions the size of this effect 

was small. In the context of this study, a small effect size was desirable, because a true 

change in performance across testing sessions was not anticipated, although it is worth 

noting that the group effect size was small but individual variation in performance could 

have been big. Longitudinal research effect sizes are often smaller than in cross-

sectional research as baseline performance is controlled for (Adachi & Willoughby, 2015) 

and more time between measurements can lead to more variation. It would be worth 

investigating the effect size needed for a meaningful change in performance i.e., 

practical significance (Lakens, 2013b). The Standard Error of Measurement (SEM) 

suggested there was substantial variation in individual scores. In turn, the Smallest Real 

Difference (SRD) shows that a large shift in performance is required to be confident that 

there is a true change in performance (Vaz et al., 2013). However, the SEM and SRD may 

be inflated due to the improvement in performance observed between the first and 

second testing sessions on the Bristol ERT. 

The ICC2.1 in this study was lower than the one reported by Bland and 

colleagues (2016) for the Bristol ERT. However, it is not possible to draw a direct 

comparison as the outcome measure used in their study was different to the one used 

here. Equally, the reliability estimate of r = 0.84 reported for the emotion recognition 

task based on Ekman and Friesen face stimulus set used by Palmer and colleagues 

(2018) is not comparable. One, the outcome measure they used was only based on 

negative emotions, and two, all stimuli were presented at 100% intensity. The stimuli 

being presented at varying levels of intensity on the Bristol ERT are likely to have 

increased variation in individual performance and thus could have contributed to a 

decrease in the reliability estimates. By emotion test-retest reliability was assessed using 

an unbiased hit rate in the current study. The reliability estimates for individual 
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emotions were low across the board in the current study, which is in line with the 

reliability estimates based on unbiased hit rate reported by Cecilione and colleagues 

(2017). These results suggest that overall emotion recognition accuracy is a more 

reliable measure of emotion recognition than individual emotion recognition accuracy 

on the Bristol ERT. Notably, the reliability estimates for individual emotion recognition 

accuracy were much better when analysed using latent growth modelling (Cecilione et 

al., 2017) or when based on a discriminability index (Adams et al., 2016; Grier, 1971). 

These may be more appropriate outcome measures when evaluating change in 

performance over time for individual emotions but were not included here as trial level 

data was not available for this study. 

It is important to note that an underlying assumption in the assessment of test-

retest reliability is that the true score has stayed the same. A long test-retest interval 

might result in a true change, which would increase variation in performance and thus 

impact reliability estimates. Whilst there is no recommended time between test 

intervals studies commonly report an interval of two to fourteen days (Streiner et al., 

2008). The studies investigating test-retest reliability of emotion recognition discussed 

here all fall within that window, except for the study by Cecilione and colleagues (2017) 

where the interval was two to five weeks. In ALSPAC the test-retest interval is at least 27 

days, so much longer, consequently it is possible that true change in performance could 

be decreasing the reliability estimates. A long testing interval is of particular concern if 

state more so than trait attributes are thought to influence performance on a test (Polit, 

2014). There is evidence that performance on the Bristol ERT is influenced by both state 

and trait components of anxiety (Attwood et al., 2017). It would be beneficial to 

investigate test-retest reliability using a shorter testing interval to investigate this 

further, for example by comparing performance a couple hours later to a week later.  

2.4.2 Strengths and Limitations 

Given that reliability is a property of measurements made within a given sample, 

the reliability estimates calculated using ALSPAC data are likely to generalise to the 

wider cohort. Although, the reliability estimates could be partially biased given that 

participants who return for a second testing session were a self-selecting sample and 

invited based on proximity to Bristol and willingness to engage (Polit, 2014). It is possible 

that homogeneity of the sample (e.g. narrow age range and willingness or ability to 

return for a second testing session) could reduce reliability estimates (Hedge et al., 
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2018). Further, the SEM for each of the tasks indicated there was variability around 

individual scores (Parsons et al., 2019). Low reliability estimates in this sample could be 

due to participants completing the cognitive tasks at the end of a long day of testing. 

Lack of attention or fatigue could be affecting the quality of the data collected and 

increase variability due to random error. This is especially true for the first testing 

session, which included a larger variety of tests, not all of which were repeated at the 

second testing session. This could also partially explain the improvement in performance 

observed between the first and the second testing session on the Bristol ERT and SST. 

Low reliability for group differences can be mitigated through large sample sizes, 

because studies are likely to have sufficient power after taking reliability into 

consideration (Parsons et al., 2019). At the first testing session as part of the age 24 

clinic in ALSPAC, 4026 participants completed the cognitive tasks evaluated in this study 

and of these more than 85 had corresponding data at the second session. A strength of 

using the data collected as part of ALPAC for this study, is that the sample size was 

relatively large compared to many of the studies reporting test-retest reliability for the 

three cognitive tasks included in this study. Further, a lot of the research conducted 

using data for these tasks collected at the first testing session is likely to have sufficient 

power despite the low test-retest reliability. Nevertheless, it would be prudent to 

consider the impact reliability might be having in this cohort as opposed to assuming 

that it is not an issue. The fact that reliability estimates for the N-back and SST were 

within the expected ranges based on the current literature (Appendix A, section 8.1) 

there was no evidence that quality of data in ALSPAC was the reason for low test-retest 

reliability estimates. 

2.4.3 Implications and future directions 

Regardless of what was causing the high variance in performance and in turn 

low reliability coefficients for the three cognitive tasks, it is important to consider the 

implications for future research in ALSPAC. Research investigating change over time 

using the SST or N-back, which have been administered at several timepoints in ALSPAC, 

should begin accounting for low test-retest reliability. Equally, studies controlling for 

individual differences should evaluate the utility of including the N-back, SST, or Bristol 

ERT or take into consideration the potential impact of low reliability when drawing 

inferences based on that data. Caution should be applied in using these reliability 

estimates presented in this study for other samples or populations, although it would be 
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advisable to consider the impact low reliability could be having and calculate reliability 

in that sample or population where possible. 

The results from this study highlight the effect that use of different outcome 

variables could be having on reliability estimates. Tasks in a clinical setting are required 

to have clearly defined outcome measures that are calculated in the same way every 

time (Kessels, 2019). Tasks used in a research setting would benefit from a better 

understanding of the outcome measures used to allow for better comparisons across 

studies. Consistency in outcome measures would also allow for pooled estimates of test-

retest reliability to be established as proposed by Parsons and colleagues (2019). In 

terms of the Bristol ERT the results of this study indicate that the unbiased hit rate used 

to assess individual emotion recognition accuracy may not be a suitable measure to 

assess change in performance over time. Similarly, overall emotion recognition accuracy 

based on the total number of hits was not a reliable measure of individual change in 

performance over time, with a true difference in score being associated with a 

difference of 13 hits on the Bristol ERT. Further, cognitive tasks are increasingly being 

used as outcome measures in research or cognitive trials, without considering the size of 

the effect required to indicate a meaningful change in performance. Equivalence testing 

has been proposed as a formal way in which to assess whether there is a meaningful 

change in performance (Lakens, 2017). Future research should consider what effect size 

would constitute a meaningful change performance factoring in reliability, given that the 

Bristol ERT was associated with high variance in measurement. 
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Chapter 3 Construct Validation for the Bristol Emotion Recognition 

Task 

3.1 Introduction 

The previous chapter introduced the topic of psychometrics and their 

importance in both research and clinical settings. It went on to address the concept of 

reliability because, as stated previously, reliability is necessary but not sufficient to infer 

validity (Cook & Beckman, 2006). The premise behind this statement is that you cannot 

claim to effectively measure something if the task being used is unreliable, but equally a 

task could be reliable but not measure what is intended to be measured. This means 

that the concept of validity addresses the extent to which a task (or test, scale) 

measures what it intends to measure (Streiner et al., 2015). This chapter will further 

explore the concept of validity and how validity can be established. Subsequently a 

validation study using the Bristol Emotion Recognition Task (ERT) will be presented. The 

aim was to evaluate whether valid inferences about emotion recognition can be made 

based on overall emotion recognition accuracy (total hits) measured using the Bristol 

ERT. Performance on the Bristol ERT was compared to two well validated measures of 

emotion recognition; an Emotion Recognition Task using dynamic stimuli (Dynamic ERT) 

developed by Montagne et al. (2007), and the Emotion Evaluation Test from The 

Awareness of Social Inference Test (TASIT; McDonald et al., 2003). The study presented 

in this chapter was registered on the Open Science Framework and sections are taken 

from the pre-registered protocol (10.17605/OSF.IO/JCFD6). 

3.1.1 What is validity? 

Validity in the context of psychological testing is defined as “the degree to which 

evidence and theory support the interpretation of test scores for proposed [entailed] 

uses of tests” in ‘Standards for educational and psychological testing’ (APA et al., 1999; 

APA et al., 2014). This definition represents a consensus based on our current 

understanding of the concept agreed upon by a joint committee from the American 

Educational Research Association, American Psychological Association, and National 

Council on Measurement. It has been periodically updated by them since they first 

published a definition in 1954 (Newton & Shaw, 2013). It is worth noting that the above 

definition has been described as ambiguous by experts in the field of validity and there 

is still ongoing debate about the concept of validity (Camargo et al., 2018). A Delphi 

study looking for consensus on the concept of validity found that the definition of 

https://doi.org/10.17605/OSF.IO/JCFD6
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validity with highest consensus among participating experts was “the degree to which 

collected evidence, theory, and logical argument support the intended inferences to be 

made from test scores” (Camargo et al., 2018). Both definitions make it clear that 

validity is not considered to be an inherent property of a task or test but relates to 

interpretations made using the scores obtained using that task/test. The inferences 

drawn based on these scores are what can be considered valid or invalid (Streiner et al., 

2015). Newton and Shaw (2013) found that validity is still commonly used to describe 

tests, measures, or items in the validity literature. This could be due to an implicit 

understanding that a ‘test/item is valid’ only in the context that it was used in and 

written about. For the purpose of this thesis it is made explicit that validity is a property 

of inferences made based on test scores and not the test used. The validity of inferences 

can vary based on the population being tested, context a test is used in, or intended 

purpose (Streiner et al., 2015). For example, inferences made based on scores collected 

in a healthy population may not be valid in a TBI population. Validation studies would be 

required for both these contexts. This means that test validation is an ongoing process 

and not a dichotomous decision (Bannigan & Watson, 2009; Streiner et al., 2015). 

Historically, validity has been divided into different types, for example, criterion 

validity, content validity, and construct validity (Bannigan & Watson, 2009; Cronbach & 

Meehl, 1955; Streiner et al., 2015). There was a shift in thinking in 1980 when Messick 

argued that there is only one type of validity, namely construct validity. Validity is now 

viewed as a unitary concept and using descriptors to talk about different types of 

validity can be misleading (Messick, 1980; Newton & Shaw, 2013; Streiner et al., 2015). 

In other words, an inference can be either valid or invalid and should not be described 

as a particular type of valid. Despite this change in thinking about validity, descriptors 

about types of validity can still be commonly found in the literature (Newton & Shaw, 

2013). A possible explanation is that whilst there are not different types of validity, there 

are lots of different ways and reasons to assess validity. These different validation 

approaches are likely to have led to the notion that there are different types of validity 

(Streiner et al., 2015). When Cronbach and Meehl (1955) introduced the concept of 

construct validity, they in fact talk about four different types of validation but then refer 

to them as predictive, concurrent, content, and construct validity. It is possible that 

when referring to different types of validity in the literature the implicit understanding is 

that the descriptors are a reference to the process of validation and not the concept of 

validity (Newton & Shaw, 2013). 
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In sum, validity is a property of the inferences based on test scores and 

consequently assessing the validity of tests is on ongoing process. Whether inferences 

made are valid is dependent on context and intended purpose of the test and should not 

be generalised or assumed to transfer to different contexts. For example, valid 

inferences about emotion recognition based on the Bristol ERT could be possible in a 

neurologically healthy population but not a TBI population. Finally, validity is a unitary 

concept and not composed of different types of validity. When referring to ‘types’ of 

validity in this thesis it is to be understood that this references the validation approach 

used to evaluate validity of inferences made. 

3.1.2 Validation approaches 

Validity is not an attribute that can be measured but has to be judged given the 

evidence available in the context of current theory (Cook & Beckman, 2006; Messick, 

1980). The type of evidence required to make that judgement will change based on the 

inferences that will be made and current understanding of theory. Simply, validation is 

an ongoing process of hypothesis testing (Streiner et al., 2015). If responses on tests are 

associated with other factors as predicted, this provides evidence that inferences based 

on these test scores are valid (Cronbach & Meehl, 1955; Streiner et al., 2015). The 

hypotheses tested should answer a question relevant to the intended purpose of the 

test and the validation approach used will vary accordingly. 

Three commonly used categories for validation approaches are criterion based 

validation, content validation and construct validation (Streiner et al., 2015). Criterion 

based validation can be used when an objective criterion is available (Cronbach & 

Meehl, 1955; Streiner et al., 2015). It is used to check whether a test adequately predicts 

or is associated with a criterion of interest (often referred to as predictive or concurrent 

validity). For example, one could check whether performance on the Bristol ERT predicts 

whether someone is in a relationship after having TBI. The purpose of content validation 

is to evaluate whether a measure has included only relevant and sufficient items 

required to assess a given construct (Bannigan & Watson, 2009; Streiner et al., 2015). 

For example, by investigating whether items load on the same factor structure or 

assessing variability in responses on a given item. Arguably, face validation is a facet of 

content validation not assessed with statistical measures but by considering about 

whether the test seems relevant and appropriate for its intended use (Bannigan & 

Watson, 2009). Construct validation was first introduced by Cronbach and Meehl in 
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1955. They argued that in psychological science construct validation is often the most 

appropriate approach because when assessing cognition or behaviour an objective 

measure of a variable is often not available (Cronbach & Meehl, 1955; Stone, 2019). For 

example, emotion recognition is a skill that we assume people to possess but it is not 

directly measurable. The construct is hypothetical and should be rooted in theory, so 

validation is based on linking evidence back to theory using a priori predictions (Cook & 

Beckman, 2006). This means that construct validation can be approached in many 

different ways and unlike criterion based validation or content validation it cannot be 

evaluated with just a couple of studies (Streiner et al., 2015). The hypotheses tested in 

any given study will depend on the question of interest and evidence of validity is 

obtained if results support the hypotheses made (Streiner et al., 2015).  

3.1.3 Emotion Recognition Tasks 

The construct of interest in this study is emotion recognition, which is assumed 

to be an inherent property that people have and can be measured using emotion 

recognition tasks (Cronbach & Meehl, 1955). A range of different tasks have been used 

to measure emotion recognition (Paiva-Silva et al., 2016) but as was discussed in the 

introductory chapter (1.3.1 Measuring Emotion Recognition) many tasks have 

insufficient data on validity and lack normative data (Howieson, 2019). The Awareness 

of Social Inference Test (TASIT, McDonald et al., 2003) is a well validated test battery to 

assess social cognition and has been recommend as a measure in a TBI population 

(Honan et al., 2016; Wallis et al., 2021). The Emotion Evaluation Test (EET) is the 

subscale of TASIT used to measure emotion recognition. The stimuli in this task are a set 

of short video clips, which arguably improves the validity of inferences made regarding 

real life effects (McDonald et al., 2004) as the stimuli are dynamic and participants can 

use body language and movement in addition to facial expressions to provide 

information about emotion (Atkinson et al., 2004). However, this approach makes it 

difficult to manipulate intensity of emotions presented, which could result in ceiling 

effects that mean more subtle difficulties or biases in emotion recognition are missed. A 

potential solution is to use a morph sequence of static images to make short video clips 

as used in the Emotion Recognition Task developed by Montagne and colleagues (2007). 

The Dynamic ERT, as it will be referred to in this thesis, has normative data available 

(Kessels et al., 2014) and has been used to investigate emotion recognition in a TBI 

population (Rosenberg et al., 2015; Rosenberg et al., 2014). Performance on these to 

tasks will be compared to performance on the Bristol ERT in this study. 
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3.1.4 Current Study: Aim 

The aim of this study is to provide evidence supporting the validity of inferences 

about emotion recognition made using scores on the six-emotion version of the Bristol 

ERT. Whether the Bristol ERT adequately measures the construct of interest will be 

evaluated using a series of correlations. Performance on the Bristol ERT will be 

compared to emotion recognition performance on the EET from a short version of TASIT 

(TASIT-S) and the Dynamic ERT to show that the Bristol ERT is equivalent to these tests 

despite using static stimuli. The Bristol ERT should have a strong correlation with these 

tasks (convergent evidence), but weak or no correlation with tasks that are trying to 

measure different constructs (divergent evidence). The study design is based on a 

methodology for construct validation that was first introduced by Campbell and Fiske 

(1959). They proposed that a multitrait-multimethod matrix should be used to assess 

whether a task is effectively measuring the construct it is trying to measure. Tasks trying 

to measure the same construct using varying methodologies should show a strong 

correlation (often referred to as convergent validity). Similarly, tasks trying to measure a 

different construct by the same or different methodologies should show a weak 

correlation or no correlation (often referred to as divergent validity). Evidence that a 

task of interest effectively measures the construct it is trying to measure is obtained if 

the pattern of correlations within the multitrait-multimethod matrix matches 

predictions made based on prior evidence and theory. This in turn would provide 

evidence that the inferences made based on performance on that task are valid. 

Correlation matrices combining convergent and divergent evidence are a commonly 

used validation approach (Streiner et al., 2015) and are useful in the development of 

new tasks such as the Bristol ERT. 

3.1.4.1 Convergent evidence 

A high correlation of the Bristol ERT with other emotion recognition tasks would 

provide evidence that they are tapping into the underlying construct of emotion 

recognition. This would provide support for the validity of inferences made about 

emotion recognition based on performance on the Bristol ERT. The three tasks 

compared were the Bristol ERT, the Dynamic ERT (Montagne et al., 2007) and EET from 

TASIT-S (Honan et al., 2016). The Dynamic ERT and EET from TASIT-S were chosen 

because they aim to measure the same construct as the Bristol ERT but differ in respect 

to the types of stimuli used. Further, there is evidence for the validity of inferences 
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made about emotion recognition using these tasks and both have normative data 

available (Honan et al., 2016; Kessels et al., 2014; McDonald et al., 2006; McDonald et 

al., 2004; McDonald et al., 2018; Montagne et al., 2007; Rosenberg et al., 2015). 

Normative data for the Dynamic ERT is available from 373 healthy participants across a 

series of studies (Kessels et al., 2014). Overall performance on TASIT-S is strongly 

correlated with TASIT, and the correlation of the EET in the two versions is r = .87. 

Normative data for TASIT-S is available from 649 healthy participants recruited in 

Australia and the USA (McDonald et al., 2018). 

Alexithymia is a disorder where people are unable to effectively identify and 

express their emotions (Lesser, 1981; Taylor & Bagby, 2004). Evidence suggests that 

performance on emotion recognition tasks is linked to or even dependent on the ability 

to express emotion (Parker et al., 1993; Wearne et al., 2019). To investigate this the 

twenty item Toronto Alexithymia Scale developed in 1992 (Bagby, Parker, et al., 1994; 

Bagby, Taylor, et al., 1994) was included in this study. If ability to express emotions is 

crucial for effective emotion recognition the emotion recognition tasks should have a 

strong negative correlation with this measure of alexithymia.  

3.1.4.2 Divergent evidence 

Performance on any cognitive test is likely to capture some aspect of general 

cognitive ability such as working memory, but general cognitive ability should not fully 

explain test performance. Digit Span tasks are included in the Wechsler Adult 

Intelligence Scale as a measure of working memory (Bowden et al., 2013; Hilbert et al., 

2015; Ramsay & Reynolds, 1995). In this study, a visual version of the Digit Span 

Backwards was used as a general measure of working memory. There has been some 

debate about what aspect of working memory is captured by the Digit Span Backwards 

(Hilbert et al., 2015) or whether it is better described as a measure of short-term 

memory (St Clair-Thompson, 2010). Regardless of what aspect of general cognition is 

captured by the Digit Span Backwards task, it should differentiate from performance on 

the emotion recognition tasks. This means a low correlation of the Bristol ERT with this 

task would suggest that variation in performance on the Bristol ERT is not solely due to 

differences in general cognitive ability. 

The emotion recognition tasks in this study require identification of emotions 

based on facial expressions, which means that performance is likely to be influenced by 

individual differences in face perception. The EET from TASIT has been shown to 
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correlate with the Benton Face Recognition Test at r = 0.45 (McDonald et al., 2006). To 

evaluate whether performance on the Bristol ERT is capturing emotion recognition and 

not purely face perception the Glasgow Face Matching Test (GFMT) was included as a 

measure of face discrimination in this study (Burton et al., 2010). A positive correlation 

in performance between the Bristol ERT and GFMT is to be expected. If the Bristol ERT 

shows a higher correlation with the other emotion recognition tasks than with the GFMT 

this would support the validity of inferences about emotion recognition made based on 

Bristol ERT scores.  

3.1.5 Current Study: Hypotheses 

The EET from TASIT-S was shown to have a correlation of r = 0.69 with an 

emotion recognition task based on the Ekman and Friesen pictures (Friesen & Ekman, 

1976; McDonald et al., 2006). The correlation of the Bristol ERT with itself at a later 

timepoint was r = 0.6, so this estimate was used for the power calculation and as a 

predicted correlation coefficient for performance on the three emotion recognition 

tasks. Given that unlike the EET, the Bristol ERT and Dynamic ERT both use face stimuli 

they are likely to be more highly correlated with each other. Consequently, the two 

primary hypotheses for this study were: 

H1: The three emotion recognition tasks will have a positive correlation coefficient of 

around 0.6 when correlated with each other. 

H2: The Bristol ERT and the Dynamic ERT will be more highly correlated with each other 

than with the EET from TASIT-S. 

The correlation between the three emotion recognition tasks should be higher 

with each other than with the measures of working memory and face discrimination. 

McDonald and colleagues (2006) reported a correlation of r = 0.25 between the EET 

from TASIT and the Digit Span measure (based on both the digit span forwards and 

backwards) from the third version of the Wechsler Adult Intelligence Scale. In the same 

study the correlation between the EET from TASIT and a face recognition task was r = 

0.45 (McDonald et al., 2006). Given these correlation coefficients and the expected 

interaction between the measures of emotion recognition, working memory, and face 

discrimination based on current theory, the secondary hypotheses were: 

H3: The pattern of correlation of the emotion recognition tasks will show the lowest 

correlation with the Digit Span Backwards, a slightly greater correlation with the 

Glasgow Face Matching Test, and the highest correlation with each other. 
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H4: The correlation coefficient of the emotion recognition tasks with the Digit Span 

Backwards will be less than 0.4. 

Finally, it is possible that the performance on the emotion recognition tasks is 

dependent on ability to express emotions. This means that performance on all three 

emotion recognition tasks would be negatively correlated with scores on the Toronto 

Alexithymia Scale because a higher score on that scale indicates decreased ability in 

identifying and expressing emotions. The final hypothesis for this study was: 

H5: Performance on the emotion recognition tasks will be negatively correlated with the 

Toronto Alexithymia Scale. 
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3.2 Method 

3.2.1 Design 

This is an observational cross-sectional study investigating the construct validity 

of the Bristol ERT. Participants were recruited online and asked to complete three 

emotion recognition tasks, a working memory task, a face discrimination task and a self-

report questionnaire about ability to process emotions (alexithymia). The order of 

presentation of the three emotion recognition tasks was randomised. The hypotheses 

for this study and proposed analyses were preregistered on the Open Science 

Framework (10.17605/OSF.IO/JCFD6). Ethics approval was obtained from the School of 

Psychological Science Research Ethics Committee at the University of Bristol (103142). 

3.2.2 Participants 

Participants were recruited on Prolific (https://www.prolific.co/participants). 

They were able to access the study information and sign-up if they matched screening 

criteria set on Prolific. The criteria were set to identify participants 18 years old and 

above with no history of neurological conditions. See Appendix A (section 8.4) for 

screening questions. Participants were also asked to confirm they matched the following 

inclusion and exclusion criteria as part of the consent form before starting the study.  

Inclusion criteria 

o Above the age of 18 

o Normal or corrected to normal vision 

o Access to a desktop computer or laptop to for the study 

Exclusion criteria 

o Currently under the influence of substances that can substantially alter 

perception (e.g. psychoactive drugs or excessive alcohol) 

o History of psychiatric or neurological conditions 

A sample size calculation was conducted to establish the number of participants 

required to address the study hypotheses. The principal consideration was to establish 

correlation between two tasks with sufficient precision to confidently distinguish 

between correlations that were expected to be convergent versus divergent. A priori 

sample size calculation was conducted in GPower 3.1 (Faul et al., 2007) using precision 

estimates for the expected correlation between the emotion recognition tasks. For the 

expected Pearson correlation of around 0.6, 182 participants were required to establish 

that the correlation is within 0.2 of that estimate at 95% power and an error probability 

of 0.05. Based on this calculation the aim was to recruit 185 participants. 

https://doi.org/10.17605/OSF.IO/JCFD6
https://www.prolific.co/participants
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3.2.3 Measures  

The tasks and questionnaires were coded in and presented through Gorilla 

Experiment Builder (Anwyl-Irvine et al., 2019). 

3.2.3.1 Demographics questionnaire 

Participants were asked to provide information about sex, age, years of 

education and given the option to declare reasons why their emotion recognition might 

be affected. The last question stated “This is an attention check. To show you have read 

this question select Yes.”. Participants who selected ‘No’ were considered to have failed 

the attention check Additionally, demographic information available on Prolific was 

downloaded for the participants that completed the study to cross reference responses 

if missing and check participants’ nationality.  

3.2.3.2 Bristol Emotion Recognition Task (Bristol ERT) – short version  

A total of 96 static facial expressions are presented in a randomised order. 

Participants are asked to label the stimuli using one of the six ‘basic’ emotions, angry, 

sad, happy, fearful, disgust, or surprise. Each emotion is presented at eight levels of 

intensity using both male and female stimuli (For a detailed description see section 1.3.2 

in the introduction). A ‘total hit rate’ was calculated using the total number of correct 

identifications across all emotions as a measure of overall emotion recognition accuracy 

(total hits). Normative data for this task is not currently published. 

3.2.3.3 Dynamic Emotion Recognition Task (Dynamic ERT) 

The Dynamic ERT was developed by Montagne and colleagues (2007) and is 

available at: http://www.metrisquare.net/metrisquare/emotion-recognition-test/. Like 

the Bristol ERT, it is a six-alternative forced-choice emotion recognition task used to 

investigate identification of emotions from facial expressions. However, the stimuli in 

this task are comprised of dynamic morph sequences presented as video clips, instead of 

static facial stimuli, hence it is referred to as Dynamic ERT in this study. The shortest 

sequence is comprised of images from neutral to 40% intensity, followed by sequences 

from neutral to 60%, neutral to 80%, and neutral to 100% intensity and the video clips 

range from around 1 to 2 seconds in length. The six emotions included are happiness, 

sadness, anger, fear, surprise, and disgust. There are four sets of images, (2 male and 2 

female), so 96 stimuli are presented in total. Participants completed three practice trials 

http://www.metrisquare.net/metrisquare/emotion-recognition-test/
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from a separate stimulus set and then the test stimuli are presented in a set order of 

four blocks from lowest to highest intensity. For each trial, participants viewed a video 

clip and then gave a response whilst being able to view the final image of the clip. The 

primary outcome for this study was total hits (i.e. correct identifications) as a measure 

of overall emotion recognition and secondary outcomes were hits per emotion. 

Normative data is available for healthy controls recruited in the Netherlands, Ireland, 

Germany and Australia (Kessels et al., 2014).  

3.2.3.4 The Awareness of Social Inference Test – Short (TASIT-S): Part 1 

Part 1 of TASIT-S is an Emotion Evaluation Test (Honan et al., 2016) used to 

assess overall emotion recognition accuracy using 10 video clips. Duration of the video 

clips (aka vignettes) ranges from 15 to 60 seconds and they show one or two actors 

engaged in dialog or an activity (if two actors are in the video, the participants are given 

instructions regarding which person to focus on). The content of the scripts is neutral, 

but the facial expression and body language are used to present one of six emotions: 

happy, sad, angry, fear, disgust or neutral. After watching the full clip, participants are 

asked to choose which emotion was presented from a list of seven emotions: happy, 

sad, angry, fear, disgust, neutral and surprise. Surprise is an option because it is included 

in the original version of TASIT, even though none of the video clips in TASIT-S show 

surprise. Participants are given a practice video clip with feedback followed by the 10 

test video clips. The stimuli are presented in a set order, in accordance with TASIT-S 

manual. The Emotion Evaluation Test from TASIT-S can only be used to assess overall 

emotion recognition, not emotion specific performance because the task was developed 

as a screening tool and most emotions are only presented once. Total number of correct 

identifications was used as the primary outcome for this task. Normative data is 

available for Australian and US populations (McDonald et al., 2018). 

3.2.3.5 Digit Span Backwards (DSB) 

The Digit Span Backwards task is a simple measure of attention and working 

memory. A visual version of the task was used from the open materials available on 

Gorilla (Massonnie, 2019, https://gorilla.sc/openmaterials/36699) and adapted for the 

purposes of this study. Participants are presented with digits between 0 and 9 in a 

randomised order at a rate of one per second. They are asked to recall the digits in 

reverse order when prompted by entering the numbers using a keypad presented on the 
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screen. Two practice trials are presented using a digit span of two and participants were 

given feedback based on their response. The task trials start with a digit span of three 

and a digit is added every three trials. The task ends when participants respond 

incorrectly to two out of three trials of a given digit span or participants have completed 

the trials with a digit span of 10. The primary outcome for this study is length of the 

longest digit span correctly recalled in reverse order. 

3.2.3.6 Glasgow Face Matching Test (GFMT) – short version 

The GFMT assesses people’s ability to recognise unfamiliar faces. In the short 

version 40 pairs of faces are presented and participants are asked to make a judgment 

as to whether the faces presented are of the same person or two different people. 

There are 20 trials that show faces for the same person and 20 trials showing faces of 

different people. The order in which the faces are presented is randomised and the 

faces remain visible on the screen until participants have made a judgment. Number of 

hits across all trials is used as a measure of overall accuracy. UK normative data is 

available (Burton et al., 2010). 

3.2.3.7 Toronto Alexithymia Scale (TAS) 

The 20 item TAS was used in this study, which can be separated into three 

subscales (Bagby, Parker, et al., 1994; Bagby, Taylor, et al., 1994). These include: 1) 

difficulty in identifying feelings, 7 items, 2) difficulty in describing feelings, 5 items, and 

3) externally orientated thinking, 8 items. The aim is to capture both affective processing 

and cognitive strategies that contribute to the construct of alexithymia (Bagby & Taylor, 

1997). Items are rated using a 5-point Likert scale whereby 1 = strongly disagree and 5 = 

strongly agree. This means the minimum score is 20 and the maximum score is 100, but 

5 of the items are negatively keyed and are reverse scored for the total score. The TAS-

20 was developed to be used as a continuous variable, but cut-off scores are available. A 

score of equal to or less than 51 is classed as non-alexithymia, and equal to or greater 

than 61 is classed as alexithymia and scores of 52 to 60 are possible alexithymia (Bagby 

& Taylor, 1997). Normative data from a Canadian population is available from Parker et 

al. (2003). In addition to the 20 items an attention check was added halfway through this 

questionnaire. The attention check included the following instruction “This is an 

attention check. Please respond with four - Agree.” If participants did no select option 

four they were considered to have failed the attention check. 
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3.2.4 Procedure 

Participants were given information about the study on Prolific and had 

opportunity to contact the research team before signing up to take part. Participants 

who chose to enrol in the study were directed to Gorilla using a link and asked to review 

the information sheet before completing an electronic consent form. Once enrolled they 

had a maximum of 115 minutes to complete all the tasks before being automatically 

rejected from the study. All participants were asked to complete every task, but the 

order in which the three emotion recognition tasks were presented was randomised 

across participants. See the Consort diagram (Figure 3-1) for an overview of the study 

procedure. Before starting the tasks and questionnaires participants were asked to 

complete the study in one session and were given the option of taking short breaks 

between the tasks. They were also instructed to check their audio settings to ensure 

that they had sound required to play the video clips for the EET from TASIT-S. Task 

specific instructions were given at the start of each task. At the end of the study, 

participants were asked to confirm that the data could be used for the purpose of this 

study and be made available as open data. They were then given a completion URL 

directing them back to Prolific and reimbursement for the study was authorised by the 

research team. All participants who completed the study were reimbursed £5.50 for 

their time regardless of whether the data was used in the analysis. 

3.2.5 Data Collection and Screening 

Gorilla Experiment Builder  was used to manage data collection and storage 

(Anwyl-Irvine et al., 2019). Recruitment happened in four stages. Initially only 3 

participants were recruited, and the data was checked for completeness. A further 17 

participants were recruited after which a data quality check was conducted. No issues 

were identified so a further 165 participants were recruited to a total of 185 participants 

set based on a sample size calculation. Initial data screening identified 16 participants 

who had scored less than four on the Digit Span Backwards task, which indicated low 

effort and could result in low-quality data. As per the registered protocol these 

participants were excluded, and a further 16 participants were recruited to replace 

them. The final data set of 201 participants included 20 participants with a digit span 

score of less than 4 (including the 16 already identified) and one participant who failed 

the second attention check. These participants were excluded prior to analysis, so the 

final data set comprised of 180 participants.  
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Figure 3-1 Consort Diagram 
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3.2.6 Data Analysis 

The main analysis consisted of creating a Pearson correlation matrix to evaluate 

whether the predictions about the correlations between tasks match the performance 

on these tasks in this sample. Equivalence testing was used to evaluate whether there 

was a difference in the strength of correlation of the correlation matrix. In addition, the 

internal consistency of the Bristol ERT and Dynamic ERT in this sample was assessed and 

used to calculate the Standard Error of Measurement (SEM) and the Smallest Real 

Difference (SRD). As the Bristol ERT includes low intensity trials that could be introducing 

random variability. A sensitivity analysis was conducted with a reduced version of the 

Bristol ERT, where only trials with stimuli presenting around 40% intensity or more were 

included. This means that for each participant the 36 lowest intensity trials were 

removed (6 trials per emotion), leaving a total of 60 trials. 

The data was downloaded from Gorilla and loaded into RStudio (2020) R version 

4.0.2 for data cleaning and analysis. The ‘apaTables’ package version 2.0.5 (Stanley, 

2018) was used to calculate descriptive statistics and correlations for the relevant 

outcome variables. To assess whether there was evidence for a difference in strength of 

the correlations an r to z transformation method was used: 

http://quantpsy.org/corrtest/corrtest2.htm (Lee & Preacher, 2013; Steiger, 1980). The 

reliability analysis was conducted using the ‘splithalf’ package version 0.7.1 (Parsons, 

2020) and ltm package version 1.1-1 (Rizopoulos, 2006). 

  

http://quantpsy.org/corrtest/corrtest2.htm
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3.3 Results 

3.3.1 Demographics 

180 participants were included in the final data set (64 female, 116 male). The 

average age was 27 years with a range of 18 to 67 years. Education data showed that 

54% of participants reported having completed an undergraduate degree or higher, 22% 

completed secondary or further education, 13% indicated they had completed 

secondary school, and 1% of participants reported having completed vocational training. 

Participants from 28 different nationalities were included in the study (Appendix B, 

section 8.5). One participant reported that anxiety may influence their performance on 

the emotion recognition tasks, but this was not deemed a reason for exclusion.  

3.3.2 Validity 

The means and standard deviations for primary outcomes of the six measures 

included in this study and a correlation matrix of these outcomes are presented in Table 

3-1. All the correlations are presented using Pearson’s correlation coefficients. 

Table 3-1 
 
Means, standard deviations, and correlations of the tasks with confidence intervals 

Variable 
M 

(% acc.) 
SD 1 2 3 4 5 

        

1. Bristol ERT 67.19 7.51      

(total hits) (70%)       
        
2. Dynamic ERT 58.59 9.27 .52**     
(total hits) (61%)  [.41, .62]     
        
3. TASIT-S: EET 7.51 1.44 .32** .27**    
(total hits) (75%)  [.18, .45] [.13, .40]    
        
4. DSB 6.43 1.85 .10 .05 .06   
(span length)   [-.04, .25] [-.09, .20] [-.09, .20]   
        
5. GFMT 32.76 4.53 .29** .32** .10 .07  
(total hits) (82%)  [.15, .42] [.19, .45] [-.05, .24] [-.08, .21]  
        
6. TAS 49.56 11.9 -.13 -.09 -.08 -.04 -.14 
(total score)   [-.27, .02] [-.24, .05] [-.23, .06] [-.18, .11] [-.28, .01] 
        

Note. M and SD are used to represent mean and standard deviation, respectively. Percentage 
accuracy is added in brackets. Values in square brackets indicate the 95% confidence interval for 
each correlation. The confidence interval is a plausible range of population correlations that 
could have caused the sample correlation (Cumming, 2014). 
* indicates p < .05. ** indicates p < .01. 
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Means and standard deviations for performance on the Dynamic ERT, EET from 

TASIT-S, GFMT, and TAS are comparable to the normative data scores available for these 

tasks. For the Dynamic ERT adult scores have been reported between 51.9 and 66.9 with 

standard deviations of 7.7 to 12.1 (Kessels et al., 2014). Normative scores for the EET 

from TASIT-S in a US and Australian population were reported as M = 7.43 and SD = 1.42 

(McDonald et al., 2018). Mean performance on the short version of the GFMT is 32.52 

(81.3%) with a standard deviation of 9.7 (Burton et al., 2010). Normative data for the 

TAS collected in a healthy Canadian population showed the mean score on the scale was 

45.75 with a standard deviation of 11.35 (Parker et al., 2003). 

There was strong evidence for a positive correlation between the three emotion 

recognition tasks, with the strongest correlation observed between the Bristol ERT and 

the Dynamic ERT and a slightly lower correlation of both these tasks with the EET from 

TASIT-S. The difference between these correlations was evaluated using r to z 

transformation (Lee & Preacher, 2013; Steiger, 1980). Results indicated that the strength 

of the correlation between the Bristol ERT and Dynamic ERT was greater than the 

correlation between either of those and the EET from TASIT-S (z = 2.55, p ≤ .01 and z = 

3.6, p ≤ .01 respectively). There was no evidence for a difference between the 

correlations of the Bristol ERT with the EET from TASIT-S compared to the Dynamic ERT 

with EET from TASIT-S (z = 0.72, p = .47), suggesting that the strength of these 

correlation was equivalent. 

There was strong evidence for positive correlations of the Bristol ERT and the 

Dynamic ERT with the GFMT (measure of face discrimination). There was, however, no 

evidence for a correlation between performance on the EET from TASIT-S with the 

GFMT. The results indicated that none of the emotion recognition tasks were correlated 

with performance on the Digit Span Backwards (measure of working memory). To better 

evaluate the pattern of correlations, the difference in correlation between the emotion 

recognition tasks and the other tasks was also assessed using r to z transformation. For 

the Bristol ERT, the results indicated that the Bristol ERT was more strongly correlated 

with the Dynamic ERT than the GFMT (z = 3.01, p ≤ .01), but there was no evidence for a 

difference in correlation between the Bristol ERT and the EET from TASIT-S compared to 

the Bristol ERT and the GFMT (z = 0.32, p = .75). There was also evidence that the Bristol 

ERT was more strongly correlated with both the Dynamic ERT and the EET from TASIT-S 

compared to the Digit Span Backwards (z = 4.53, p ≤ .01 and z = 2.23, p = 0.03 
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respectively). Furthermore, there was weak evidence that the Bristol ERT had a stronger 

correlation with the GFMT than the Digit Span Backwards (z = 1.92, p = 0.05).  

There was no evidence that the TAS was correlated with performance on any of 

the emotion recognition tasks, suggesting that alexithymia was not associated with 

emotion recognition performance in this sample. Exploratory analysis showed that 

according to the cut-off scores of high alexithymia ≥ 61 and low alexithymia ≤ 51 only 35 

participants were classified as having high alexithymia, whilst 99 participants were 

classified as having low alexithymia. Welch’s two sample t-tests were conducted to 

investigate potential group differences for high versus low alexithymia. There was no 

evidence for a group difference on any of the emotion recognition tasks in this sample, 

Bristol ERT (t(57) = 0.88, p = 0.38), Dynamic ERT (t(50) = 0.33, p = 0.75), and EET from 

TASIT-S (t(58) = 0.42, p = 0.68). The mean emotion recognition accuracy for the reduced 

Bristol ERT (low intensity trials removed) was 50.88 (SD = 4.84), which when converted 

to a percentage accuracy is slightly higher than the emotion recognition accuracy for the 

full Bristol ERT; 85% accuracy for the reduced version vs. 70% on the full version. The 

two versions of the Bristol ERT in this sample had a correlation coefficient of 0.92 (p ≤ 

.01) and Confidence Interval of .90 to .94. The correlations of the reduced Bristol ERT 

with the other measures were approximately the same as for the full Bristol ERT (See 

Appendix C, section 8.6). 

3.3.3 Reliability 

Internal reliability of the Bristol ERT and Dynamic ERT was assessed using split-

half reliability approach outlined by Parsons, Kruijt and Fox (2019) and by calculating 

Cronbach’s alpha. This was not possible for the EET from TASIT-S as there were too few 

trials. Only trials for the 180 participants included in the validity analysis were used to 

estimate the reliability of the Bristol ERT and the Dynamic ERT in this sample. All the 

trials were treated as the same condition and 5000 random splits were used to establish 

a split-half reliability estimate and a Spearman-Brown corrected reliability estimate 

which corrects for task length. The confidence interval for Cronbach’s alpha was also 

calculated using 5000 bootstrap samples.  

For emotion recognition accuracy of the Bristol ERT, the Spearman-Brown 

corrected split half reliability estimate was rsb = 0.65 (95% CI: 0.57 to 0.72). The split-half 

reliability estimate for the reduced Bristol ERT was only slightly higher at rsb = 0.68 (95% 

CI: 0.61 to 0.75). Cronbach’s alpha was α = 0.77 (95% CI: 0.69 to 0.82) for the full Bristol 
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ERT and α = 0.75 (95% CI: 0.66 to 0.80) when only the 60 higher intensity trials were 

included. The Spearman-Brown corrected reliability estimate for emotion recognition 

accuracy on the Dynamic ERT was higher than both variations of the Bristol ERT at rsb = 

0.74 (95% CI: 0.69 to 0.79). Cronbach’s alpha for the 60 trials on the Dynamic ERT was 

also higher α = 0.84 (95% CI: 0.80 to 0.87). 

Standard Error of Measurement (SEM) and the Smallest Real Difference (SRD) 

provide useful information to interpret individual scores (See section 2.1.3 Interpreting 

reliability coefficients in Chapter 2 for a detailed description and method of calculation). 

The standard deviations and spearman brown corrected internal reliability estimates for 

used to calculate the SEM and SRD for both the Bristol ERT and the Dynamic ERT. The 

SEM for the Bristol ERT in this sample was 4.44 (7.51√1 − 0.65), which makes the SRD 

12.3 hits (2.77 × 4.44). The SEM for the Dynamic ERT was 4.73 (9.27√1 − 0.74), which 

means the SRD based on this sample was 13.1 hits (2.77 × 4.73). 
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3.4 Discussion 

The aim of the study was to provide evidence that the Bristol ERT is measuring 

the construct of emotion recognition, which in turn would allow for valid inferences to 

be made based on performance on the Bristol ERT. Performance on the Bristol ERT was 

compared with performance on two other emotion recognition tasks (Dynamic ERT and 

EET from TASIT-S), a working memory task (Digit Span Backwards), a face discrimination 

task (GFMT), and an alexithymia scale (TAS). A priori predictions about the correlations 

between these tasks were made and were used as a framework to link the results back 

to prior evidence and theory. Each hypothesis is discussed in turn to help evaluate 

whether the Bristol ERT is likely to be measuring emotion recognition. 

3.4.1 Validity 

The primary hypotheses stated that the three emotion recognition tasks would 

have a correlation coefficient of around 0.6 and that the Bristol ERT and Dynamic ERT 

would be more highly correlated with each other than with the EET from TASIT-S. The 

results broadly match the hypotheses made. The correlation coefficient for the Bristol 

ERT and Dynamic ERT was within range of the predicted estimate. The correlation of 

both those tasks with performance on the EET from TASIT-S was lower than expected 

but there was strong evidence for a correlation with the EET from TASIT-S. It is possible 

that the observed difference in strength of correlation was due to the type of stimuli 

used. The Bristol ERT and Dynamic ERT are based on emotion recognition from face 

stimuli, whilst vignettes used in the EET from TASIT-S include body language as well. This 

is supported by evidence that the GFMT is correlated with the Bristol ERT and the 

Dynamic ERT but not the EET from TASIT-S. Nevertheless, the lower correlation was 

surprising given the correlation of r = 0.67 between the EET from TASIT and an Ekman 

and Friesen stimuli emotion recognition test reported by McDonald and colleagues 

(2006). TASIT-S was developed as a screening tool for social cognition difficulties (Honan 

et al., 2016), so it is possible that the EET from TASIT-S might not be as sensitive to 

individual differences in emotion recognition in a healthy sample. It is worth considering 

that stimuli for the EET from TASIT-S include spoken scripts, so performance could be 

influenced by English language ability. Language was not explicitly controlled for in this 

study and could have influenced performance on the EET from TAST-S, although the 

scripts in the video clips are neutral and should not impact emotion recognition and 

performance in the current study was comparable to the normative data available. 
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The predicted pattern of correlation coefficients was that the three emotion 

recognition tasks would show the lowest correlation with the Digit Span Backwards, a 

slightly higher correlation with the GFMT and the highest correlation with each other. 

This pattern is clearly observed for the Bristol ERT compared to the Dynamic ERT, Digit 

Span Backwards, and GFMT. The equivalence testing indicated that there is a change in 

the strength of the observed correlations corresponding to the pattern of correlation 

coefficients. The Dynamic ERT presents in the same way as the Bristol ERT and as 

hypothesised, there is no evidence of a correlation between the three emotion 

recognition tasks and the Digit Span Backwards. As discussed, whilst the highest 

correlation of the EET from TASIT-S is with the other two tasks of emotion recognition 

the correlation is not as high as expected and appears to be equivalent to the 

correlation observed between those tasks and the GFMT. The difference in stimuli used 

could explain these results. Nevertheless, the lack of evidence for a correlation between 

the GFMT and the EET from TASIT-S was surprising given the correlation of the EET from 

TASIT with the Benton Face Recognition Task (r = 0.45) reported by McDonald and 

colleagues (2006). 

Contrary to the final prediction made there was no evidence of a negative 

correlation with the TAS. It is also possible that the trend simply did not exist in this 

neurologically normal sample given that most participants scored low on the alexithymia 

scale. However, Rosenberg and colleagues (2019) did not find a correlation with the EET 

from TASIT and the TAS-20 in mixed Traumatic Brain Injury and neurologically normal 

sample. A possible explanation is that reaction times rather than accuracy on emotion 

labelling tasks such as the ones used in this study may be associated with alexithymia 

(Ihme, Sacher, Lichev, Rosenberg, Kugel, Rufer, Grabe, Pampel, Lepsien, Kersting, 

Villringer, Lane, et al., 2014; Ihme, Sacher, Lichev, Rosenberg, Kugel, Rufer, Grabe, 

Pampel, Lepsien, Kersting, Villringer, & Suslow, 2014) or that emotion recognition is not 

linked to or dependent on the ability to express emotion. Another explanation is that 

the tasks are not able to appropriately measure the constructs tested, although this 

seems unlikely given that other correlations were as predicted, and performance 

matches normative data for these tasks. The absence of predicted correlation for the 

TAS and weaker association with EET from TASIT-S are difficult to interpret in this type of 

validation study and require further investigation to better understand what is driving 

the effect or lack thereof (Streiner et al., 2015). 
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3.4.2 Reliability 

The reliability estimates for scores on the Bristol ERT in this sample can be 

described borderline acceptable for a research context but would not be sufficient if a 

task were used in a clinical context to assess individual differences (Ponterotto & 

Ruckdeschel, 2007; Strauss et al., 2006). Notably, reliability coefficients associated with 

the Dynamic ERT in this sample were better. They would be considered adequate in a 

research setting although still too low to be considered suitable in clinical setting 

(Ponterotto & Ruckdeschel, 2007). In the context of this study, it means that the 

strength of correlation coefficients presented should be interpreted with caution 

because of the potential variance in the scores (Parsons et al., 2019). Estimates of 

internal consistency are influenced by the homogeneity if the construct being measured 

and number of items on a test (Ponterotto & Ruckdeschel, 2007; Streiner et al., 2015). It 

is possible that the reliability estimates in this study are decreased because the Bristol 

ERT and Dynamic ERT trials vary in intensity and type of emotion presented. Internal 

consistency reliability estimates for scores on the Bristol ERT increased when low 

intensity trials were removed. A decrease in trials would usually be associated with a 

decrease of the reliability estimates, as observed for Cronbach’s alpha (Ponterotto & 

Ruckdeschel, 2007), which suggests that variance on low intensity trials was impacting 

split half reliability estimates. This means that lower split half reliability estimates should 

be expected for the Bristol ERT and are not necessarily indicative of low-quality data. 

This should be monitored and evaluated in future studies. It is also worth noting that 

low reliability estimates are not inherently problematic when considering group 

differences given a large enough sample size (Parsons et al., 2019; Streiner et al., 2015). 

3.4.3 Strengths and Limitations 

The current study compares performance on the Bristol ERT with a range of 

other tasks in a large-scale sample. Using equivalence testing to evaluate the 

correlations between the different tasks allowed for better inferences about the pattern 

of correlations observed (Lakens et al., 2020). A limitation of this study was that the EET 

from TASIT-S may not have been appropriate to measure individual variation in a 

healthy population, which restricts the comparison with the other two emotion 

recognition tasks. Unfortunately, due to time constraints it was not possible to use the 

full-length EET from TASIT, which would probably have allowed for a better comparison. 

Furthermore, the Digit Span Backwards may not have been an appropriate measure of 
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working memory for an online study. It is possible that participants wrote down digits 

presented instead of trying to keep them in mind, although mean performance in this 

study was comparable to performance reported by Hilbert and colleagues (2015). It is 

also worth noting that participants signed up to Prolific are a self-selected sample, who 

are actively interested in contributing to research and are generally well educated (Peer 

et al., 2017). This could impact generalisability of results. 

3.4.4 Implications and future directions 

Overall, the findings indicate that the Bristol ERT is measuring a shared 

underlying construct with the other two emotion recognition tasks, which is assumed to 

be the ability to recognise emotions. Performance on the Bristol ERT seems to be in part 

based on face recognition but is unlikely capturing general cognitive ability because 

there is no evidence for a correlation with the working memory task. The fact that the 

results for the Bristol ERT largely correspond to the a priori predictions made provides 

support for the validity of inferences about emotion recognition made using 

performance on the Bristol ERT in a neurologically normal sample. Further research 

should aim to better understand the findings that were contrary to predictions made in 

this study and continue the validation of the Bristol ERT. How well a task can 

discriminate between two groups that are thought to differ on a given construct is form 

of construct validation (Streiner et al., 2015). Given current evidence indicating that 

emotion recognition is impaired after TBI (Babbage et al., 2011) the ability to replicate 

this finding using the Bristol ERT would provide further evidence for the validity 

inferences about emotion recognition made using this task. 
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Chapter 4 Assessing emotion recognition after moderate to severe 

Traumatic Brain Injury using the Bristol Emotion Recognition Task 

4.1 Introduction 

The first two studies presented in this thesis investigated psychometric 

properties of the Bristol Emotion Recognition Task (ERT) in neurologically healthy 

populations. To evaluate whether the Bristol ERT could be suitable to assess emotion 

recognition after TBI the performance on this task needed to be investigated in this 

population. As was outlined in the introductory chapter of this thesis, emotion 

recognition is not commonly assessed in a clinical setting (Kelly et al., 2017). The Bristol 

ERT is available as part of the Cambridge Automated Neuropsychological Test Battery, 

which means it could easily be used for neuropsychological assessment. To help 

evaluate the utility of the Bristol ERT it is important to assess whether it is possible to 

discriminate between participants with TBI and neurologically healthy controls based on 

task performance. Furthermore, associations between emotion recognition and 

potentially confounding factors need to be understood to allow for appropriate 

interpretation of scores. A feasibility study using the Bristol ERT in an acquired brain 

injury population was conducted as part of a masters project (Müller-Glodde, 2015). The 

current study builds on that work by using the Bristol ERT to assess emotion recognition 

in a larger sample of participants with moderate to severe TBI in a clinical setting. The 

main aim was to check whether the Bristol ERT could detect changes in emotion 

recognition in a moderate to severe TBI population that are similar to those reported in 

the current literature. The study presented in this chapter was registered on the Open 

Science Framework and sections are taken from the pre-registered protocol 

(10.17605/OSF.IO/EXS39). 

4.1.1 Moderate to severe TBI and Emotion Recognition 

There is extensive evidence that people with moderate to severe TBI perform 

worse than neurologically healthy controls on emotion recognition tasks (Babbage et al., 

2011; Murphy et al., 2021). Babbage and colleagues (2011) conducted a meta-analysis of 

studies using static facial stimuli to investigate emotion recognition accuracy after 

moderate to severe TBI. They found that participants with moderate to severe TBI 

consistently performed lower than non-brain injury controls and reported that the effect 

size for this deficit was large (Hedge’s g = 1.1, 95% CI 0.97 to 1.25). Ietswaart and 

colleagues (2008) showed that emotion recognition difficulties in a TBI population 

https://doi.org/10.17605/OSF.IO/EXS39
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persist one year post injury. They also argued that the decrease in emotion recognition 

associated with TBI is directly related to the brain injury and cannot be attributed to 

confounding factors or differences in recovery process, as they used people with 

orthopaedic injury as a control group.  

4.1.1.1 Emotion specific differences in emotion recognition accuracy 

The individual emotions associated with decreased performance for the TBI 

group differs across studies, but generally include anger and disgust. Rosenberg and 

colleagues (2014) reported that participants with TBI scored lower than controls on 

anger, disgust, and happiness, and observed a trend towards lower scores for the other 

emotions. Using the same task Rosenberg and colleagues (2015) reported that 

participants with TBI scored lower for anger, disgust, and fear. Rigon and colleagues 

(2016) found that participants with TBI scored lower only for anger and disgust on a 

static emotion recognition task, and then anger, disgust, and sadness on the dynamic 

ERT used by Rosenberg and colleagues (2015; 2014). Meanwhile, a recent meta-analysis 

indicated that participants with moderate to severe TBI were impaired across all 

emotions, although the size of the effect was smaller for positive emotions (happiness, 

surprise) than negative emotions (anger, disgust, sadness, fear; Murphy et al., 2021). 

Studies commonly report that participants with TBI show impairments predominantly 

for negative emotions on emotion recognition tasks (Babbage et al., 2011; Croker & 

McDonald, 2005; Hopkins et al., 2002). Rosenberg and colleagues (2014) investigated 

this valance effect. They found that participants with moderate to severe TBI were more 

impaired on negative compared to positive emotions, but that this result was affected 

by the intensity of the emotion presented. When levels of intensity were adjusted 

relative to emotion difficulty, participants with moderate to severe TBI showed an 

impairment across all six ‘basic’ emotions (Rosenberg et al., 2015). This suggests that 

increased impairment for negative compared to positive emotions is driven by 

differences in the difficulty with which individual emotions are identified (Adolphs, 

2002b; Rosenberg et al., 2014). Differences in task demands and analysis techniques are 

likely contributing to the inconsistent results regarding individual emotion performance. 

4.1.2 Observational research: Cross-sectional studies 

Observational studies are used to study TBI because it is simply put not ethical 

to randomly give people a TBI in order to conduct a Randomised Control Trial. Cross 

sectional research studies are a type of observational study that can be used to study 
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associations between TBI and other factors of interest (Mann, 2003). They are a quick 

and easy way of establishing associations between variables of interest and can be used 

to inform the direction and design of future studies (Mann, 2003). A disadvantage of the 

research design used in this study is that it was not possible to infer causality because 

there was no way to establish a temporal sequence for the variables. Potentially 

confounding factors linked to emotion recognition and TBI need to be considered and 

controlled for where possible. The impact that selection bias based on the method of 

recruitment could be having should also be considered (Mann, 2003). 

4.1.3 Current study: Rationale 

To evaluate whether the Bristol ERT could be useful in a neuropsychology 

setting it is important to conduct research in that setting. Participants with moderate to 

severe TBI for the current study were recruited from an outpatient head injury 

rehabilitation service as this is a clinical setting in which the Bristol ERT could prove 

useful. The purpose was to assess whether the participants with moderate to severe TBI 

scored lower than neurologically healthy controls on overall emotion recognition 

accuracy (total). This finding would indicate that the Bristol ERT is comparable to other 

emotion recognition tasks used in a TBI population. The Bristol ERT could also provide 

useful information about individual emotion recognition accuracy and bias. The studies 

investigating individual emotion recognition accuracy have largely used hits (total 

number of correct responses) as an outcome measure and do not consider the 

misidentifications made (Croker & McDonald, 2005; Rosenberg et al., 2015; Rosenberg 

et al., 2014). This is potentially problematic because there is evidence that people with 

TBI do not have the same response patterns to healthy controls (Callahan et al., 2011). 

Individual emotion recognition accuracy in this study was assessed using an unbiased hit 

rate (See introduction section 1.3.2 for a detailed description of the Bristol ERT). This 

may give a better understanding of emotion specific difficulties experienced by people 

with moderate to severe TBI. For example, the feasibility study conducted using the 

Bristol ERT in a brain injury population indicated that emotion recognition accuracy was 

reduced across all emotions other than happiness, and it is possible that the sample was 

simply not big enough to detect a difference in performance on happiness (Müller-

Glodde, 2015). There was also evidence that anxiety was associated with an increased 

likelihood of misidentifying faces as fearful and decreased likelihood of misidentifying 

them as happy. Given that there is an increased prevalence of anxiety after TBI (Osborn 
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et al., 2016), it is possible that anxiety is moderating some of the differences in emotion 

recognition associated with having a TBI. 

4.1.3.1 Anxiety as a potential moderator 

Having an anxiety disorder has been associated with decreased overall emotion 

recognition (Plana et al., 2014) and state anxiety has been shown to be associated with 

decreased emotion recognition on the Bristol ERT (Attwood et al., 2017; Dyer et al., 

2022). Assessing whether anxiety is associated with performance on the Bristol ERT in a 

TBI population could help with the interpretation of scores indicating emotion 

recognition difficulties in this population. Especially the presence of negative attribution 

bias could be associated with anxiety as opposed to the TBI. Richards and colleagues 

(2002) reported that people with high levels of anxiety were more likely to identify 

ambiguous stimuli as fearful and when anxiety was induced participants in the anxiety 

condition were more likely to identify faces as angry and less likely to identify them as 

happy. Attwood and colleagues (Attwood et al., 2017) used a variation of the Bristol ERT 

called the Bristol Emotion Bias Task (EBT) to investigate attribution bias towards angry 

faces. They found evidence that participants in the induced anxiety group were more 

likely to identify ambiguous stimuli as angry. Consequently, two versions of the Bristol 

EBT were also included in this study (see section 4.2.3.4 in Method for further details). 

4.1.3.2 Confounding factors 

To appropriately interpret and address difficulties that people with moderate to 

severe TBI are presenting with, it is vital to understand associations between emotion 

recognition and potentially confounding factors. Demographic factors, including, age 

(Byom et al., 2019) and sex (Thompson & Voyer, 2014) are associated with changes in 

performance on emotion recognition tasks and will be considered as confounders in the 

current study (See introductory chapter section 1.4.2 for details). Further, higher levels 

of education have been associated with better outcomes after TBI (Mushkudiani et al., 

2007), so education will also be considered as a potential confounder. 

There is evidence that emotion recognition tasks are impacted by memory, 

working memory, and processing speed (Yim et al., 2013), although general cognitive 

ability does not fully explain the decrease in performance on emotion recognition tasks 

observed in a TBI population (Rosenberg et al., 2015). Given the short presentation time 

of stimuli on the Bristol ERT it is possible that the task is particularly vulnerable to 
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difficulties with processing speed and attention. Consequently, information about 

cognitive ability from neuropsychological assessment will be collected as part of this 

study and explored as a confounder. Furthermore, participants will also be asked to 

complete a face discrimination task to check whether face perception ability can explain 

performance on the Bristol ERT (J. D. Henry et al., 2015). Williams and Wood (2010) 

have argued that alexithymia could underlie the difficulties in emotion recognition 

observed after TBI. It is possible these difficulties are particularly pronounced when 

facial expressions are only presented for a short time (Ihme, Sacher, Lichev, Rosenberg, 

Kugel, Rufer, Grabe, Pampel, Lepsien, Kersting, Villringer, Lane, et al., 2014). This 

highlights the importance of considering alexithymia as a confounder when assessing 

emotion recognition in a TBI population using the Bristol ERT. As discussed in the 

introduction of this thesis (Section 1.4.2) other factors, such as aggressive tendencies 

(Hoaken et al., 2007; Neumann et al., 2017) and depression (Dalili et al., 2015) are also 

associated with changes in emotion recognition and could be impacting performance on 

emotion recognition tasks after TBI. These factors were not considered as confounders 

in this study, but measures were included for exploratory purposes. 

4.1.4 Current study: Aims and Hypotheses 

The main aim of the current study was to investigate the association between 

emotion recognition and moderate to severe TBI using the Bristol ERT. Replication of 

findings indicating decreased emotion recognition in the TBI population compared with 

controls would indicate that the Bristol ERT could be useful to assess emotion 

recognition in a neuropsychology setting. Consequently, the primary hypothesis for this 

study was: 

H1 Participants with TBI will be less accurate at recognising emotions on the Bristol ERT 

than neurologically healthy controls. 

Participants with brain injury scored lower than non-injury controls on all 

emotions other than happiness in the feasibility study, and there was a trend towards 

lower scores on happiness (Müller-Glodde, 2015). As this study consisted of a bigger 

sample, the prediction for individual emotion recognition performance was that 

participants with TBI would score lower on all six emotions included on the Bristol ERT.  

H2 Participants with TBI will present with decreased emotion recognition accuracy across 

all six ‘basic’ emotions 
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The secondary aim of this study was to investigate anxiety as a potential 

moderator of performance on emotion recognition tasks following TBI. Our prediction 

was that anxiety would be associated both with emotion recognition accuracy on the 

Bristol ERT and attribution bias on the Bristol EBT. 

H3 Anxiety will be associated with performance on the Bristol ERT after presence of TBI 

has been taken into consideration 

H4 Participants with high levels of anxiety will show a bias towards perceiving angry and 

sad faces on the Bristol EBT 

Finally, potentially confounding factors for the association between emotion 

recognition and TBI will be assessed to gain a better understanding of factors that could 

be impacting performance on the Bristol ERT. Factors considered in this study were 

anxiety, sex, education, face perception, and alexithymia. Exploratory analysis of the 

impact that depression, stress, and aggression could have on emotion recognition 

performance after TBI was also conducted. 
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4.2 Method 

4.2.1 Design 

The study was an observational, cross-sectional study investigating the 

association between having a TBI, and anxiety at the time of testing with emotion 

recognition from facial expressions. Emotion recognition performance was measured 

using a six-alternative forced-choice emotion recognition task (Bristol ERT). The primary 

outcome measure was overall emotion recognition accuracy on this task. Secondary 

emotion recognition outcomes included emotion specific emotion recognition accuracy 

and a measure of response bias for each emotion. The Depression, Anxiety, and Stress 

Scale (DASS-42) was completed at the time of testing and used as a measure of self-

reported anxiety. For a full description of tasks and questionnaires completed see 

measures and materials section. The study has been reviewed by the South West – 

Central Bristol Research Ethics Committee and approval obtained from the Heath 

Research Authority and Health and Care Research Wales (19/SW/0062). 

4.2.2 Participants 

The TBI group were recruited from patients accessing out-patient head injury 

services due to a moderate to severe TBI. Patients who were deemed appropriate for 

the study by a clinician (based on the inclusion/exclusion criteria below) were 

approached about the study and asked to complete a consent form if they were 

interested in taking part. 

After a patient had completed the study, an age and sex matched control 

participant was recruited online through Prolific (https://www.prolific.co). Screening 

criteria on Prolific were set such that only individuals meeting the following criteria were 

invited to take part: 1) resident in the UK, 2) same sex as the patient, 3) within a 5-year 

age range of the patient, 4) reported that they had not had a TBI or any other 

neurological condition, and 5) matched the additional inclusion/exclusion criteria below. 

See Appendix A for this chapter (Section 8.7) for a copy of the background questionnaire 

given to participants.  

Patient participants took part in the study on a voluntary basis and were not 

reimbursed for their time but were asked whether they would like to be contacted with 

the outcomes of the study. Matched control participants were reimbursed £0.50 to 

complete the screening task and if eligible, a further £6 for completing the full study. 

https://www.prolific.co/
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4.2.2.1 Inclusion criteria 

Patients 

o Attending services due to moderate to severe TBI 

o Above the age of 18 and deemed to have capacity 

o Basic English language skills, which were deemed sufficient to understand and 

complete the tasks as assessed by the responsible clinician 

Matched control participants 

o Same age and sex as a patient who completed the study 

o Above the age of 18 and deemed to have capacity 

o Basic English language skills, which were deemed sufficient to understand and 

complete the tasks 

4.2.2.2 Exclusion criteria 

Patients 

o Visual and perceptual deficits 

o Insufficient cognitive ability, or significant attentional deficits and fatigue 

o Presenting with both language and physical/motor difficulties 

o Fluctuating capacity (Capacity was assumed, as clinicians were asked not to 

approach patients if they were unsure whether capacity would remain stable) 

Matched control participants 

o History of brain injury 

o Visual and perceptual deficits 

o Insufficient cognitive ability, or significant attentional deficits and fatigue 

o Presenting language difficulties 

o Presenting physical motor difficulties 

o Fluctuating capacity (Capacity was assumed) 

4.2.2.3 Control group amendment 

The original study design included a group of control participants called 

associated controls, which consisted of family members and friends of the patients 

taking part in the study. Due to recruitment difficulties, it was not feasible to use this 

group as a control. As a contingency, a group of age and sex matched controls were 

recruited online through Prolific. 
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4.2.2.4 Sample size determination 

The sample size was originally proposed as 120 total (60 patients, and 60 

controls), but these targets were adjusted due to COVID-19 related delays, and the rate 

of recruitment based on the number of patients with TBI attending Neuropsychology 

services within the time frame of the study. The updated sample size used was 52 

participants in total for this study, 26 in the patient group, and 26 in the matched 

control group. 

Both the original and adjusted sample size were based on an a priori sample size 

calculation conducted in G*Power 3.1 (Faul et al., 2007). The primary analysis proposed 

(see Data Analysis section) was a linear multiple regression with 7 predictors, of which 

only TBI was considered a tested predictor for the sample size calculation. The effect 

size for the difference in overall emotion between the brain injury and control groups 

was d = 1.22 in the pilot study (Unpublished: Müller-Glodde, 2015), which is comparable 

the effect size reported in the meta-analysis by Babbage et al. (2011). However, effect 

sizes from small sample studies are often inflated (Button et al., 2013), so the effect size 

from the pilot study was reduced by one third to a value of d = 0.8 and then converted 

into an f2 value of 0.16. Based on that effect size and the stated number of predictors a 

sample size of 115 was required to obtain 95% power at an alpha level of 1%. This 

sample size was not reached, but our achieved sample size of 52 was sufficient to obtain 

80% power at an alpha level of 5%. 

4.2.3 Measures 

4.2.3.1 Questionnaire - Background information 

Participants were given a short questionnaire to complete including some 

demographic questions (such as sex, age, years of education, and occupation) and some 

broad questions about brain injury. For example, asking whether they have had a brain 

injury, and/or other neurological disorder if in the control group; or how long since their 

TBI, and whether they have had repeated TBI if in the patient group (See Appendix A, 

section 8.7). 

4.2.3.2 Screening task 

A short screening task was presented to participants at the start of the testing 

session to check whether they understood the task instructions and could cope with the 
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demands of the task. They were asked to identify six different types of fruit and 

vegetables in the same way they would have to identify emotions during the Bristol ERT. 

Each fruit/vegetable was presented three times, resulting in 18 trials total. The task took 

no more than two minutes to complete and provided participants an opportunity to get 

used to the experimental set up. Furthermore, participants who scored less than 80% on 

the task were excluded from the study, as they were unlikely to be able to complete the 

Bristol ERT in a meaningful way if they could not accurately complete the screening task. 

4.2.3.3 Bristol Emotion Recognition Task (Bristol ERT)  

Participants were prompted to take a break after half of the trials had been 

completed, and once they had responded to all 96 trials a text screen informed them 

that they had completed the task. The primary outcome was ‘total hits’ (total number of 

correct identifications), used as a measure of overall emotion recognition accuracy. In 

addition, ‘hits’ (number of times an emotion was correctly chosen) and ‘false alarms’ 

(number of times an emotion was erroneously chosen) were recorded for each emotion. 

The hits and false alarms were used to calculate an ‘unbiased hit rate’ (Hu) for each 

emotion, calculated by dividing the number of hits squared by 16 times the sum of hits 

and false alarms for that emotion). Additionally, a response ‘bias score’ was calculated 

by adding the number or hits and false alarms for each emotion to give the number of 

times an emotion was selected as a response. 

4.2.3.4 The Bristol Emotion Bias Task (EBT) – Happy - Anger & Happy - Sadness 

The EBT tasks are variation of the Bristol ERT designed to investigate bias. 

Instead of creating morph sequences using a prototypical face and a target emotion, a 

15-image morph sequence was created using two target emotions. In this case, images 

of ‘happy’ expressions were merged with either ‘sad’ or ‘angry’ expressions to create a 

series of ambiguous stimuli. This means that each image consisted of a certain 

percentage of ‘happy’ and certain percentage of either ‘sad’ or ‘angry’ expressions, the 

only exceptions being the first and the last image which were 100% intensity images of 

the two emotions. The images were presented in the same way as during the ERT, but 

participants had only two response options and were asked to label the expression 

presented as either ‘happy’ or ‘sad/angry’. Each image was presented three times and 

the two morph sequences used for this study were presented consecutively, first the 

happy/angry EBT and then the happy/sad EBT. This means a total of 90 images were 
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presented in two blocks of 45 and the presentation of the images within each block was 

randomised. As with the Bristol ERT, a text screen appeared at the end of each section 

informing participants that they had completed that stage and gave instructions about 

how to proceed. There was a break between the two EBT blocks. The outcome measure 

was a balance point representing the number of ‘happy’ faces perceived as a proportion 

of the total number of trials. It was calculated by dividing the number of times a face 

was labelled as ‘happy’ by the total number of trials (45) and then multiplying this 

number by 15 (the number of images in the morph sequence). A higher balance point 

indicates an increased tendency to label faces as happy, so a score of 0 means that all 

faces were labelled as sad and a score of 15 suggests all faces were labelled as happy. 

4.2.3.5 Glasgow Face Matching Test (GFMT) – short version 

The GFMT assesses people’s ability to recognise and discriminate between 

unfamiliar faces. The short version was used in this study, meaning that 40 pairs of faces 

were presented, and participants were asked to make a judgment as to whether the two 

pictures presented were of the same person or two different people. The photographs 

were presented side-by-side and remained visible on the screen until a response was 

given. 20 trials showed faces of the same person and 20 showed faces of two different 

people. A screen at the end informed participants that they had completed the task. 

Total hits (number of correct responses) was used as the outcome measure for this 

study. Normative data for the GFMT is available (Burton et al., 2010). 

4.2.3.6 Depression, Anxiety, and Stress Scale (DASS-42) 

The DASS is a self-report questionnaire commonly used to assess mood in 

clinical practice but also suitable for research purposes. There are 42 items, scored for 

three subscales of 14 items each measuring depression, anxiety, and stress levels. The 

items are rated on a scale from 0 to 3, where 0 = Did not apply to me at all and 3 = 

Applied to me very much, or most of the time. The maximum score on the DASS is 126, 

with each subscale having a maximum score of 42 (14 items with a maximum score of 3 

on each item). The scores on each subscale as well as overall score were used as 

continuous outcome measures in this study. The task has been validated (Lovibond & 

Lovibond, 1995) and normative data as well as cut-off scores for the DASS are available 

for a UK based sample (Crawford & Henry, 2003). 
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4.2.3.7 Toronto Alexithymia Scale (TAS-20) 

The 20 item TAS was used in this study, which can be separated into three 

subscales (Bagby, Parker, et al., 1994; Bagby, Taylor, et al., 1994). These include 

1) Difficulty in identifying feelings, seven items 

2) Difficulty in describing feelings, five items 

3) Externally orientated thinking, eight items. 

The aim was to capture both affective processing and cognitive strategies that 

contribute to the construct of alexithymia (Bagby & Taylor, 1997). Items were rated 

using a 5-point Likert scale whereby 1 = strongly disagree and 5 = strongly agree. This 

means the minimum score was 20 and the maximum score was 100, as 5 of the items 

are negatively keyed and are reverse scored when calculating the total score. The TAS-

20 was developed to be used as a continuous variable, but cut-off scores are available, 

non-alexithymia ≤ 51, possible alexithymia 52 to 60, and alexithymia ≥ 61 (Bagby & 

Taylor, 1997). The total score was used as a continuous outcome measure in this study. 

Normative data from a Canadian population is available from Parker et al. (2003). An 

attention check was added halfway through, asking participants to give a response of 

“4” for that item. 

4.2.3.8 Buss-Perry Agression Questionnaire (BPAQ) 

The BPAQ consists of 29 items that load onto four subscales. The subscales are 

physical aggression (9 items), verbal aggression (5 items), hostility (8 items), and anger 

(7 items). Participants were asked to rate items using a 5-point scale, whereby 1 = 

extremely uncharacteristic of me and 5 = extremely characteristic of me. Two of the 

items are reverse scored, so the maximum score was 145. Higher scores indicate higher 

tendency towards aggression and the total score was used as a continuous outcome 

measure in this study. Normative data is available from Buss and Perry (1992). 

4.2.4 Procedure 

Data collection for this study was disrupted due to COVID and the study had to 

be moved online part way through to be completed. At the same time the control group 

was switched from associated controls to matched controls. The procedure for in person 

data collection is described first followed by a section outlining the changes made to 

move the study online and recruitment for matched controls. 
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4.2.4.1 Before the testing session 

After being approached by a clinician and agreeing to take part in the study 

patient participants were given a consent form to sign and study booklet to complete. 

The study booklet summarised information about the study and contained the 

background questionnaire, TAS and BPAQ. Participants were asked to return their signed 

consent form and completed questionnaires at a routine appointment prior to the 

testing session or at the beginning of their testing session. The testing session was 

arranged with the research team before or after a routine clinical appointment. If the 

questionnaires were not completed before the testing session, participants were asked 

to complete the forms at the end of the testing session. 

4.2.4.2 Testing session 

The testing took place at the study site in clinical interview rooms. Before 

starting the tasks, participants were given an opportunity to ask questions and asked to 

verbally reconfirm consent. Participants completed the screening task, the Bristol ERT, 

EBT, and GFMT on a dedicated laptop. Presentation of the experimental tasks and 

collection of response data was managed through EPrime software (Schneider et al., 

2002). As the tasks had no obvious right or wrong answer, researcher bias through 

presence in the testing room was considered to be low. There were opportunities to 

take breaks between each task, as well as scheduled breaks during the Bristol ERT. There 

was no time limit for the breaks and patients were given the opportunity to go for a 

walk if required. The DASS was presented as paper-and-pen questionnaire once the 

experimental tasks were completed. At the end of the session participants were given a 

verbal debrief and asked to confirm that they were happy for their data to be used, after 

which their participation in the study was completed. 

4.2.4.3 Post-testing session 

Responses on the DASS and other questionnaires were scored and recorded 

electronically by the research team. A copy of the DASS was added to the patient 

medical file and the clinical team made aware of the scores. In conjunction to the above 

measures, data was collected from patient medical files. The information gathered 

included information about their TBI (e.g. time since injury, how the injury occurred, and 

information about severity of injury), as well as cognitive test scores from the Wechsler 

Adult Intelligence Scale (WAIS) VI or Repeatable Battery for the Assessment of 

Neuropsychological Status (RBANS) if available. 
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4.2.4.4 Online testing (COVID-19 adjustments and matched controls) 

When data collection resumed after COVID, not all patients attended 

appointments in person, so clinicians were asked to approach patients and verbally 

complete a consent to be contacted form if patients were interested in taking part 

(Appendix B, section 8.8). All participants were required to have access to a tablet or 

computer with internet connection to take part in the study. The consent form and 

study documents were sent to potential participants using the email provided on the 

consent to contact form and they were invited to ask questions at their next 

appointment or by emailing the research team. The consent form could be returned via 

email or in person at which point an online testing session was arranged. A secure online 

meeting platform called Attend Anywhere was used for the testing session. At the 

beginning of the call the patient participants were invited to ask any questions and given 

on overview of the testing session. They were then given a participant ID that allowed 

them to access an online version of the study and asked to complete the tasks and 

questionnaires whilst on a call to the researcher. This meant that like during an in 

person testing session they had opportunities to ask questions and the researcher could 

monitor the session in case there were any issues. Same as for the in-person session, 

participants were given a verbal debrief at the end of the session and informed that this 

would end their participation. Matched controls were all recruited online through 

Prolific (as described above in section 4.2.2).  

The screening task for Prolific participants and the study tasks were all 

presented using Gorilla Experiment Builder (https://app.gorilla.sc; Anwyl-Irvine et al., 

2019). Both patient participants and matched controls were given the option to view the 

information sheet again and asked to complete an online version of the consent form 

before they were given access to the tasks and questionnaires. Patient participants first 

completed the background questionnaire, then the four experimental tasks (Screening 

task, Bristol ERT, EBTs, and GFMT), and finally the three questionnaires (DASS, TAS, and 

BPAQ). The matched controls had already completed the background questionnaire and 

were directed straight to the other tasks and questionnaires. There were opportunities 

to take breaks between each task, as well as a scheduled break during the Bristol ERT. 

An attention check was added to the TAS asking participants to respond with 4 for to 

check that they were following instructions given. At the end of the testing session 

participants were asked to reconfirm consent and give permission for their data to be 

used as part of this study. 
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4.2.5 Data Analysis 

The data was loaded into RStudio (2020) R version 4.0.4 for data cleaning and 

analysis. The main analysis packages used were the core stats package in R, psych 

package version 2.1.9, apaTables package version 2.0.5 (Stanley, 2018), olsrr package 

version 0.5.3 (Hebbali, 2017), splithalf package version 0.7.2 (Parsons, 2020), and ltm 

package version 1.1-1 (Rizopoulos, 2006). 

4.2.5.1 Data checks 

The primary outcomes for each task and questionnaire were checked to make 

sure that they fell within the expected range. Participants were removed prior to 

analysis if they scored less than 80% on the screening task. Outliers on the Bristol ERT 

were identified by checking whether any scores were more than 1.5 times the inter 

quartile range below the 1st quartile or above the 3rd quartile. Participants who failed 

the attention check during the online study, or who were considered outliers on the 

Bristol ERT were identified and a sensitivity analysis was conducted by repeating the 

primary analysis with these participants removed. 

4.2.5.2 Primary analysis 

Multiple linear regression was used to investigate the association between TBI 

and overall performance accuracy on the ERT (total hit rate). The unadjusted model 

included only TBI as a predictor of emotion recognition performance, where TBI was 

coded as a binary variable (patients with TBI vs matched controls). The second model 

additionally included the score for the anxiety subscale of the DASS to investigate the 

association between anxiety and emotion recognition performance. Finally, the model 

was adjusted for demographic factors, face matching, and emotion labelling. This means 

the final model included 6 variables: TBI, DASS anxiety score, sex (binary), years of 

education (continuous), GFMT score, and TAS score. The pre-registered protocol stated 

that age would also be controlled for but given that the control group was matched for 

age this was no longer deemed necessary.  

4.2.5.3 Secondary analyses 

To check whether there were emotion specific changes in emotion recognition 

after TBI the above regression analysis was repeated using the unbiased hit rate and bias 

scores on the Bristol ERT as emotion specific outcomes. The aim was to check for 
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potential emotion recognition effects that were hidden when only considering overall 

performance accuracy. Using the bias score to investigate emotion specific performance 

was not included in the pre-registered protocol but was added to provide information 

about response bias. To investigate how factors included in this study are associated 

with bias in facial affect recognition, the regression analysis was also run using the EBT 

outcomes. The association of anxiety with performance on the EBT was of particular 

interest. An exploratory analysis was conducted to investigate whether overall DASS 

score, DASS depression, DASS stress, or BPAQ score were associated with a change in 

overall emotion recognition after TBI. Models 2 and 3 of the primary analysis were rerun 

substituting the DASS anxiety score with each of those factors in turn. 

4.2.5.4 Other analyses – deviations from the pre-registered protocol 

The protocol stated that associations between severity of injury and general 

cognitive ability on emotion recognition performance in the TBI group would be 

explored. These analyses were not conducted as all the patient participants had 

moderate to serve TBI and there was insufficient information about general cognitive 

ability in the patient notes to allow for a meaningful analysis using the measures 

collected. A preliminary analysis of the mediatory effect of anxiety on emotion 

recognition after TBI was also outlined in the protocol but was deemed unnecessary 

given the results. The comparison between patient participants and their associated 

controls was not completed due to low recruitment of associated controls. 

There were also several analyses conducted that were not included in the 

protocol. First, a sensitivity analysis was conducted excluding participants who failed the 

attention check for the online study by repeating the primary regression analysis those 

participants and their corresponding matched controls removed. Second, an ANOVA was 

conducted to check whether the modality of the testing session influenced performance 

on the Bristol ERT. The aim was to check for differences in performance between the 

participants with TBI who completed an in-person session and those who completed an 

online session. Finally, the reliability of performance on the Bristol ERT in this study was 

investigated using split half reliability and Cronbach’s alpha. Both overall reliability and 

reliability for the TBI group and the matched control group separately were calculated.  
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4.3 Results 

4.3.1 Descriptive statistics 

A total of 52 participants were included in this study, 26 patients with TBI and 26 

age and sex matched controls. None of the participants failed the screening task and so 

they were all included in the analysis. There was a higher proportion of males in this 

sample, 34 males (65%) and 18 females (35%). Mean age for the two groups was 46.7 

years (SD = 16.2) for the TBI group and 47 years (SD = 15.8) for the control group. The 

age at which participants left education was comparable across the two groups, at 19.4 

years (5.3) for the TBI group and 19.5 years (2.9) for the control group (F(1, 50) = 0.004 p 

= 0.95). Descriptive statistics and a comparison of performance across groups using an 

ANOVA are presented in Table 4-1. 

Table 4-1 
 
Descriptive statistics for questionnaires and cognitive tasks 

Variable 
TBI  Controls Group 

comparison n = 26  n = 26 

Questionnaires Mean SD Min Max  Mean SD Min Max F-value p 

DASS Total 31.0 23 1 84  28.1 22 0 80 0.21 0.65 

Depression 10.6 9.2 0 34  11.2 10 0 32 0.05 0.83 

Anxiety 8.27 7.2 0 27  4.81 5.3 0 21 3.90 0.05 

Stress 12.2 8.8 0 32  12.2 10 0 34 0.00 1.00 

TAS Total * 53.0 9.8 34 78  46.1 12 26 68 5.04 0.03 

BPAQ Total * 70.2 19 34 115  67.9 22 40 113 0.15 0.70 

Cognitive tasks Mean SD Min Max  Mean SD Min Max F-value p 

Bristol ERT 

(total hits) 
52.9 8.6 39 70 

 
64.2 8.8 45 78 22.2 <.001 

EBT Angry 

(balance point) 
7.31 1.5 2.3 10.3 

 
6.85 1.6 3.7 10.7 2.07 0.16 

EBT Sad 

(balance point)  
6.31 1.7 0.7 8.7 

 
6.91 1.3 3.7 10.0 1.11 0.30 

GFMT 

(total hits) 
30.0 5.0 20 38 

 
32.2 4.8 17 39 2.68 0.11 

* One patient did not complete TAS and BPAQ so the number of participants in the TBI group on 
those two scores is 25 instead of 26. 

Note: TBI is Traumatic Brain Injury. DASS is Depression, Anxiety, and Stress Scale. TAS is Toronto 
Alexithymia Scale. BPAQ is Buss-Perry Aggression Questionnaire. EBT is Emotion Bias Task. GFMT 
is Glasgow Face Matching Test. SD is the standard deviation. Group comparisons conducted using 
analysis of variance 
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Results showed that there was weak evidence for increased anxiety and higher 

alexithymia scores in the TBI group. Subsequent analysis of the three subscale on the 

Toronto Alexithymia scale, showed that there was evidence for a difference in 

performance only on the Identifying Feelings subscale (F(1, 50) = 5.45 p = 0.02). There 

was strong evidence for a difference in performance between the groups on the Bristol 

ERT but not the other cognitive tasks. The correlation between the variables was 

investigated using a correlation matrix (Appendix C, section 8.9). There was evidence 

that performance on the Bristol ERT was correlated with performance on the GFMT and 

for a correlation between years of education and TAS score. There was also evidence for 

positive correlations between nearly all the questionnaire outcomes, suggesting that 

they may be capturing a shared underlying factor. Additionally, all the DASS outcomes 

were positively correlated with the balance point on the sad EBT. This means 

participants who scored higher on the DASS identified more faces as happy on the 

Happy – Sad EBT. 

4.3.2 Traumatic Brain Injury information 

All the participants in the TBI group experienced a moderate to severe TBI and 

were being seen by Neuropsychological services at the time of participation. Mean time 

since injury in the TBI group is 43.5 months with a range of 2 to 288 months. Cognitive 

performance scores for the TBI group are presented in Table 4-2. Scores suggest that the 

participants in this study had decreased cognitive abilities. Unfortunately, the measures 

completed were not consistent within the patient group, so it was not possible to 

conduct an analysis including these scores that would allow for a meaningful 

interpretation of results. 

Table 4-2 
 
Summary information about TBI group cognitive testing scores 

Cognitive indicator n Mean SD Min Max 

WAIS Working Memory Index 12 100 12 83 122 

WAIS Processing Speed Index 14 89 15 65 105 

RBANS Immediate Memory  13 83 19 49 126 

RBANS Delayed Memory 13 82 19 44 101 

RBANS Attention 11 82 19 43 115 

Note: WAIS is the Wechsler Adult Intelligence Scale and RBANS is the Repeatable Battery for the 
Assessment of Neuropsychological Status. SD is standard deviation. 
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Of the 26 participants with TBI who took part in this study, 15 completed the 

study during an in-person testing session and 11 completed the study online whilst on a 

video call with the researcher. Mean performance on the Bristol ERT for the participants 

who attended in person was 52.5 (8.9) and 53.5 (8.7) for the participants who 

completed the study online. An ANOVA was used to check whether there was evidence 

for a difference in performance based on how the task was completed. Results showed 

no evidence for a difference in performance between participants with TBI who 

attended in person versus online (F(1, 25) = 0.08, p = 0.78). 

4.3.3 Primary analysis 

Multiple linear regression with overall emotion recognition measured using the 

Bristol ERT (total hits) as the outcome showed evidence for decreased emotion 

recognition in the TBI group compared to controls (Model 1, Table 4-3). When the model 

was adjusted for anxiety by including the DASS anxiety score there was still evidence for 

a decrease in performance between the TBI and control group (Model 2, Table 4-3). 

There was no evidence that anxiety was associated with emotion recognition 

performance in this sample. Finally, the model was adjusted for sex, age that 

participants left education, face discrimination performance on the GFMT, and 

alexithymia score on the TAS. After adjusting for these factors there was still strong 

evidence for a decrease in emotion recognition after TBI (Model 3, Table 4-3). 

An effect size calculation using means and standard deviations for the TBI group 

compared to the matched control group showed that the effect was large, Hedges’ gs = 

1.28. The common language effect size indicated that in this sample the chance of an 

individual with TBI having decreased emotion recognition compared to an individual 

from the control group was 82%. Further, there was evidence that better performance 

on the GFMT was associated with increased performance on the Bristol ERT, but no 

evidence that any other factors included in the regression models were associated with 

emotion recognition performance. Collinearity of the variables included in the fully 

adjusted model (Model 3) was investigated and the variance inflation factor did not 

exceed 2 for any of the variables, indicating that adjustments for collinearity were not 

required. 
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Table 4-3 
 
Regression models for overall emotion recognition on the Bristol ERT 

Predictor b 
95% CI 

t p Model Fit 
LL UL 

Model 1      n = 52 

(Intercept) 0.669 0.634 0.705   R2 = 0.308 

TBI -0.119 -0.169 -0.068 -4.71 <.001 95% CI [0.11, 0.48] 

       

Model 2       

(Intercept) 0.679 0.638 0.720   n= 52 

TBI -0.112 -0.164 -0.059 -4.27 <.001 R2 = 0.321 

DASS Anxiety score -0.002 -0.006 0.002 -0.97 0.34 95% CI [0.10, 0.48] 

       

Model 3       

(Intercept) 0.500 0.272 0.724    

TBI -0.088 -0.140 -0.036 -3.40 0.001  

DASS Anxiety score -0.003 -0.007 0.001 -1.34 0.19  

Sex (Female) 0.009 -0.043 0.061 0.36 0.72  

Age left education -0.005 -0.011 0.001 -1.62 0.11 n = 51* 

GFMT (total hits) 0.009 0.004 0.014 3.42 0.001 R2 = 0.485 

TAS (total score) -0.001 -0.002 0.002 -0.13 0.90 95% CI [0.19, 0.58] 

Note: TBI is Traumatic Brain Injury. DASS is Depression, Anxiety, and Stress Scale. GFMT is 
Glasgow Face Matching Test. TAS is Toronto Alexithymia Scale. b is the unstandardised regression 
coefficient from a multiple linear regression. LL is the lower limit and UL the upper limit of the 
95% Confidence Interval. t is the t-test coefficient.  
* One patient did not complete the TAS so was dropped at this stage in the analysis. 
Model 1 – Association between TBI and overall emotion recognition measured on the Bristol ERT. 
Model 2 - Model 1 adjusted for anxiety using the DASS anxiety subscale score 
Model 3 - Model 2 additionally adjusted for sex, age left education, GFMT, and TAS 

4.3.3.1 Sensitivity analysis 

There were no outliers on the Bristol ERT, but two TBI participants failed the 

online attention check despite no obvious issues during the testing session. The primary 

analysis was rerun as a sensitivity analysis with those two participants and their matched 

controls removed. There was no change in the associations observed using this reduced 

sample of 24 TBI participants and 24 matched controls (Appendix D, section 8.10). 

4.3.4 Secondary analyses 

4.3.4.1 Emotion specific outcomes 

To investigate emotion recognition accuracy for each individual emotion, the 

regression analysis was rerun using the unbiased hit rate for each emotion as the 

outcome. There was evidence that participants with TBI were worse at recognising 
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anger, disgust, fear, and surprise (Table 4-4). However, when the regression was 

adjusted for anxiety (Model 2) and then other factors (Model 3), there was no longer 

any evidence that participants with TBI had decreased emotion recognition accuracy for 

disgust. Evidence for decreased emotion recognition accuracy for anger, fear, and 

surprise stayed consistent when the analysis was adjusted for confounders. The same 

pattern of results was not observed when raw hits were used as the outcome measure 

instead of the unbiased hit rate (Appendix E, section 8.11). Again, there is evidence that 

participants with TBI are worse than controls at identifying anger, disgust, and fear, but 

there is no evidence that they have less hits for surprise and strong evidence for fewer 

hits for sad. To investigate whether participants with TBI were more/less likely to select 

a particular emotion on the Bristol ERT compared to matched controls the same 

regression analysis was conducted using the number of times an emotion was selected 

as an outcome (Bias Score). There was weak evidence that participants with TBI were 

less likely to label faces as sad and more likely to label faces as surprised compared to 

controls (Table 4-4). There was no evidence that anxiety was associated with individual 

emotion recognition performance on the Bristol ERT (Appendix F, section 8.12). 

4.3.4.2 Emotion Bias Tasks 

Multiple linear regression was used to investigate whether there was evidence 

for a difference between the TBI and control groups on the two Emotion Bias Tasks 

(EBTs) that were completed in addition to the Bristol ERT. There was no evidence for a 

difference in balance point between participants with TBI and the matched controls on 

either EBT (angry: b = -0.603, 95% CI [-1.44, 0.238], t(50) = -1.44, p = 0.16, sad: b = 0.462, 

95% CI [-0.42, 1.34], t(50) = 1.05, p = 0.3). When the model was adjusted for anxiety, 

there was still no evidence for a difference between the TBI and control groups, but 

there was weak evidence that anxiety was associated with an increased balance point 

on the sad EBT (b = 0.07, 95% CI [0.001, 0.139], t(49) = 2.04, p = 0.05). However, there 

was no evidence for this association once the model was additionally adjusted for sex, 

age that participants left education, performance on the GFMT, and TAS score (b = 0.05, 

95% CI [-0.027, 0.129], t(44) = 1.33, p = 0.19). The fully adjusted model also showed that 

there was weak evidence that better performance on the GFMT was associated with an 

increased balance point on the angry EBT (b = 0.099, 95% CI [0.006, 0.192], t(44) = 2.15, 

p = 0.03), and a trend in the same direction for the sad EBT (b = 0.094, 95% CI [-0.001, 

0.191], t(44) = 1.99, p = 0.05). There was no evidence for an association between the 

balance point on either EBT and factors other than GFMT in the full adjusted model.
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Table 4-4 
 
Results from regression analysis investigating association between TBI and emotion recognition performance for each emotion 

 Model 1 - Unadjusted  Model 2 - Adjusted for Anxiety Model 3 - Fully Adjusted 

Emotion b 
95% CI 

t p b 
95% CI 

t p b 
95% CI 

t p 
LL UL LL UL LL UL 

UNBIASED HIT RATE (HU) 

Angry -0.024 -0.036 -0.011 -3.8 < .001 -0.022 -0.035 -0.009 -3.39 < .001 -0.016 -0.03 -0.002 -2.36 0.02 

Disgust -0.014 -0.028 0.000 -2.04 0.05 -0.014 -0.028 0.001 -1.9 0.06 -0.012 -0.027 0.004 -1.48 0.15 

Fear -0.031 -0.047 -0.015 -3.92 < .001 -0.029 -0.046 -0.013 -3.54 < .001 -0.022 -0.037 -0.006 -2.75 0.01 

Happy -0.001 -0.010 0.009 -0.14 0.89 -0.002 -0.012 0.008 -0.38 0.71 -0.005 -0.016 0.005 -1.01 0.32 

Sad -0.008 -0.019 0.003 -1.38 0.17 -0.006 -0.018 0.005 -1.12 0.27 -0.003 -0.016 0.009 -0.51 0.61 

Surprise -0.018 -0.025 -0.010 -4.73 < .001 -0.017 -0.024 -0.009 -4.32 < .001 -0.013 -0.021 -0.005 -3.3 < .001 

BIAS SCORE (number of responses given for each emotion) 

Angry 0.31 -1.65 2.27 0.32 0.75 0.48 -1.57 2.53 0.47 0.64 -0.06 -2.34 2.21 -0.06 0.95 

Disgust -1.38 -4.01 1.24 -1.06 0.29 -1.69 -4.43 1.04 -1.24 0.22 -1.18 -4.16 1.8 -0.8 0.43 

Fear 0.77 -1.93 3.47 0.57 0.57 0.99 -1.83 3.81 0.71 0.48 1.01 -2.06 4.08 0.66 0.51 

Happy -0.77 -4.42 2.88 -0.42 0.67 -0.15 -3.92 3.62 -0.08 0.94 1.16 -2.73 5.06 0.6 0.55 

Sad -4.12 -7.5 -0.73 -2.44 0.02 -4.14 -7.69 -0.58 -2.34 0.02 -4.43 -8.43 -0.44 -2.24 0.03 

Surprise 5.19 2.31 8.07 3.62 < .001 4.5 1.57 7.44 3.09 < .001 3.5 0.42 6.59 2.29 0.03 

Note: b is the TBI unstandardised regression coefficient from a multiple linear regression. LL is the lower limit and UL the upper limit of the 95% Confidence Interval. t is the 
t-test coefficient. In bold are the estimates with evidence for an association of TBI and emotion recognition. Model 1 - Association between TBI and overall emotion 
recognition measured using the Bristol ERT. Model 2 - Model 1 adjusted for anxiety on the DASS. Model 3 - Model 2 also adjusted for sex, age left education, GFMT, and TAS.
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4.3.4.3 Other factors 

To investigate whether overall DASS score, DASS depression, DASS stress, or 

BPAQ score were associated with changes in emotion recognition after TBI, models 2 

and 3 of the primary analysis were rerun substituting the DASS anxiety score with each 

of those factors in turn. There was no evidence for an association of performance on the 

Bristol ERT after TBI with overall score on the DASS (b = -0.0003, 95% CI [-0.001, 0.001], 

t(49) = -0.65, p = 0.52), the DASS depression score (b = -0. 0001, 95% CI [-0.003, 0.003], 

t(49) = -0.1, p = 0.92), DASS stress score (b = -0.001, 95% CI [-0.004, 0.002], t(49) = -0.8, 

p = 0.43), or the overall score on the BPAQ (b = -0.0001, 95% CI [-0.001, 0.001], t(49) =  

-0.27, p = 0.79). Further, once fully adjusted (model 3) only TBI and performance on the 

GFMT showed evidence of an association with performance on the Bristol ERT, as found 

in the primary analysis. 

4.3.5 Reliability 

Internal reliability of accuracy on the Bristol ERT was assessed using split-half 

reliability approach outlined by Parsons, Kruijt and Fox (2019) and by calculating 

Cronbach’s alpha. For the split-half reliability all the trials were treated as the same 

condition and 5000 random splits were used to establish a Spearman-Brown corrected 

reliability estimate which corrects for task length. Similarly, the confidence interval for 

Cronbach’s alpha was calculated using 5000 bootstrap samples. Trials for both the 26 

participants with TBI and their non-injury matched controls were used to estimate the 

reliability of the Bristol ERT in this sample. As was outlined in Chapter 2 the Standard 

Error of Measurement (SEM) and the Smallest Real Difference (SRD) can be helpful to 

interpret individual scores and will also be calculated. Furthermore, Cronbach’s alpha 

was used to adjust the effect size estimate according to Baugh (2002) using Cohen’s d. 

In the full sample of 52 participants the Spearman-Brown corrected estimate 

was rsb = 0.8 (95% CI: 0.71 to 0.87) and Cronbach’s alpha for the 96 items was α = 0.86 

(95% CI: 0.81 to 0.9). When low intensity trials in the Bristol ERT were removed, the 

Spearman-Brown corrected reliability estimate was only slightly higher at rsb = 0.82 (95% 

CI: 0.74 to 0.88) and Cronbach’s alpha for the 60 items version was approximately the 

same at α = 0.86 (95% CI: 0.8 to 0.89). The standard deviation for the full sample on the 

Bristol ERT was 10.36, which means that the SEM was 4.63 (10.36√1 − 0.8) and the SRD 

was 12.8 hits (2.77 × 4.63). The unadjusted Cohen’s d for the full sample was 1.32, 
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which was converted to an r value of 0.55, and using the formulas outlined by Baugh 

(2002) the corrected Cohen’s d was calculated (d = 1.35). The adjusted estimate does 

not change the interpretation, so the unadjusted Hedge’s g was used. 

Reliability estimates for the TBI and non-injury groups were also calculated 

separately, so with 26 participants in each group. The Spearman-Brown corrected 

reliability estimate was slightly lower in the TBI group compared to the no injury group, 

but there was considerable overlap in the confidence intervals (rsb = 0.7, 95% CI: 0.5 to 

0.84, and rsb = 0.74, 95% CI: 0.57 to 0.86, respectively). The SEM for the TBI group in this 

study was 4.71 (8.6√1 − 0.7) and in turn the SRD was 13 hits (2.77 × 4.71). The SEM for 

the control group was 4.49 (8.8√1 − 0.74) and in turn the SRD was 12.4 hits (2.77 ×

4.49). This means that participants would have to show a change in performance of 13 

hits to be confident of a change in performance. 
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4.4 Discussion 

The main aim of the current study was to evaluate whether the Bristol ERT can 

be effectively used to assess emotion recognition in a moderate to severe TBI 

population. Our main hypothesis was that the Bristol ERT could be used to replicate 

findings from a feasibility study (Müller-Glodde, 2015) and prior research (Babbage et 

al., 2011) showing that people with TBI perform worse than neurologically healthy 

controls on overall emotion recognition. There was strong evidence for decreased 

overall emotion recognition on the Bristol ERT in the TBI group even after controlling for 

potentially confounding factors. Contrary to our prediction, participants with TBI did not 

show decreased emotion recognition accuracy for all six emotions, only for anger, fear, 

and surprise. The secondary aim of this study was to develop our understanding of the 

associations between performance on the Bristol ERT and potentially confounding 

factors in a TBI population, in particular considering anxiety as a possible moderator. 

There was evidence that levels of anxiety were higher in the TBI group compared to the 

control group, however no evidence that anxiety was associated with emotion 

recognition accuracy or emotion recognition bias in this sample once confounding 

factors had been controlled for. 

4.4.1 Moderate to severe TBI and Emotion Recognition 

In line with the current literature (Babbage et al., 2011; Murphy et al., 2021), 

results from this study indicated that having moderate to severe TBI was associated with 

decreased emotion recognition. The size of the effect observed in this study was 

comparable to the one calculated by Babbage and colleagues (2011) in their meta-

analysis, which indicates that the Bristol ERT is suitable for use in a moderate to severe 

TBI population. The results also suggested that the lower emotion recognition scores in 

the TBI group were not explained by the potentially confounding factors of anxiety, face 

perception, alexithymia, depression, stress, or aggression in this sample. 

4.4.1.1 Individual emotion recognition accuracy 

The two emotions most consistently reported as being associated with lower 

scores in TBI samples compared to controls are anger and disgust (Rigon et al., 2016; 

Rosenberg et al., 2015; Rosenberg et al., 2014). There was evidence in this study that 

participants with TBI were less accurate at identifying angry faces, but not disgusted 

faces after controlling for confounding factors. Instead, there was evidence that 
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participants with TBI in this study were also less accurate at identifying fearful and 

surprised faces. It is possible that the difference in findings is due to the use of an 

unbiased hit rate on the Bristol ERT instead of simply using the number of correct 

responses made for each emotion. Callahan and colleagues (2011) have suggested that 

people who have experienced a TBI could be more likely to attribute negative emotions 

to ambiguous stimuli. This would impact the misidentifications made and in turn 

influence the emotion recognition accuracy measured using the unbiased hit rate. 

Arguably fearful faces are commonly misidentified as surprised (Rosenberg et al., 2014). 

This could explain why the bias scores showed that participants with TBI in this sample 

were more likely to label faces as surprised than control participants. It is likely that the 

low emotion recognition accuracy based on the unbiased hit rate for both fearful faces 

and surprised faces associated with the TBI group was the result of patients labelling 

many fearful stimuli as surprised. One participant with TBI mentioned at the end of their 

session that they labelled a face as surprised if they were confused about the emotion 

presented. Further research is needed to explore whether surprise is more commonly 

selected by participants with TBI if stimuli are ambiguous or hard to read. The response 

bias scores in this study also indicated that participants with TBI were less likely to label 

emotions as sad, but interestingly there was no evidence that they were less accurate 

than controls at identifying sad faces based on the unbiased hit rate. However, when 

raw hits are considered, there was strong evidence that participants with TBI had a 

lower number of correct responses for sad faces compared to the control group. These 

results highlight the issue that on six alternate force tasks, such as the Bristol ERT, there 

is only one target versus five distractors for any given trial. As is obvious for the emotion 

of sadness in this sample, this means that correct responses and misidentifications for 

any given emotion do not necessarily mirror one another (Megreya & Burton, 2007). The 

results from this study indicate that unbiased hit rate may not be a good alternative to 

using hits as a measure of individual emotion recognition accuracy. The implications of 

this will be discussed in further detail in the general discussion of this thesis. 

4.4.1.2 Emotion bias 

There was no evidence that having a moderate to severe TBI was associated 

with bias on either of the two Bristol EBT suggesting that participants with TBI did not 

show a negative attribution bias in this sample. Neumann, Sander and colleagues (2021) 

have shown that a negative attribution bias towards angry faces is associated with 
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increased levels of aggression in a TBI population. There was no evidence that 

participants with TBI in this sample had increased levels of aggression based on the 

BPAQ, which could explain the lack of association observed. One of the hypotheses 

made for this study was that anxiety would be associated with negative attribution bias 

on both Bristol EBT tasks. It is interesting that there was no evidence for a difference in 

performance on the Bristol EBT tasks despite evidence for increased levels of anxiety in 

the TBI group compared to the controls. See the next section for further discussion. 

4.4.2 Associations with Covariates 

4.4.2.1 Anxiety 

The trend towards increased anxiety measures using the DASS in the TBI group 

is consistent with current literature about increased clinical anxiety without diagnosis of 

anxiety disorders after TBI (Osborn et al., 2016). However, there was no evidence that 

anxiety was associated with emotion recognition in this sample after having a TBI was 

controlled for. This suggests that increased prevalence of anxiety after TBI does not 

explain the deficits in emotion recognition observed in this population. This finding does 

not match the prediction that anxiety would be associated with a decrease in emotion 

recognition accuracy and an increased negative attribution bias. Although having an 

anxiety disorder has been associated with decreased emotion recognition accuracy 

these effects have been small unless participants were presented with symptoms of 

PTSD (Plana et al., 2014). It is possible that there was no association between anxiety 

and emotion recognition and anxiety in this study because the DASS is a more general 

measure of clinical anxiety. Items on the DASS are rated based on symptoms of anxiety 

experienced within the last week and does not capture whether participants are in an 

acute state of anxiety. State anxiety has been associated with both decreased emotion 

recognition and negative attribution bias on the Bristol ERT and EBT (Attwood et al., 

2017; Dyer et al., 2022). Dyer and colleagues (2022) reported that only participants with 

hight trait anxiety presented with a tendency to identify ambiguous stimuli as angry on 

the Bristol EBT when state anxiety was induced. Given the evidence of increased levels 

of anxiety after TBI it is possible that emotion recognition would be impaired when they 

are in a state of acute anxiety, which in turn could affect their social interactions. 
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4.4.2.2 Face perception and Alexithymia 

There was clear evidence of an association between emotion recognition 

performance on the Bristol ERT and ability to discriminate between faces as measured 

using the GFMT. This was expected given that the Bristol ERT is a facial emotion 

recognition task and even the Emotion Evaluation Test from TASIT, which does not 

solely rely on emotion recognition from faces, has been associated with performance on 

face perception tasks (McDonald et al., 2006). The GFMT was included in this study to 

help evaluate whether differences in emotion recognition between the TBI and control 

groups could be explained by a general difficulty in identifying faces (J. D. Henry et al., 

2015). There was no evidence that the TBI and control groups differed in performance 

on the GFMT, and results clearly indicated that the lower emotion recognition scores 

associated with the TBI were not explained by participants’ ability to perceive faces. 

Although the GFMT is not a test of general cognitive ability, this finding matches findings 

that cognitive ability associated with but does not fully explained performance on 

emotion recognition task (Rosenberg et al., 2015). A slightly unexpected finding was that 

there was a trend towards higher GFMT scores being associated with more positive 

responses on both Bristol EBT tasks. All the stimuli included on the Bristol EBT are 

ambiguous, so there is no right or wrong answer on any given trial. The fact that 

participants with better performance on the GFMT were more likely to identify faces as 

happy is difficult to explain. It is possible that this was a spurious association, as the 

analysis was exploratory and evidence for the association was weak. 

There was weak evidence that having a TBI was associated higher alexithymia 

scores which is consistent with prior research indicating increased alexithymia after TBI 

(Henry et al., 2006; Williams & Wood, 2010). It has been suggested that increased levels 

of alexithymia could account for difficulties in emotion recognition, especially when 

ambiguous stimuli are only presented for a short period of time, as during the Bristol 

ERT (Ihme, Sacher, Lichev, Rosenberg, Kugel, Rufer, Grabe, Pampel, Lepsien, Kersting, 

Villringer, Lane, et al., 2014; Wearne et al., 2019; Williams & Wood, 2010). Despite the 

increased levels of alexithymia in the TBI group compared to controls, there was no 

evidence that alexithymia was associated with performance on the Bristol ERT in this 

study. This is consistent with findings that scores on the TAS-20 are not correlated with 

performance on the Emotion Evaluation Test from TASIT (McDonald et al., 2011; 

Rosenberg et al., 2019). This suggests that alexithymia may not be linked to 
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performance on emotion labelling tasks, which raises the question of what constructs 

the emotion labelling tasks are tapping into. 

4.4.3 Reliability of the Bristol ERT 

Internal consistency reliability estimates for the Bristol ERT in this study were 

high based on the descriptors used by Strauss and colleagues (2006). Both the split half 

reliability estimates and Cronbach’s alpha were above 0.8, which has been suggested as 

a minimally acceptable threshold of reliability for tasks used in individual assessment 

(Ponterotto & Ruckdeschel, 2007; Sattler, 2001). This shows that the measurements 

taken using the Bristol ERT in this sample are likely to result in reliable inferences and 

indicates that reliability may be sufficient for use in a clinical setting. Reliability 

estimates for the TBI group and control groups separately were lower, which is not 

surprising given the reduced sample sizes are likely to result in more noise in the data. 

The fact that the reliability estimates across the two groups were comparable suggests 

that it is appropriate to use the Bristol ERT in a TBI population. Nevertheless, it is 

important to note that the Smallest Real Difference estimate indicated that a big change 

(± 13 hits) in individual performance is needed to be confident in a true change. Wider 

implications and potential task adjustments to increase reliability estimates for the 

Bristol ERT are presented in the general discussion (Chapter 7). 

4.4.4 Strengths and Limitations 

This is the first study using the Bristol ERT to assess emotion recognition in a TBI 

population. It clearly shows that the Bristol ERT is suitable for research in this population 

and that it is worth considering whether the task is useful for individual assessment of 

emotion recognition after TBI. Furthermore, several confounding factors were included 

in the analysis and there was no evidence that any of these explain the association 

between emotion recognition and moderate to severe TBI. However, a clear limitation 

of this study was that due to insufficient data it was not possible to investigate the 

association between general cognitive ability and performance on the Bristol ERT in a 

meaningful way. The short presentation time for stimuli during the Bristol ERT could 

make the task vulnerable to deficits in processing speed and attention. The 

neuropsychological test scores available for patients with TBI showed that processing 

speed, attention, and memory scores were below population average suggesting that 

general cognitive ability could have contributed to the decreased emotion recognition 

scores. Future studies should investigate whether processing speed and attention could 
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underlie the association between performance on the Bristol ERT and having a TBI. The 

fact that all the participants were recruited from a rehabilitation setting means that the 

sample could be biased towards people with worse outcomes after moderate to severe 

TBI. This means general cognitive ability could be particularly critical in this sample. 

It is important to consider that this study was designed to detect the main effect 

of decreased overall emotion recognition performance after TBI, not emotion specific 

outcomes. Notably, if a Bonferroni correction is applied to the emotion specific analysis, 

there was no longer any evidence for emotion specific effects in this study aside from 

decreased accuracy for surprised faces. Using this method of correction has been 

criticised as being overly conservative in small samples (VanderWeele & Mathur, 2019) 

so has not been applied in this thesis. Instead of using the p-value as a dichotomous 

indicator the results are discussed in terms of the strength of evidence against the null 

hypothesis (Colling & Szucs, 2021; Lakens et al., 2018). Also, the study design does not 

allow for causal inferences to me made as there was no way to assess emotion 

recognition prior to the TBI. Investigating the causal pathway between emotion 

recognition and TBI is difficult and would require a long-term prospective study where 

measures of emotion recognition are available pre and post injury. Likely due to the cost 

and timeframe for such a study this type of research has not yet been conducted but 

would be useful to consider in the future. 

4.4.5 Implications and future directions 

These results indicated that the Bristol ERT is sensitive to changes in emotion 

recognition associated with moderate to severe TBI, which suggests that the task could 

be useful as part of neuropsychological assessments. However, further work is needed 

to develop the Bristol ERT as a measure of individual performance. The results also 

showed that whilst total hits was a suitable measure of overall emotion recognition, the 

individual emotion outcome measures require further development. Potentially using 

discriminability thresholds would be a better approach to use (Cecilione et al., 2017). A 

possible next step would be to identify a group of participants with TBI that are reported 

to struggle with social interactions and compare their performance on the Bristol ERT to 

a matched group of participants with TBI who are not reported to experience social 

communication or interaction difficulties. This would help determine a minimal 

important difference in performance (Anvari & Lakens, 2021).  
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Chapter 5 Assessing emotion recognition after mild Traumatic Brain 

Injury using the Bristol Emotion Recognition Task 

5.1 Introduction 

Moderate to severe TBI has been clearly linked to emotion recognition deficits 

(Babbage et al., 2011; Murphy et al., 2021) but few studies to date have investigated the 

association between mild TBI and emotion recognition (Theadom et al., 2019). The study 

presented in this chapter used the same study design as the study in Chapter 4 to 

investigate the association between mild TBI and emotion recognition on the Bristol 

Emotion Recognition Task (ERT). This will allow for a direct comparison of the two 

studies and help further our understanding of emotion recognition in a mild TBI 

population. The study was registered on the Open Science Framework and sections are 

taken from the pre-registered protocol (10.17605/OSF.IO/29XA4). 

5.1.1 Mild TBI and Emotion Recognition  

Indicators of injury severity injury seem to be negatively correlated with 

performance on emotion recognition tasks suggesting people with less severe TBI 

injuries tend to perform better on emotion recognition tasks (Ietswaart et al., 2008; 

Spikman et al., 2012). This could explain why most studies to date have investigated the 

association between emotion recognition and moderate to severe TBI but not mild TBI 

(Calvillo & Irimia, 2020). Theadom and colleagues (2019) have recently addressed this 

gap in the literature by using The Awareness of Social Inferences Test (TASIT) to assess 

social cognition in adults four years after mild TBI. They found that participants with 

mild TBI scored lower than neurologically healthy controls on overall social cognition but 

did not find evidence for a group difference in overall emotion recognition performance 

on the Emotion Evaluation Test (EET) subscale from TASIT. Analysis of performance on 

each individual emotion indicated that participants with mild TBI were less accurate at 

identifying happy stimuli compared to controls. This suggests that the task is sensitive to 

changes in emotion recognition after mild TBI, and that unlike moderate to severe TBI, 

mild TBI may be associated with emotion specific changes but not deficits in overall 

emotion recognition. 

5.1.2 Current study: Rationale 

This current study investigated associations between emotion recognition on 

the Bristol ERT and mild TBI in a community-based sample. Use of morphed stimuli at 

https://doi.org/10.17605/OSF.IO/29XA4
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different intensities could help detect subtle differences in emotion recognition and will 

help develop our understanding of potential associations between mild TBI and emotion 

recognition. Participants were screened for TBI before being invited to complete the full 

study. If participants met the criteria for mild TBI defined as a head injury with loss of 

consciousness, they were included in the TBI group, whilst participants without a history 

of TBI or other neurological disorders were included as a control group. This approach 

was used to maximise specificity, i.e., increase likelihood that participants in the TBI 

group were correctly identified as having had a TBI. Additionally, information about 

severity of the TBI was collected and considered as part of the analysis. 

As discussed in the introduction to this thesis there are many factors that could 

influence emotion recognition after TBI and could confound the association between 

mild TBI and emotion recognition. This study considered anxiety (Attwood et al., 2017; 

Plana et al., 2014), age (Byom et al., 2019), sex (Rigon et al., 2016; Zupan et al., 2017), 

face perception (J. D. Henry et al., 2015), and alexithymia (Wearne et al., 2019) as 

potential confounders for the association between emotion recognition and TBI. 

Depression (Alway et al., 2016; Dalili et al., 2015; Watters & Williams, 2011) and 

aggression (Hoaken et al., 2007; Neumann et al., 2017) have also been associated with 

changes in emotion recognition and are prevalent after TBI. Although not the focus of 

this study, participants also completed questionnaires measuring those two factors. Of 

particular interest was the potential impact of anxiety on the association between 

emotion recognition and TBI. 

Anxiety has been associated with deficits in emotion recognition accuracy 

(Attwood et al., 2017; Plana et al., 2014), which could be contributing to deficits in 

emotion recognition associated with TBI. Theadom and colleagues (2019) assessed 

whether anxiety was associated with overall performance on TASIT after mild TBI and 

did not find evidence for an association. Notably, they used a measure of anxiety 

collected at one month post injury not at the time that social cognition was assessed 

four years later. It is possible that they did not find an association because levels of 

anxiety change over time and are most prevalent in the first year (Ponsford et al., 2018). 

Given that state anxiety has been associated with deficits in emotion recognition 

(Attwood et al., 2017; Dyer et al., 2022) a measure of anxiety should be included at time 

of testing to assess the associations between mild TBI, emotion recognition, and anxiety. 

Anxiety has also been associated with negative attribution bias, meaning that 

ambiguous emotional stimuli are interpreted as being more negative or threatening 
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(Attwood et al., 2017; Mendes Ferrer Rosa et al., 2017). This means that assessing 

emotion recognition accuracy and bias in conjunction could provide useful insights 

about changes in emotion recognition associated with mild TBI. An advantage of using 

the Bristol ERT compared to the EET from TASIT used by Theadom and colleagues (2019) 

to investigate emotion recognition after mild TBI is that both emotion recognition 

accuracy and response bias can be assessed. Furthermore, an Emotion Bias Task (EBT) 

based on the same stimuli as the Bristol ERT (See section 4.2.3.4 under method for 

details) was developed as a more sensitive measure of emotion bias and was also 

included in this study. 

5.1.3 Current study: Aims and Hypotheses 

The main aim of the study was to establish whether there is evidence for an 

association between mild TBI and emotion recognition. Our primary hypothesis was that 

mild TBI would be associated with a deficit in overall emotion recognition based on the 

evidence for a deficit in emotion recognition after moderate to severe TBI. 

H1 Participants who report having had a TBI will be less accurate at recognising 

emotions on the Bristol ERT than neurologically healthy controls. 

Additionally, this study was designed to assess the potential impact of 

confounding factors that are commonly reported after TBI, with a focus on the potential 

impact of anxiety. Anxiety was predicted to be associated with deficits in emotion 

recognition and negative attribution bias. Regarding emotion specific recognition 

accuracy, the hypothesis was that deficits in emotion recognition accuracy associated 

with mild TBI would not be emotion specific. The secondary hypotheses made in the 

pre-registered protocol were: 

H2: Increased anxiety will be associated with a decreased emotion recognition accuracy 

on the Bristol ERT. 

H3: Increased anxiety will be associated with a negative attribution bias towards anger 

and fear on the Bristol ERT. 

H4: The difference in emotion recognition accuracy between participants with TBI and 

neurologically healthy controls persists after adjusting for age, sex, face perception and 

emotion processing. 

H5: The difference in emotion recognition accuracy between participants with TBI and 

neurologically healthy control participants is not emotion specific. 

Inclusion of the Bristol EBT in this study was considered exploratory and no 

specific hypotheses were pre-registered.  
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5.2 Method 

5.2.1 Design 

The study had an observational, cross-sectional design to investigate the associations 

between TBI, anxiety, and emotion recognition. Performance on a six-alternative forced-

choice emotion recognition task (Bristol ERT) was compared between a group of 

participants who reported having a TBI and a group of participants without TBI. Overall 

emotion recognition accuracy (total hits) was used as the primary outcome, with 

emotion specific recognition accuracy, and emotion specific responses as secondary 

outcomes. A measure of bias in detecting ‘sad’ and ‘angry’ faces compared to ‘happy’ 

faces was also used as a secondary outcome. Self-report measures of anxiety, mood, 

face discrimination, alexithymia, and aggression were completed at the time of testing. 

There was no element of randomisation in the study design. Ethics approval was 

obtained from the School of Psychological Science Research Ethics Committee at the 

University of Bristol (011020111402). The study was preregistered on the Open Science 

Framework (10.17605/OSF.IO/29XA4). 

5.2.2 Participants 

Participants registered on Prolific (https://www.prolific.co/participants) were 

able to see the study if they matched the study criteria. The screening criteria for all 

participants included age specifications, confirmation of visual ability, UK residency, and 

English language fluency (See Appendix A, section 8.13). 

5.2.2.1 Participants with Traumatic Brain injury 

Participants with TBI were recruited from a pool of Prolific participants who had 

indicated that they have had a head injury but did not report other neurological 

conditions or chronic illness. A brain injury screening questionnaire was used to 

establish that all participants with TBI included had a head injury with loss of 

consciousness (See section 5.2.2.3). 

Inclusion criteria for participants with TBI 

o Report having had a TBI with loss of consciousness 

o Above the age of 18 years 

o Normal or corrected to normal vision 

o Resident in the UK and fluent in English 

https://doi.org/10.17605/OSF.IO/29XA4
https://www.prolific.co/participants
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Exclusion criteria for participants with TBI 

o Report a history of neurological conditions other than TBI 

(including but not limited to stroke, MS, epilepsy, autism, or brain tumors) 

o Report a history of schizophrenia or psychosis 

o Currently under the influence of substances that can substantially alter 

perception (e.g. psychoactive drugs or excessive alcohol) 

5.2.2.2 Neurologically healthy control participants 

Neurologically healthy controls were recruited from Prolific participants who did 

not report having had a head injury, neurological conditions, or chronic illness. 

Inclusion criteria for neurologically healthy control participants 

o Above the age of 18 years 

o Normal or corrected to normal vision 

o Resident in the UK and fluent in English 

Exclusion criteria for neurologically healthy control participants 

o Report a history of neurological conditions 

(including but not limited to TBI, stroke, MS, epilepsy, autism, or brain tumors) 

o Report a history of schizophrenia or psychosis 

o Currently under the influence of substances that can substantially alter 

perception (e.g. psychoactive drugs or excessive alcohol) 

5.2.2.3 Brain Injury Screening 

Participants who were eligible to sign up to the study based on the Prolific 

screening questions were given access to an information sheet and invited to complete a 

brain injury screening questionnaire (See measures section 5.2.3.1 for details). They 

were required to complete a consent form before completing the screening questions 

and asked at the end whether they still wanted to be considered for the full study. 

Participants who confirmed not having had a head injury or other neurological 

conditions were eligible to complete the full study as neurologically healthy controls. 

Participants who reported having had a head injury and received a score of 5 or more on 

the Brain Injury Screening Index were eligible to complete the full study as participants 

with TBI. All participants who completed the brain injury screening were reimbursed 
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£0.50 for their time regardless of eligibility to take part in the full study. Eligible 

participants were invited to sign up to the full study and received an additional £6.50 

once completed. 

5.2.2.4 Sample size determination 

A pilot study investigating performance on the Bristol ERT after brain injury 

found an effect size of d = 1.22 for the difference in emotion recognition accuracy 

between participants with brain injury and non-brain injury controls (Müller-Glodde, 

2015). This was comparable to the effect size reported for the difference in emotion 

recognition after TBI reported in a meta-analysis by Babbage and colleagues (2011). As 

effect sizes from small sample studies can be inflated (Button et al., 2013), the observed 

effect size was reduced by one third for the purpose of the sample size calculation. A 

sample size calculation was conducted using the pwr package (Champely, 2020) for R 

version 4.0.2 (2020) in RStudio (2020). Seven predictors were included in the regression 

analysis, namely, self-reported TBI, anxiety, sex, age, years of education, face 

discrimination, and emotion labelling. A significance level of 0.05, and 80% power were 

considered adequate, and the reduced Cohen’s d of 0.8 was converted into an f2 value of 

0.16. Based on these parameters 97 participants were required for this study. 

Consequently, the minimum sample size for this study was set at 100, with 50 

participants who reported having had a TBI and 50 neurologically healthy controls. 

5.2.3 Measures 

The tasks and questionnaires for this study were coded in and presented 

through Gorilla Experiment Builder (https://gorilla.sc/; Anwyl-Irvine et al., 2019). 

Measures are listed in the order in which they were presented to participants. Aside 

from the brain injury questionnaire and demographics questionnaire all the measures 

included were also used in the moderate to severe TBI study discussed in Chapter 4. 

Please refer to the methods of that chapter (Section 4.2.3) for details on the tasks. 

5.2.3.1 Brain Injury Screening Index (BISI) 

The Brain Injury Screening Index (The Disabilities Trust, 2018) available at 

https://www.thedtgroup.org/foundation/brain-injury-screening-index as adapted for 

online presentation in this study. The BISI is a validated self-report measure of brain 

injury (Ramos et al., 2020). Participants were asked whether they have had a serious 

blow to the head, and or other neurological illnesses. If they had experienced a TBI 

https://www.thedtgroup.org/foundation/brain-injury-screening-index
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(defined as a serious blow to the head) they were asked about the nature of the injury, 

time since injury, whether they experienced loss of consciousness, and whether they 

experienced a period of amnesia around the incident of injury. The primary outcome 

was the sum of scores assigned to questions 1, 3, 4, 5, 7, 8, and 10 on the questionnaire. 

To maximise specificity a score of 5 or more on the questionnaire is recommend as 

positive screen for brain injury, which was used as the cut-off in this study. However, 

any participants who reported neurological illness other than TBI (question 8) were not 

eligible to complete the full study. Participants who reported having had a serious blow 

to the head were additionally asked whether they had been given a diagnosis of TBI by a 

healthcare professional. 

5.2.3.2 Demographics questionnaire 

Participants were asked to provide information about age, gender, years of 

education, occupation, and given the option to declare reasons why their emotion 

recognition might be affected. An attention check was also included asking participants 

to respond yes to show they had read that question. 

5.2.3.3 Screening task 

Please refer to Chapter 4 section 4.2.3.2. 

5.2.3.4 Bristol Emotion Recognition Task (ERT)  

The Bristol ERT is described in detail in the introductory chapter (Section 1.3.2). 

For details of the task used in the current study please refer to Chapter 4 section 4.2.3.3. 

5.2.3.5 The Bristol Emotion Bias Task (EBT) – Happy - Anger & Happy - Sadness 

Please refer to Chapter 4 section 4.2.3.4. 

5.2.3.6 Glasgow Face Matching Test – short version (GFMT) 

Please refer to Chapter 4 section 4.2.3.5. 

5.2.3.7 Depression, Anxiety, and Stress Scale - 42 (DASS) 

Please refer to Chapter 4 section 4.2.3.6. 

5.2.3.8 Toronto Alexithymia Scale - 20 (TAS) 

Please refer to Chapter 4 section 4.2.3.7. 

5.2.3.9 Buss-Perry Agression Questionnaire (BPAQ) 

Please refer to Chapter 4 section 4.2.3.8. 
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5.2.4 Procedure 

Participants who fit the screening criteria set on Prolific were given access to the 

information sheet and could contact the study team through Prolific if they had any 

questions. The only time constraint on signing-up to the study by completing the brain 

injury screening was that data collection ended once the target sample size had been 

reached. Participants who chose to take part in the study were directed to Gorilla 

Experiment Builder to complete a consent form and the Brain Injury Screening Index. At 

the end of the screening, participants were given a completion URL used to authorise 

reimbursement for the screening through Prolific. The information provided during the 

screening was used to identify eligible participants, so recruitment was conducted in 

steps until sufficient participants matching the eligibility criteria had been recruited. See 

Figure 5-1 for an overview of the study procedure. 

All eligible participants were invited to take part in the full study through a 

message on Prolific and given access to the study using a custom allow list. Before 

completing the tasks and questionnaires on Gorilla Experiment Builder participants were 

asked to reconfirm their consent to take part in the study. Tasks and questionnaires 

were completed in the order described in the study flow chart (Figure 5-1). Participants 

were given a maximum of 132 minutes to complete the study, which was estimated to 

take less than an hour, so they had opportunities to take short breaks should they 

require them. At the end of the study, participants were asked to give consent for the 

information provided to be used as outlined in the information sheet. A completion URL 

directed participants back to Prolific and authorised reimbursement for the study. 
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Figure 5-1 
 
Study Flow Chart 

 

  

Neurologically healthy control participants 
on Prolific invited for screening 
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on Prolific invited for screening 

Brain Injury Screening Index 
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Screening task 

Eligible participants from each group invited to the full study on Prolific 

Bristol Emotion Recognition Task 

Bristol Emotion Bias Task 
Happy/Angry & Happy/Sad 

Depression, Anxiety and Stress Scale 

Glasgow Face Matching Test 
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& Attention check 2 

Final Consent 

End of study: Participants directed back to Prolific via completion URL for reimbursement 
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Brain Injury Screening Index 
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5.2.5 Data Analysis 

The data was loaded into RStudio (2020) R version 4.0.4 for data cleaning and 

analysis. The main analysis packages used were the core stats package in R, psych 

package version 2.1.9, apaTables package version 2.0.5 (Stanley, 2018), olsrr package 

version 0.5.3 (Hebbali, 2017), splithalf package version 0.7.2 (Parsons, 2020), and ltm 

package version 1.1-1 (Rizopoulos, 2006). 

5.2.5.1 Data checks 

Participants who scored less than 80% of trials correct on the screening task 

were excluded from the analysis, as they were unlikely to be able to complete the Bristol 

ERT if they cannot accurately complete the vision screen. Outliers on the Bristol ERT 

were determined using a box plot, to identify points more than 1.5 times the Inter 

Quartile Range below the 1st quartile or above the 3rd quartile. A sensitivity analysis 

was conducted excluding participants who were considered outliers on the Bristol ERT, 

and or failed one or both attention checks. This means the primary analysis re-run 

without potential outliers and possibly low-quality data to check for qualitative 

differences. 

5.2.5.2 Primary analysis 

Linear regression was used to investigate the association between TBI and 

overall performance accuracy on the Bristol ERT (total hit rate). The unadjusted model 

included only TBI as a predictor of emotion recognition, where TBI was coded as a binary 

variable (participants with moderate to severe TBI and neurologically healthy controls). 

The second model was adjusted for anxiety using the score for the anxiety subscale on 

the DASS. Then, the model was additionally adjusted using the demographic data 

collected, by including participants’ age, sex, and years of education as variables in the 

regression. Finally, the model was adjusted for face perception and alexithymia. The 

final model included the following variables, TBI, DASS anxiety score, age, sex, years of 

education, GFMT total score, and TAS score. 

5.2.5.3 Secondary analyses 

To check for emotion specific changes in emotion recognition after TBI the 

primary regression analysis outlined above was repeated using emotion specific 

performance accuracy (unbiased hit rate) and response bias (bias score) on the Bristol 
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ERT as outcomes. The aim was to check for potential emotion recognition effects that 

are hidden when only considering overall performance. To investigate how various 

factors may impact bias in facial affect recognition, the primary regression analysis was 

re-run using the balance points for ‘angry’ and ‘sad’ faces calculated from the Bristol EBT 

responses. Specifically, the impact of anxiety on the subjective perception of ‘sad’ and 

‘angry’ expressions compared to ‘happy’ faces was of interest. Multiple linear regression 

analyses were also used to explore the potential influence of depression, stress, and 

aggression on emotion recognition in this sample. 

5.2.5.4 Other analyses – deviations from the pre-registered protocol 

The pre-registered protocol for this study stated that a series of regressions 

would be used to investigate a mediating effect of anxiety on the association between 

TBI and emotion recognition. The mediation analysis was not conducted as there was no 

evidence for an association between emotion recognition and anxiety in this sample. 

Further, instead of using false alarms as a measure of response bias, the total number of 

responses made for each emotion on the Bristol ERT was considered more appropriate. 

Three analyses were conducted that were not included in the pre-registered protocol. A 

sensitivity analysis for the primary analysis was conducted excluding participants that 

were not clearly identifiable as having mild TBI based on loss of consciousness. Further, 

the TBI group was split into two groups, those who reported Post Traumatic Amnesia 

and those who did not. The primary analysis was rerun comparing those two groups 

against performance of neurologically healthy controls. Finally, the reliability of 

performance on the Bristol ERT was investigated using split half reliability and 

Cronbach’s alpha. Reliability for the whole sample and reliability for the participants 

with TBI and the neurologically healthy participants separately was assessed.  
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5.3 Results 

5.3.1 Brain Injury Screening 

A total of 135 participants completed the Brain Injury Screening, 75 participants 

with head injury and 60 neurologically healthy controls. 62 of the 75 participants in the 

head injury group and 57 of the 60 participants in the control group were eligible for the 

full study. Two participants in each group chose to withdraw from the full study. Five of 

the participants with head injury were excluded from the analysis after completing the 

study because they reported loss of consciousness as the reason for hitting their head, 

so it was unclear whether the head injury resulted in loss of consciousness. The final 

data set consisted of 110 participants, 55 participants with a self-reported TBI and 55 

neurologically healthy controls. 

5.3.2 Descriptive statistics 

Of the 110 participants, 47 were male and 63 female, however these were not 

equally distributed between the TBI (37 males) and the control group (10 males). A chi 

squared test confirmed that there is evidence for a difference in sex across the TBI and 

control groups (χ2 = 25.1, p < 0.001). Mean age for the TBI group was 37.6 years (12.9) 

and 35 years (13.8) for the control group and there was no evidence of a difference in 

age between the groups (F(1, 108) = 1.02, p = 0.32). Participants in the TBI group on 

average left education at 21.5 years of age (5.8) and participants in the control group 

left at around 21.2 years of age (3.2).  The mean age that participants left education was 

comparable across the groups (F(1, 108) = 0.15, p = 0.7). Descriptive statistics and 

comparison in performance across the two groups on all the questionnaires and tasks 

completed as part of this study are presented in Table 5-1. 

There was evidence that participants with TBI had worse outcomes on all the 

questionnaires. They had higher overall DASS scores, and in particular their anxiety and 

stress scores were higher than those of the control group. Participants with TBI also 

scored higher on the TAS. Subsequent analysis of the subscales showed that there was 

strong evidence for a difference on Externally Oriented Thinking (F(1, 108) = 12.5, p < 

0.001), and a trend towards worse performance in the TBI group on the other two 

subscales; Identifying Feelings (F(1, 108) = 3.63, p = 0.06), and Describing Feelings (F(1, 

108) = 3.05, p = 0.08). There was weak evidence that the TBI group had a higher 

aggression score on the BPAQ compared to the controls. 
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There was no evidence that the groups differed in their performance on any of 

the cognitive tasks, aside from the Bristol ERT. The data was investigated using a 

correlation matrix including demographic factors and main outcomes for all the tasks 

and questionnaires completed (Appendix B, section 8.14). There was evidence that 

performance on the Bristol ERT was negatively correlated with age and positively 

correlated with performance on the GFMT. Further, there was evidence for a negative 

correlation between age and score on the DASS anxiety subscale, and performance on 

the GFMT was negatively correlated with score on the TAS. There was also evidence that 

the questionnaire outcomes were all positively correlated with each other. Notably, 

there was no evidence of an association between the DASS anxiety subscale and overall 

emotion recognition on the Bristol ERT. 

Table 5-1 
 
Performance on questionnaires and cognitive tasks 

Variable 
TBI  Controls Group 

comparison n = 55  n = 55 

Questionnaires Mean SD Min Max  Mean SD Min Max F-value p 

DASS Total 38.7 29 0 101  26.5 21 0 81 6.40 0.01 

Depression 13.1 11 0 42  9.64 9.6 0 35 3.00 0.09 

Anxiety 9.53 8.4 0 28  5.76 5.8 0 22 7.48 0.01 

Stress 16.0 11 0 38  11.1 8.9 0 29 6.90 0.01 

TAS Total  51.0 12 24 77  44.2 12 24 71 8.40 0.01 

BPAQ Total 69.6 20 37 107  61.7 18 32 126 4.82 0.03 

Cognitive tasks Mean SD Min Max  Mean SD Min Max F-value p 

Bristol ERT 
(total hits) 

62.6 8.0 48 79 
 

65.5 7.9 44 78 3.78 0.05 

EBT Angry 
(balance point) 

7.01 1.4 4.7 11.3 
 

6.92 1.1 4.7 9.3 0.00 1.00 

EBT Sad 
(balance point)  

6.97 1.3 4.3 11.3 
 

6.97 1.2 3.3 10 0.12 0.73 

GFMT 
(total hits) 

31.2 5.4 18 40 
 

32.7 4.5 23 40 2.58 0.11 

Note: TBI is Traumatic Brain Injury. DASS is Depression, Anxiety, and Stress Scale. TAS is Toronto 
Alexithymia Scale. BPAQ is Buss-Perry Aggression Questionnaire. ERT is Emotion recognition Task. 
EBT is Emotion Bias Task. GFMT is Glasgow Face Matching Test. SD is the standard deviation. 
Group comparisons conducted using analysis of variance 

5.3.3 Traumatic Brain Injury Information 

All the neurologically healthy controls scored zero on the Brain Injury Screening. 

All TBI participants scored six or above on the Brain Injury Screening Index, range 6 to 
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12. They all reported having lost consciousness and having felt dizzy, unsteady, or dazed 

at the time of injury. 26 out of 55 participants indicated that they did not remember 

what had happened in the hours after the injury, which was classified as having had Post 

Traumatic Amnesia (PTA). Mean time since injury was 201 months (SD = 160) with the 

most recent injury being 10 months ago and the longest time since injury 670 months. 

The TBI sample as a whole was classified as mild TBI. Only two participants reported loss 

of consciousness longer than 30 minutes (but no longer than 1 hour) and 6 participants 

were unsure about length of loss of consciousness. Only one of the participants with loss 

of consciousness longer than 30 minutes reported having a diagnosis of TBI (no 

indication of severity). A sensitivity analysis of the primary regression analysis was 

conducted with the eight participants who had or may have had loss of consciousness 

longer than 30 minutes removed (Appendix C, section 8.15). 

5.3.4 Primary analysis 

A multiple linear regression with overall emotion recognition on the Bristol ERT 

as the outcome showed that there was weak evidence for a difference in performance 

between the TBI and control groups (Model 1, Table 5-2). The evidence for decreased 

emotion recognition after TBI was slightly stronger once the model has been adjusted 

for anxiety (Model 2, Table 5-2), but there was no evidence for this association once the 

model was additionally adjusted for demographic factors, performance on the GFMT, 

and TAS score (Model 4,Table 5-2). The fully adjusted model (Model 4) showed that 

there was evidence for increased age being associated with poorer performance on the 

Bristol ERT, and that better performance on the GFMT was associated with better 

performance on the Bristol ERT (Table 5-2). There was no evidence that any of the other 

factors were associated with performance on the Bristol ERT. Collinearity of the 

variables included in the fully adjusted model (Model 4) was investigated and the 

variance inflation factor did not exceed two for any of the variables, suggesting that no 

correction was required. 

5.3.4.1 Sensitivity analysis 

Based on the information about TBI provided by participants the majority are 

classified as mild TBI given that they reported having loss of consciousness for 30 

minutes or less. To check that the sample can be considered as mild TBI, the primary 

analysis was repeated with the eight participants who had or may have had loss of 

consciousness longer than 30 minutes excluded (Appendix C, section 8.15). The pattern 
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of results observed was no different, if anything, the trend towards decreased emotion 

recognition after TBI for the unadjusted model (Model 1, Table 8-12) became slightly 

stronger. Consequently, the whole TBI sample was used in the subsequent analysis and 

was considered representative of mild TBI. 

Table 5-2 
 
Regression models for overall emotion recognition on the Bristol ERT 

Predictor b 
95% CI 

t p Model Fit 
LL UL 

Model 1      n = 110 

(Intercept) 0.68 0.660 0.704   R2  = .034 

TBI -0.03 -0.062 0.001 -1.94 0.05 95% CI [.00,.12] 

       

Model 2       

(Intercept) 0.677 0.652 0.703   n = 110 

TBI -0.034 -0.066 -0.002 -2.08 0.04 R2  = .040 

DASS Anxiety score 0.001 -0.001 0.003 0.80 0.43 95% CI [.00,.12] 

       

Model 3       

(Intercept) 0.706 0.613 0.800    

TBI -0.018 -0.054 0.019 -0.97 0.34  

DASS Anxiety score -0.000 -0.003 0.002 -0.28 0.78  

Sex (Female) 0.014 -0.021 0.049 0.82 0.41 n = 110 

Age -0.002 -0.003 -0.001 -3.55 <.001 R2  = .163 

Age left education 0.002 -0.001 0.005 1.15 0.25 95% CI [.03,.26] 

       

Model 4       

(Intercept) 0.615 0.461 0.771    

TBI -0.016 -0.051 0.019 -0.90 0.37  

DASS Anxiety score 0.001 -0.002 0.003 0.69 0.49  

Sex (Female) 0.003 -0.031 0.038 0.21 0.83  

Age -0.002 -0.003 -0.001 -3.34 0.001  

Age left education 0.001 -0.001 0.005 0.93 0.35 n = 110 

GFMT (total hits) 0.004 0.001 0.007 2.55 0.01 R2  = .232 

TAS (total score) -0.001 -0.002 0.001 -1.17 0.25 95% CI [.06,.32] 

Note: TBI is Traumatic Brain Injury. DASS is Depression, Anxiety, and Stress Scale. GFMT is 
Glasgow Face Matching Test. TAS is Toronto Alexithymia Scale. b is the unstandardised regression 
coefficient from a multiple linear regression. LL is the lower limit and UL the upper limit of the 
95% Confidence Interval. t is the t-test coefficient. 
 
Model 1 - Association between TBI and overall emotion recognition on the Bristol ERT 
Model 2 - Model 1 adjusted for anxiety using the DASS anxiety subscale score 
Model 3 - Model 2 additionally adjusted for sex, age, and age left education  
Model 4 – Model 3 additionally adjusted for total hits on the GFMT and TAS score 
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5.3.5 Secondary analyses 

5.3.5.1 Emotion specific outcomes 

The primary regression analysis was rerun using the unbiased hit rate for each 

emotion and number of responses for each emotion as the outcomes to investigate 

emotion recognition accuracy and response bias for each individual emotion. There was 

no evidence for any emotion specific associations between emotion recognition 

accuracy and TBI or response bias and TBI in this sample (Table 5-3). There was also no 

evidence that anxiety was associated with emotion specific outcomes based on the 

anxiety coefficients from model 2 of the analysis (Appendix D, section 8.16). 

5.3.5.2 Emotion Bias Tasks 

Same as for the Bristol ERT a multiple linear regression was used to investigate 

differences between the TBI and control group on the two Emotion Bias Tasks (EBTs). 

The first model only included presence of TBI, and the second model was adjusted for 

anxiety, sex, age, age participants left education, performance on the GFMT, and TAS 

score. There was no evidence for a difference in balance point between the TBI and 

control group on either EBT; Angry (b = 0, 95% CI [-0.463, 0.463], t(108) = 0, p = 1.00) 

and Sad (b = 0.085, 95% CI [-0.401, 0.571], t(108) = 0.35, p = 0.73). There was no change 

when the model was adjusted for other factors; Angry (b = -0.08, 95% CI [-0.649, 0.498], 

t(102) = -0.26, p = 0.8), Sad (b = -0.086, 95% CI [-0.684, 0.513], t(102) = -0.28, p = 0.78). 

Further, there was no evidence that any of the factors included in the model were 

associated with performance on either EBT. 

5.3.5.3 Other factors 

There was weak evidence that the total score on the DASS was associated with 

overall emotion recognition, even after sex, age, age participants left education, 

performance on the GFMT, and TAS score were adjusted for. Participants with a higher 

DASS score were better at the Bristol ERT (b = 0.001, 95% CI [0.00003, 0.0014], t(102) = 

2.09, p = 0.04). This corresponded with higher scores on both the depression and the 

stress subscales of the DASS being associated with an increase in emotion recognition 

performance; depression (b = 0.002, 95% CI [0.0003, 0.003], t(102) = 2.46, p = 0.02) and 

stress (b = 0.001, 95% CI [0.0001, 0.004], t(102) = 2.11, p = 0.04). There was no evidence 

that performance on the BPAQ was associated with a change in emotion recognition on 

the Bristol ERT (b = 0.0003, 95% CI [-0.001, 0.001], t(102) = 0.80, p = 0. 43). 
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Table 5-3 
 
Results from regression analysis investigating association between TBI and emotion recognition performance for each emotion on the Bristol ERT 

 Model 1 - Unadjusted  Model 2 - Adjusted for Anxiety Model 3 - Fully Adjusted 

Emotion b 
95% CI 

t p b 
95% CI 

t p b 
95% CI 

t p 
LL UL LL UL LL UL 

UNBIASED HIT RATE (HU) 

Angry -0.004 -0.011 0.004 -0.94 0.35 -0.004 -0.012 0.004 -1.05 0.30 0.002 -0.007 0.011 0.39 0.69 

Disgust -0.006 -0.014 0.001 -1.74 0.09 -0.005 -0.013 0.002 -1.36 0.18 -0.005 -0.014 0.004 -1.17 0.24 

Fear -0.009 -0.022 0.004 -1.34 0.18 -0.012 -0.026 0.002 -1.75 0.08 -0.004 -0.018 0.011 -0.52 0.61 

Happy 0.002 -0.005 0.008 0.44 0.66 0.001 -0.006 0.008 0.27 0.78 0.002 -0.006 0.011 0.55 0.59 

Sad -0.002 -0.008 0.005 -0.52 0.61 -0.003 -0.010 0.004 -0.88 0.38 -0.005 -0.013 0.003 -1.24 0.22 

Surprise -0.005 -0.011 0.001 -1.64 0.10 -0.005 -0.011 0.001 -1.59 0.12 -0.004 -0.011 0.003 -1.11 0.27 

BIAS SCORE (number of responses given for each emotion) 

Angry 0.64 -0.9 2.17 0.82 0.41 0.43 -1.16 2.01 0.53 0.59 0.77 -1.08 2.61 0.82 0.41 

Disgust 0.95 -1.20 3.09 0.88 0.38 0.50 -1.70 2.70 0.45 0.65 1.23 -1.32 3.77 0.96 0.34 

Fear -0.64 -2.85 1.57 -0.57 0.57 -0.52 -2.82 1.77 -0.45 0.65 -1.50 -4.24 1.23 -1.09 0.28 

Happy -1.31 -3.60 0.98 -1.13 0.26 -1.01 -3.38 1.35 -0.85 0.40 -1.34 -4.16 1.49 -0.94 0.35 

Sad -0.11 -1.93 1.71 -0.12 0.91 -0.02 -1.91 1.87 -0.02 0.98 0.78 -1.47 3.04 0.69 0.49 

Surprise 0.47 -1.61 2.56 0.45 0.65 0.62 -1.54 2.79 0.57 0.57 0.06 -2.49 2.62 0.05 0.96 

Note: b is the TBI unstandardised regression coefficient from a multiple linear regression. LL is the lower limit and UL the upper limit of the 95% Confidence Interval. t is the 
t-test coefficient. Model 1 - Association between TBI and emotion specific outcomes on the Bristol ERT. Model 2 - Model 1 adjusted for anxiety on the DASS. Model 3 - Model 
2 additionally adjusted for sex, age, age left education, GFMT, and TAS.
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5.3.6 Exploratory analyses 

Given the trend towards decreased emotion recognition after TBI and the 

current literature around differences in outcome after mild TBI if people experienced 

Post Traumatic Amnesia (PTA), an exploratory analysis was conducted comparing TBI 

participants with PTA and those without PTA to the control group separately. There was 

evidence that the participants who reported having PTA show decreased performance 

on the Bristol ERT compared to neurologically healthy controls, whilst there was no 

evidence for a difference between the TBI group without PTA and the neurologically 

healthy controls (Model 1, Table 5-4). However, same as in the primary analysis there 

was no evidence for a difference between the TBI groups and the neurologically healthy 

controls once the model was fully adjusted (Model 4, Table 5-4). 

5.3.7 Reliability 

Internal reliability of accuracy on the Bristol ERT was assessed by calculating 

split-half reliability (Parsons et al., 2019) and Cronbach’s alpha. For the split-half 

reliability all the trials were treated as the same condition and 5000 random splits were 

used to establish a Spearman-Brown corrected reliability estimate. The confidence 

interval for Cronbach’s alpha was also calculated using 5000 bootstrap samples. The 

standard deviations and spearman brown corrected internal reliability estimates for 

used to calculate the Standard Error of Measurement (SEM) and the Smallest Real 

Difference (SRD). See Chapter 2 section 2.1.3 for details. In the full sample of 110 

participants the Spearman-Brown corrected estimate for all the conditions was rsb = 0.68 

(95% CI: 0.59 to 0.76) and Cronbach’s alpha for the 96 trials included in the Bristol ERT 

was α = 0.8 (95% CI: 0.75 to 0.83). To check whether low intensity trials on the Bristol 

ERT impacted reliability they were removed. The Spearman-Brown corrected reliability 

estimate was higher at rsb = 0.73 (95% CI: 0.64 to 0.8) and Cronbach’s alpha for the 60 

items version was approximately the same at α = 0.79 (95% CI: 0.74 to 0.83). The SEM in 

this sample was 4.55 (8.05√1 − 0.68), which makes the SRD 12.6 hits (2.77 × 4.55). 

The split half reliability estimates were also calculated for the 55 participants with TBI 

and 55 neurologically healthy control participants. The Spearman-Brown corrected 

reliability estimate was about the same in the TBI group compared to the control group 

(rsb = 0.68, 95% CI: 0.55 to 0.79, and rsb = 0.69, 95% CI: 0.56 to 0.8, respectively). The 

SEM for the TBI group was 4.52 and 4.4 for the control group meaning that the SRD for 

the groups were 12.5 and 12.2 hits respectively.  
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Table 5-4 
 
Regression models for overall emotion recognition on the Bristol ERT with the TBI group 
split into participants with PTA and those without PTA. 

Predictor b 
95% CI 

t p Model Fit 
LL UL 

Model 1       

(Intercept) 0.682 0.660 0.704   n = 110 

TBI with PTA -0.048 -0.087 -0.010 -2.47 0.01 R2   = .054 

TBI without PTA -0.015 -0.052 0.023 -0.78 0.43 95% CI [.00,.14] 

       

Model 2       

(Intercept) 0.676 0.651 0.702    

TBI with PTA -0.053 -0.093 -0.013 -2.63 0.01 n = 110 

TBI without PTA -0.018 -0.056 0.020 -0.93 0.35 R2   = .062 

DASS Anxiety score 0.001 -0.001 0.003 0.94 0.35 95% CI [.00,.15] 

       

Model 3       

(Intercept) 0.700 0.607 0.794    

TBI with PTA -0.041 -0.086 0.003 -1.83 0.07  

TBI without PTA -0.003 -0.042 0.036 -0.16 0.88  

DASS Anxiety score -0.000 -0.002 0.002 -0.08 0.94  

Sex (Female) 0.009 -0.026 0.045 0.54 0.59 n = 110 

Age -0.002 -0.003 -0.001 -3.56 0.001 R2   = .188 

Age left education 0.002 -0.001 0.006 1.40 0.16 95% CI [.03,.28] 

       

Model 4       

(Intercept) 0.609 0.455 0.763    

TBI with PTA -0.035 -0.079 0.009 -1.58 0.12  

TBI without PTA -0.005 -0.044 0.033 -0.25 0.80  

DASS Anxiety score 0.001 -0.001 0.003 0.74 0.46  

Sex (Female) 0.000 -0.034 0.035 0.02 0.98  

Age -0.002 -0.003 -0.001 -3.35 0.001  

Age left education 0.002 -0.001 0.005 1.15 0.25 n = 110 

GFMT (total hits) 0.004 0.001 0.007 2.47 0.02 R2   = .247 

TAS (total score) -0.001 -0.002 0.001 -0.97 0.34 95% CI [.06,.33] 

Note: TBI is Traumatic Brain Injury. PTA is Post Traumatic Amnesia. DASS is Depression, Anxiety, 
and Stress Scale. GFMT is Glasgow Face Matching Test. TAS is Toronto Alexithymia Scale. b is the 
unstandardised regression coefficient from a multiple linear regression. LL is the lower limit and 
UL the upper limit of the 95% Confidence Interval. t is the t-test coefficient. The reference group 
for the TBI with PTA and TBI without PTA regression coefficients are the neurologically healthy 
controls. 

Model 1 - Association between TBI and overall emotion recognition on the Bristol ERT 
Model 2 - Model 1 adjusted for anxiety using the DASS anxiety subscale score 
Model 3 - Model 2 additionally adjusted for sex, age, and age left education  
Model 4 – Model 3 additionally adjusted for total hits on the GFMT and TAS score
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5.4 Discussion 

Based on the information about TBI available from the brain injury screening the 

participants recruited for the study can be classified as having mild TBI, so results will be 

discussed in context of the mild TBI literature. The aim of this study was to establish 

whether there was evidence for an association between emotion recognition on the 

Bristol ERT and mild TBI in a community-based sample. The results indicated that there 

was weak evidence for decreased emotion recognition being associated with mild TBI, 

which is in line with the primary hypothesis for this study. However, contrary to our 

predictions there was no evidence for this association once age, sex, face perception 

and emotion processing were controlled for. There was no evidence of emotion specific 

differences in emotion recognition between the mild TBI and control groups. Although 

this does not match our hypothesis predicting deficits in emotion recognition across all 

six emotions, it does show that there were no emotion specific differences in this 

sample. There was also no evidence of emotion bias on the Bristol ERT or EBT tasks 

associated with mild TBI. Despite evidence for increased anxiety in the mild TBI group 

compared to controls there was no evidence to support our hypotheses that anxiety 

would be associated with decreased emotion recognition accuracy and emotion specific 

bias. 

5.4.1 Mild TBI 

Having a mild TBI was associated with worse outcomes on all the questionnaires 

included in this study. Despite all participants being at least 10 months since the TBI they 

reported higher levels of anxiety and stress on the DASS compared to the control group. 

There was also a trend towards increased feelings of depression on the DASS. 

Participants with mild TBI had higher alexithymia scores on the TAS compared to the 

healthy controls, with the difference being particularly pronounced on the Externally 

Orientated Thinking subscale. Finally, there was also weak evidence for increased 

feelings of aggression based on the BPAQ. Although there is no way of knowing whether 

these negative outcomes are the result of the mild TBI in this sample, the findings are 

congruent with the current literature on negative outcomes after mild TBI (Calvillo & 

Irimia, 2020). The distribution of male versus female participants across the mild TBI 

versus control group showed that males were more likely to have experienced a TBI in 

this sample. This is congruent with the increased incidence of having a TBI if you are 

male reported in the UK (Headway, 2018). Males have tendency to score higher than 
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females on both the TAS and BPAQ (Buss & Perry, 1992; Parker et al., 2003). It is possible 

that scores on those questionnaires were higher for the mild TBI group compared to 

controls because there were more males in that group. 

5.4.1.1 Emotion recognition accuracy 

The results from this study indicated that there was no association between 

emotion recognition and mild TBI, which broadly matches the findings from previous 

studies investigating emotion recognition and mild TBI (McLellan & McKinlay, 2013; 

Theadom et al., 2019).The only difference in results was that Theadom and colleagues 

(2019) reported that four years post injury participants with mild TBI were less accurate 

at identifying happy stimuli, which was not observed in this study. There are many 

possible explanations for this difference. The Bristol ERT and EET from TASIT use very 

different stimuli so are likely to have different task demands, which has been shown to 

impact findings (Hayes et al., 2020). It is also that the lack of association between mild 

TBI and emotion recognition is the result of selection bias. Recruitment through Prolific 

suggests that participants were comfortable using a computer and are looking for 

research opportunities. Furthermore, participants on Prolific are generally well educated 

with median level of education being a bachelor’s degree (Peer et al., 2017), which is 

consistent with the average age that participants in the sample reported leaving 

education being around 21. Higher levels of education have been associated with better 

outcomes after mild TBI (Cnossen et al., 2017). This could mean that participants in this 

study were not representative of people experiencing difficulties after mild TBI. 

Although there was no evidence of decreased emotion recognition after mild 

TBI in this sample it is worth considering whether emotion recognition accuracy 

decreases with injury severity. It is possible that the inclusion criteria of head injury with 

loss of consciousness was too mild an injury to result in emotion recognition deficits. 

Arguably, presence of Post Traumatic Amnesia is a better indicator of mild TBI 

(Gasquoine, 2020), at minimum it suggests a higher level of severity compared to mild 

TBI with only loss of consciousness. The exploratory analysis, taking into consideration 

presence of Post Traumatic Amnesia, in this sample showed that only participants with 

Post Traumatic Amnesia had lower emotion recognition compared to the neurologically 

healthy controls. It is important to note that there was no evidence of an association 

between mild TBI with Post Traumatic Amnesia and emotion recognition once age and 

face perception had been controlled for. The results add to the growing evidence that 
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mild TBI is not associated with deficits in emotion recognition that are observed after 

moderate to severe TBI. 

5.4.1.2 Emotion bias 

Despite the evidence for increased levels of anxiety and aggression in the mild 

TBI group there was no evidence of mild TBI being associated with emotion recognition 

bias on the Bristol ERT and EBT tasks this sample. This was surprising given the evidence 

for negative attribution bias after TBI linked to aggression (D. Neumann et al., 2021) and 

association between state anxiety and emotion bias on the anger Bristol EBT reported 

by Attwood and colleagues (2017). The TBI group in the study by Neumann, Sander, and 

colleagues (2021) consisted mainly of participants with moderate to severe TBI. It is 

possible that, like with emotion recognition accuracy, negative attribution bias for 

emotions after TBI is only present for more severe TBI cases. It is also possible that 

aggression mediates the relationship between TBI and negative attribution bias for 

emotions, and that there was no meaningful difference in levels of aggression between 

the mild TBI and control group in this study. The lack of evidence for an association 

between anxiety and emotion bias is discussed in the next section. Investigating 

association between aggression (or indeed other factors) and emotion bias outcomes 

independent of TBI was not within the scope of this study.  

5.4.2 Associations between Emotion Recognition and Covariates 

5.4.2.1 Anxiety 

The DASS was chosen as a measure of anxiety for this study because it is a useful 

continuous measure of clinical anxiety (Crawford & Henry, 2003; Lovibond & Lovibond, 

1995). The aim was to capture clinically significant levels of anxiety without diagnosis of 

an anxiety disorder, which are thought to be much more prevalent than a diagnosis of 

Generalised Anxiety Disorder after TBI (Osborn et al., 2016). Contrary to our 

predications there was no evidence that the DASS anxiety score was associated with 

changes in emotion recognition accuracy or bias. The effect sizes found previously for 

deficits in emotion recognition associated with Generalised Anxiety Disorder have been 

small (Plana et al., 2014) and evidence for associations with sub clinical anxiety has been 

mixed (Attwood et al., 2017; Dyer et al., 2022; Suslow et al., 2019). Results from this 

study suggest that general symptoms of clinical anxiety are not associated with changes 

in emotion recognition accuracy. Given that Attwood and colleagues (2017) found that 
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induced state anxiety was associated with deficits in emotion recognition on the Bristol 

ERT, it is possible that emotion recognition is only impaired in people experiencing acute 

anxiety. Similarly, negative attribution bias for emotions could be associated with state 

anxiety and not general symptoms of anxiety. Attwood and colleagues (2017) found 

evidence for a shift towards perceiving anger on the angry/happy EBT after inducing 

anxiety. Interestingly, Dyer and colleagues (2022) were only able to replicate this effect 

in participants with high trait anxiety. It is possible that participants reporting symptoms 

of anxiety would show impairments and bias in emotion recognition when they 

experience acute stress, but this was not captured at the time of testing. Further studies 

are needed to investigate this, and these complex interactions highlight the need to 

clearly define aspects of anxiety in future research. 

5.4.2.2 Age, Sex, and Education 

There was a strong association between age and performance on the Bristol ERT 

indicating that emotion recognition decreased with age in this sample, which is 

congruent with previous findings (Abbruzzese et al., 2019; Byom et al., 2019; Ruffman et 

al., 2008). Murphy and colleagues (2019) have argued that the observed association 

could be mediated by general cognitive ability or presence of mood disorders, but the 

results in the current study did not support this. General cognitive ability was not 

directly assessed, but there was clear evidence for a negative association between 

emotion recognition and age after adjusting for face perception ability. Furthermore, 

depression and stress were associated with an increase, not a decrease, in performance 

on the Bristol ERT. It is highly unlikely that increased prevalence of mood disorders in 

older adults would explain the negative association between age and emotion 

recognition. Given the increased prevalence of TBI in older populations (Maas et al., 

2017; Peeters et al., 2017) the potential impact of age on performance will need to be 

carefully considered. It would be helpful to establish age specific normative data for the 

Bristol ERT in both neurologically healthy and TBI populations. Arguably, females have 

small advantage over males in emotion recognition accuracy (Hoffmann et al., 2010; 

Thompson & Voyer, 2014), but this association was not observed in the current study. It 

is possible that the sample size was not big enough to detect this effect, especially 

considering that the sample included more female than male participants. There was 

also no evidence that years of education was associated with emotion recognition 

performance, which could be due to high levels of education observed in this sample.  
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5.4.2.3 Face perception and Alexithymia 

The GFMT was included in this study to check whether differences in 

performance on the emotion recognition task between participants with mild TBI and 

controls can be explained through general face perception ability (J. D. Henry et al., 

2015). It was not surprising to find that performance on the face discrimination task was 

positively correlated to performance on the Bristol ERT given that facial stimuli are used 

in the Bristol ERT. The TAS mean and standard deviation for the control group in this 

sample was reflective of the normative data scores established in a Canadian population 

(Mean = 45.75, SD = 11.3; Parker et al., 2003). There was evidence that participants with 

mild TBI had higher scores on the TAS, but there was no evidence that performance on 

the TAS was associated with emotion recognition in the fully adjusted regression model. 

Notably, although the mean score for the mild TBI group was higher it was within the 

range described as low alexithymia (Bagby, Parker, et al., 1994; Bagby, Taylor, et al., 

1994), which could explain why no association was observed in this sample. As discussed 

in Chapter 3, it is also possible that there simply is no association between accuracy on 

emotion labelling tasks and alexithymia (Ihme, Sacher, Lichev, Rosenberg, Kugel, Rufer, 

Grabe, Pampel, Lepsien, Kersting, Villringer, Lane, et al., 2014; Rosenberg et al., 2019). 

Studies reporting an association between the TAS and emotion recognition have found 

that the highest correlation was with the Externally Oriented Feelings subscale 

(Martinez-Sanchez et al., 2017; Prkachin et al., 2009). In the current study, participants 

with mild TBI scored higher that the controls participants on that subscale, so it would 

be worth investigating that specific interaction further (Neumann, Zupan, et al., 2014). 

5.4.2.4 Depression, Stress, and Aggression 

Contrary to expectations based on the literature (Dalili et al., 2015; Krause et al., 

2021), there was evidence that higher levels of depression and stress measured using 

the DASS were associated with better performance on the Bristol ERT. A possible 

explanation is that the DASS is capturing general negative affect in the same way that 

the trait subscale of the State-Trait Anxiety Inventory (Spielberger, 1983) is thought to 

measure negative affect (Knowles & Olatunji, 2020). Attwood and colleagues (2017) 

found that higher trait scores on the State-Trait Anxiety Inventory were associated with 

increased performance on the Bristol ERT, which would correspond with the findings in 

this study. However, these findings should be interpreted with caution because the 

analyses were exploratory and evidence for the effect was not very strong and could be 
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a false positive. There was no evidence that aggression was associated with emotion 

recognition in this sample. Notably, the mean scores on the BPAQ for this study were 

lower than the mean scores for the normative sample (Buss & Perry, 1992), suggesting 

that low levels of aggression may account for the lack of association.  

5.4.3 Reliability of the Bristol ERT 

Internal consistency estimates were calculated for the Bristol ERT to assess the 

extent to which items consistently measured the same construct (Sherman et al., 2011). 

Using the thresholds for reliability estimates outlined by Strauss and colleagues (2006) 

the split half reliability for the Bristol ERT in this sample can be described as marginal for 

both the overall sample and the TBI and control groups separately. The fact that the 

reliability estimates were comparable across the mild TBI and control groups, suggests 

that having a mild TBI does not impact reliability of measurement on the Bristol ERT. The 

split half reliability estimate for the Bristol ERT increased when low intensity trials were 

removed, indicating that variance was increased due to the highly ambiguous low 

intensity trials. It is promising that the reliability estimate for the reduced Bristol ERT is 

within in the adequate range and meets the reliability threshold for tasks considered 

suitable for research (Ponterotto & Ruckdeschel, 2007; Strauss et al., 2006). 

Cronbach’s alpha is the most commonly reported measure of internal 

consistency reliability, which is why it was included alongside the split half reliability 

estimate recommended by Parson’s and colleagues (2019). Unlike the split half estimate 

Cronbach’s alpha can be described as high for the full Bristol ERT in this sample and was 

only slightly lower for the reduced Bristol ERT. This suggests that the split half method is 

more sensitive to inclusion of low intensity trials, potentially because it is based on 5000 

random splits as opposed to an estimate of all possible splits like Cronbach’s alpha. The 

level of reliability indicated by Cronbach’s alpha suggests that measurements on the 

Bristol ERT could be sufficiently reliable for both research and individual assessment in a 

clinical setting (Sattler, 2001; Strauss et al., 2006). The Smallest Real Difference estimate 

shows that if the Bristol ERT were used to assess individual performance, a change in 

score of 13 hits would be needed to be confident of a true difference in performance. 

Wider implications in the context of reliability estimates associated with the Bristol ERT 

in the other studies presented in this thesis will be addressed in the general discussion. 
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5.4.4 Strengths and Limitations 

The current study is one of only few studies that has investigated the association 

between mild TBI and emotion recognition. A benefit of the study design was that well 

validated measures were included to assess several potential confounders alongside the 

Bristol ERT. A possible limitation was that measures of general cognitive ability, for 

example working memory and processing speed were not included due to constraints 

around study duration. Instead, a measure of face identification was included as 

recommended by Henry and colleagues (2015) when assessing emotion recognition 

using facial stimuli. Another potential limitation was that the sample size calculation for 

this study was based on the effect size for emotion recognition deficits after moderate 

to severe TBI. Consequently, it is possible that the sample was simply not big enough to 

detect smaller effects. Furthermore, the reliability coefficients for the Bristol ERT 

suggested that variance in scores could be quite high, which decreases confidence in the 

inferences made in this study. A concern is that online data collection could have 

impacted quality of the data collected, which in turn would have impact reliability 

estimates. However, research has shown that data collected using Prolific is generally of 

high quality (Peer et al., 2017) and results from online data collection are often 

comparable to results using more conventional forms of data collection (Walter et al., 

2019). 

5.4.5 Implications and future directions 

Ultimately this study did not find any evidence to support an association 

between emotion recognition and mild TBI. It is possible that using head injury with loss 

of consciousness is too broad a category for mild TBI. Future studies should consider 

how mild TBI is defined and whether different subgroups, such as those with Post 

Traumatic Amnesia, are associated with different outcomes on emotion recognition 

tasks. The findings also highlight the impact of age on emotion recognition, which will 

need to be taken into consideration if the task is used for individual assessments in 

performance. It would be useful to establish age specific normative data for the Bristol 

ERT to use as a benchmark for both research purposes and clinical practice. 
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Chapter 6 Associations between mild Traumatic Brain Injury, 

emotion recognition, and anxiety in the Avon Longitudinal Study 

of Parents and Children 

6.1 Introduction 

In Chapter 5 the association between mild TBI and emotion recognition was 

assessed using a cross sectional study design. The study in this chapter aimed to address 

the same research questions in a prospective cohort study. The primary aim was to 

investigate the associations between mild TBI and emotion recognition performance on 

the Bristol ERT in the Avon Longitudinal Study of Parents and Children (ALSPAC). The 

secondary aim was to explore whether anxiety is associated which changes in emotion 

recognition in this cohort to help evaluate whether it could be moderating changes in 

emotion recognition in a mild TBI population. Triangulation across studies will help 

address biases associated with a single research methodology and further develop our 

understanding of associations between emotion recognition, mild TBI and anxiety. 

6.1.1 Observational research: Prospective cohort studies 

Data for the current study was extracted from a prospective cohort study, which 

is a longitudinal study where participants are recruited and then followed up over a 

period of time (Grimes & Schulz, 2002). Prospective cohort studies can reduce selection 

bias because participants are not recruited retrospectively from a population that has 

already experienced a TBI. However, cohort studies are susceptible to other sources of 

selection bias. Participants with certain exposures are more likely to drop out and thus 

bias observations made based on the cohort data (Munafo et al., 2018). For example, 

participants with complications after TBI might be more likely to drop out. This could 

mean the true extent of difficulties mild TBI are not captured because participants 

presenting with difficulties are no longer part of the study. In order to minimise impact 

of bias it is important to consider and control for possible confounding factors during 

analysis of cohort studies (Bell, 2020). A benefit of cohort studies is that there is data for 

many variables, so it is possible to control for a lot of confounders and consider multiple 

outcomes for a given exposure such as mild TBI. Another advantage of a cohort study is 

that data is available for large number of participants. This means that that is possible to 

detect small effects that could otherwise be masked, which is important given that 

changes in emotion recognition after mild TBI could be subtle.  
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6.1.1.1 Avon Longitudinal Study of Parents and Children (ALSPAC)  

As outlined in Chapter 2 section 2.1.6, ALSPAC is a birth cohort of initially 14,541 

pregnancies. Pregnant women resident in Avon, UK with expected dates of delivery 1st 

April 1991 to 31st December 1992 were invited to take part in the study. There was a 

total of 14,676 foetuses, resulting in 14,062 live births and 13,988 children who were 

alive at 1 year of age. When the oldest children were approximately 7 years of age, an 

additional 913 children not included in the initial phase were enrolled. Details about the 

phases of enrolment and further information about the cohort are described in the 

cohort profile papers and update (Boyd et al., 2013; Fraser et al., 2013; Northstone et 

al., 2019). The total sample size for analyses using any data collected after the age of 

seven is 15,454 pregnancies, resulting in 15,589 foetuses. Of these 14,901 were alive at 

1 year of age. Data about the children’s, health, development, and well-being was 

initially collected using parent completed questionnaires, as well as clinics attended by 

the children from around age 7, and later on child completed questionnaires. Further 

information about the cohort profile is available at https://www.bristol.ac.uk/alspac/. 

6.1.2 Current study: Rationale 

As has been discussed previously (section 5.1.1), there are very few studies that 

have investigated the associations between emotion recognition and mild TBI (Calvillo & 

Irimia, 2020). Theadom and colleagues (2019) did not find evidence for a difference in 

overall emotion recognition accuracy between people with mild TBI and healthy controls 

and week evidence for lower accuracy for happy stimuli. Participants for their study 

were recruited from the Brain Injury Incidence and Outcomes New Zealand (NZ) in the 

Community, BIONIC study. Any participants who were 12 years or older at the time of 

injury were included. Usually, studies of adult TBI include only participants over the age 

of 16 (Babbage et al., 2011; Murphy et al., 2021) because emotion recognition is 

considered fully developed by age 16 (Lawrence et al., 2015). Having a TBI before 

emotion recognition is fully developed could impact emotion recognition differently to a 

TBI that is received when emotion recognition is fully developed (Giza & Prins, 2006). 

However, a study looking at impact of childhood TBI on adult social cognition found no 

differences in emotion recognition accuracy between participants with mild TBI and 

orthopaedic controls (McLellan & McKinlay, 2013). Notably, the emotion recognition 

task used showed faces only at 100% intensity and sample sizes were small, so they may 

not have been able to pick up small changes in emotion recognition after mild TBI. 

https://www.bristol.ac.uk/alspac/researchers/cohort-profile/
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In the current study, the primary aim was to explore the impact of mild TBI 

occurring after emotion recognition is considered fully developed. Adult mild TBI was 

defined as having had a head injury with loss of consciousness at age 17 or later. As prior 

studies have also included childhood TBI the secondary TBI variable was created 

including all participants in ALSPAC who have had a mild TBI. Maximising the mild TBI 

sample in this way could help detect small changes in emotion recognition associated 

with having a mild TBI. Emotion recognition for all participants was measured using the 

Bristol ERT when participants were around 24 years of age. 

6.1.2.1 Anxiety as a potential moderator  

There is evidence that the likelihood of having an anxiety disorder is increased 

after mild TBI (Barker-Collo et al., 2018; Delmonico et al., 2021), which could in turn be 

impacting performance on emotion recognition tasks. Anxiety disorders, including 

Generalised Anxiety Disorder (GAD) have been associated with deficits in emotion 

recognition accuracy (Plana et al., 2014). Palm and colleagues (2011) investigated 

changes in emotion recognition and brain functioning in a group of 15 females with 

GAD. They reported decreased recognition of sad stimuli and decreased activation of 

brain areas associated with emotion recognition for all emotion stimuli. The results 

should be interpreted with caution given the small sample size, but it does suggest that 

increased prevalence of GAD after mild TBI could impact performance on emotion 

recognition tasks. In the current study, the associations between emotion recognition, 

presence of GAD and reports of anxiety in the week before completing the Bristol ERT 

were investigated. Of interest was the potential moderating effect of anxiety on the 

association between emotion recognition and mild TBI in the ALSPAC cohort. We used 

two different definitions of anxiety to contrast the impacts of having an anxiety disorder 

and sub clinical reports of anxiety.  

6.1.3 Current study: Aims and Hypotheses 

The associations between emotion recognition, mild TBI and anxiety in ALSPAC 

were investigated in a series of steps. Given the lack of evidence for changes in emotion 

recognition after mild TBI and conflicting evidence regarding links between anxiety and 

emotion recognition the analysis was considered explorative rather than confirmative. 

All the hypotheses were tentative, and no emotion specific hypotheses were made. The 

first step was to investigate the association between emotion recognition and mild TBI 

in this cohort. Our hypothesis was that participants with mild TBI might perform slightly 
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worse on the Bristol ERT compared to control participants. The second step was to 

investigate whether mild TBI was associated with GAD in this sample. Our hypothesis 

was that mild TBI would be associated with an increased likelihood of GAD even after 

controlling for presence of GAD preinjury. The third step was to investigate the 

association between emotion recognition and concurrent anxiety. Both diagnosis of GAD 

and presence of anxiety in the week before completing the Bristol ERT were considered. 

The hypothesis was that both GAD and recent anxiety would be associated with 

decreased emotion recognition on the Bristol ERT. The fourth and final step was to 

consider whether anxiety could be mediating changes in emotion recognition after mild 

TBI in this sample. Our hypothesis was that if there are changes in emotion recognition 

after mild TBI, they could be mediated by anxiety at the time when the emotion 

recognition task was completed. Participants with mild TBI were compared to 

participants who had experienced an orthopaedic injury and participants with no 

reported injury. Age, sex, social class, and general cognitive ability were considered as 

potential confounders and controlled for in the analyses. 



 

Page 141 of 255 

6.2 Method 

6.2.1 Design 

Associations between mild Traumatic Brain Injury reported between 17 and 25 

years of age, anxiety at age 24 and emotion recognition at age 24 are investigated using 

secondary data from a prospective cohort study. The two main outcomes for this study 

are overall emotion recognition on the Bristol ERT and presence of Generalised Anxiety 

Disorder at age 24. Secondary outcomes are emotion recognition accuracy for each of 

the six emotions and the number of responses for each emotion. Ethical approval for the 

study was obtained from the ALSPAC Ethics and Law Committee and the Local Research 

Ethics Committees. 

6.2.2 Participants 

The participants were drawn from the Avon Longitudinal Study of Parents and 

Children (ALSPAC). At around age 24 the children in this cohort (now young adults) were 

invited to attend a clinic at which they completed the Bristol ERT as a measure of 

emotion recognition and the Clinical Interview Schedule Revised (Lewis et al., 1992) was 

used to assess anxiety. The clinic was held between June 2015 and October 2017, with 

4026 of the young people attending the clinic during that time. Information about adult 

mild Traumatic Brain Injury was obtained from questionnaires completed around age 18 

and age 25.  

6.2.3 Measures 

The measures included in this study were a combination of information 

collected at clinic and questionnaires completed by the children/young adults or their 

parents. See Figure 6-1 for a timeline including all the timepoints at which data was 

collected for the variables included in this study. At clinic, the study data were collected 

and managed using REDCap electronic data capture tools hosted at the University of 

Bristol. REDCap (Research Electronic Data Capture) is a secure, web-based software 

platform designed to support data capture for research studies (Harris et al., 2009). The 

cognitive tasks were presented using E-prime software (PST Inc, Sharpsburg, PA, USA). 

Please note that the study website contains details of all the data that is available 

through a fully searchable data dictionary and variable search tool 

(http://www.bris.ac.uk/alspac/researchers/data-access/data-dictionary/). 

http://www.bris.ac.uk/alspac/researchers/data-access/data-dictionary/
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Figure 6-1 
 
Timeline for ALSPAC variables 
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6.2.3.1 Emotion recognition 

The Bristol ERT was used as a measure of emotion recognition at the clinic that 

occurred around age 24. The task consisted of 96 trials including six emotions at eight 

levels of intensity for a set of Caucasian male and a set of Caucasian female faces. The 

order of presentation of the stimuli was randomised for each participant and stimuli 

were presented for 200ms. The primary outcome was overall emotion recognition using 

the proportion of total hits for each participant, so the number of correct responses 

divided by the number of trials completed. The secondary outcomes were emotion 

specific accuracy and response scores measured using unbiased hit rate for each of the 

six emotions and the total number of responses made for each emotion respectively. 

For a detailed description of the task and outcomes please refer to the introduction 

chapter section 1.3.2.  

6.2.3.2 Mild Traumatic Brain Injury 

Information about mild Traumatic Brain Injury (mild TBI) was available from 

questionnaires asking whether participants have experienced head injury with loss of 

consciousness. In a questionnaire at around age 25 participants were asked whether 

they have had a head injury with loss of consciousness since their 18th birthday, and at 

around age 18 they were asked whether they have had a head injury with loss of 

consciousness since their 17th birthday. Responses on these two questions were 

combined to create a measure of adult mild TBI defined as head injury with loss of 

consciousness between ages 17 and 25. To ensure that childhood mild TBI did not 

impact results, any participants who had a head injury with loss of consciousness 

between birth and age 16 were excluded. The mild TBI variable for injury between birth 

and age 16 is based on a variable created previously (Kennedy et al., 2017) and consists 

of questionnaire responses at 7 timepoints asking about head injury with loss of 

consciousness or a broken skull (Figure 6-1). In addition to the adult mild TBI variable a 

lifetime mild TBI variable was created by combining the birth to age 16 variable and the 

17 to age 25 variables. The number of times a participant reported a mild TBI was not 

considered given the information available about TBI in this cohort. 

Two control group variables were generated to use for comparison with the mild 

TBI group. The first is a negative control of participants who reported a broken bone 

within a timeframe comparable to the mild TBI. Using orthopaedic injury as a 
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comparison group should control for distress caused simply by having a traumatic injury 

(Curran et al., 2000; Kennedy et al., 2017). Participants who reported a broken skull and 

those with both a mild TBI and broken bones were included in the mild TBI group. 

Further, participants who reported breaking fingers, toes or similar minor breaks were 

not included in the broken bones group, and participants who reported a broken spine 

were excluded from the study as this was deemed too severe an injury to be comparable 

to a mild TBI. This means that the broken bones group consisted of participants who 

reported breaking an arm, leg, ankle, or other bone. Information about broken bones 

between 17 and 25 was available at two time points, which were combined to create a 

broken bones group for that timeframe. At around age 22 participants were asked about 

broken bones since their 17th birthday and at around age 25 they were asked about 

broken bones in the past 6 months. No information about broken bones was available 

for the participants between the ages 22 years and 24 years 6 months. The broken bone 

variable for birth to 16 years was based on a broken bone variable from birth to 11 years 

created previously (Kennedy et al., 2017), and responses about broken bones at 15 years 

6 months and 16 years 8 months.  A lifetime broken bones variable was created by 

combining information across all available timepoints. 

The second control group were participants with no injury. Participants who 

responded NO to having a head injury and NO to having an accident that led to a broken 

bone at four timepoints after the age of 17 (see Figure 6-1) were included in the no 

injury group from 17 to 25 years. Further, any participants with head injury between 

birth and 16 years were removed from this group; having a broken bone prior to 17 was 

not deemed a reason for exclusion. A lifetime no injury group was a combination of a no 

injury group between birth and 16 created previously (Kennedy et al., 2017) and the no 

injury group between 17 and 25 group created for this study. 

6.2.3.3 Anxiety 

The computerised version of the Clinical Interview Schedule – Revised (CIS-R) 

was used to identify presence of anxiety disorders according to diagnostic criteria in the 

ICD-10 (Lewis et al., 1992; Patton et al., 1999). Participants completed the self-

administered computerised version of the interview at clinic around the age of 17 years 

and 6 months, and then again at around age 24. Responses were coded into diagnosis 

variables by the ALSPAC team and made available alongside responses for each 

individual item. For this study participants who met diagnostic criteria for Generalised 
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Anxiety Disorder (GAD) were included in the anxiety group. Participants who did not 

meet any diagnostic criteria for a mood disorder on the CIS-R (i.e. were not identified 

has having any anxiety disorders or depression) were used as a control group. The 

primary outcome was a binary variable indicating presence of GAD at age 24 based on 

these groups. Similarly, a binary variable for presence of GAD at age 17 years and 6 

months was generated to control for anxiety prior to injury. As part of the CIS-R, 

participants responded to the following question: “On how many of the PAST SEVEN 

DAYS have you felt GENERALLY anxious, nervous or tense?” Responses to this question 

were used to create a secondary binary outcome variable indicating whether 

participants had experienced general anxiety in the week prior to attending the clinic at 

age 24. 

6.2.3.4 Confounding variables 

Sex, age at measure completion, and socioeconomic status were all included as 

confounders in this study to control for potential selection bias. The sex variable was 

binary based on the sex participants were assigned at birth and an age variable was 

calculated using the age in months reported at the clinical around age 24 divided by 12. 

Maternal social class at the birth of their child was used as a proxy for young person 

socioeconomic status in this study. A maternal social class variable in ALSPAC has been 

derived from maternal self-reported highest occupation level related to the Registrar 

General’s classification of occupations. The categorisation ranges from social class V 

(unskilled manual) to social class I (professional), but for this study a binary variable was 

created with social classes IV and V in one group and social classes I to III and armed 

forces in the other. 

At the same time as completing the emotion recognition task at around age 24, 

participants completed a measure of working memory. To adjust for potential changes 

in cognitive ability after mild TBI, working memory performance was included as a 

confounding variable in this study. A visuoverbal 2-back version of the N-back task was 

presented using E-prime (Kirchner, 1958). Please refer to Chapter 2 on reliability of tasks 

used in ALSPAC for a detailed description of this task. The outcome measure used was a 

discriminability index (d’prime) as a measure of overall performance on the task. As 

described above, we also adjusted for anxiety at age 17 (prior to the mild TBI 

occurrence) to try and ensure that TBI preceded changes in anxiety. 
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6.2.3.5 Exclusions 

A diagnosis of autism was used as an exclusion criterion as there is strong 

evidence for altered emotion recognition in people with autism (Uljarevic & Hamilton, 

2013). A binary variable indicating a diagnosis of autism before the age of 11 was 

created by Williams et al. (2008) and was used to exclude individuals with autism. 

Reports of neurological disorders other than mild TBI were also used as an exclusion 

criterion because they could impact emotion recognition performance at a later stage. 

Stroke can cause brain damage and has been shown to cause deficits in emotion 

recognition (Yuvaraj et al., 2013) and Multiple Sclerosis has also been linked to deficits in 

emotion recognition (A. Henry et al., 2015; Prochnow et al., 2011). At around age 22 

years, participants in ALSPAC completed a questionnaire asking whether they had ever 

had a stroke or been given a diagnosis of Multiple Sclerosis. Any participants who 

indicated that they had were excluded from this study. Epilepsy in certain areas of the 

brain has also been associated with decreased emotion recognition (Bonora et al., 

2011). Having a head injury is associated with a higher risk of developing epilepsy, but it 

is difficult to differentiate between post-traumatic epilepsy and focal epilepsy without 

injury (Fordington & Manford, 2020). Consequently, any participants who reported 

having had a seizure likely due to epilepsy prior to age 12 were excluded. Information 

about seizures likely due to epilepsy was available through parent report at 7 timepoints 

between birth and 11 years and 6 months (Figure 6-1). An epilepsy variable was 

generated by combining responses across those times points. Reporting a broken spine 

was also used as an exclusion criterion as the severity of the injury was likely to have 

long term effects that do not match the broken bones category or mild TBI category. For 

all these variables, participants with missing data were not excluded from the analysis. 

6.2.4 Analysis Plan 

To investigate the associations between mild Traumatic Brain Injury (mild TBI), 

emotion recognition, and anxiety in the ALSPAC cohort a stepped approach was used to 

investigate the associations between mild TBI and emotion recognition, mild TBI and 

anxiety, as well as emotion recognition and anxiety independently. A mediation analysis 

was planned as a final step, but this was not deemed appropriate given the results of the 

first three analysis steps and data available after extraction. The relevant variables were 

extracted from the ALSPAC dataset using Stata version 16 (StataCorp LLC), which was 

also used to generate the main variables used in this study. The data was then loaded 
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into RStudio (2020) R version 4.0.4 for data cleaning and analysis. The main analysis 

packages used were the core stats package in R, psych package version 2.1.9, and 

apaTables package version 2.0.5 (Stanley, 2018). 

6.2.4.1 Step 1 – Association between mild TBI and emotion recognition at age 24 

The first step of the analysis was to investigate whether having a mild TBI 

between ages 17 and 25 is associated with a change in emotion recognition compared 

to participants who had not reported an injury and those who had reported breaking an 

arm/hand or leg/foot (negative control group). A linear multiple regression was used 

with emotion recognition performance on the Bristol ERT as the outcome and injury as a 

categorial exposure variable. The reference group was changed from no injury to broken 

bones to obtain comparisons between all three injury groups. The model was adjusted, 

first for demographic variables (age at the time the outcome measure was completed, 

sex at birth, and maternal social class), and then further adjusted for working memory 

performance. The same analysis was used to investigate whether having a mild TBI at 

any age (birth to 25 years) resulted in a change in emotion recognition compared to 

participants with no injury or those who reported broken bones. To investigate emotion 

specific changes in performance on the Bristol ERT the above analysis for injury between 

17 and 25 years was repeated using first unbiased hit rate for each emotion and then 

response bias scores (number of responses for each emotion) as the outcome measures. 

Finally, a sensitivity analysis was conducted with potential outliers on the Bristol ERT 

removed. An outlier was defined as scores more than 1.5 times the interquartile range 

above the 3rd or below the 1st quartile on the primary outcome for the Bristol ERT. 

6.2.4.2 Step 2 – Association between mild TBI and anxiety at age 24 

The second step of the analysis investigated whether reporting a mild TBI 

between 17 and 25 changes the likelihood of having an anxiety disorder at age 24. A 

logistic regression was conducted with presence of GAD at age 24 as to outcome and 

injury between 17 as the exposure. The analysis was adjusted for demographic variables 

(age at time of the outcome measure, sex at birth, and maternal social class) as possible 

confounders, and then adjusted for presence of GAD at 17 years and 6 months because 

it preceded time of injury in most cases. Odds ratios were calculated to show the 

likelihood of having GAD in the mild TBI group compared to the no injury group. The 
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same analysis was conducted using the lifetime injury group, but the analysis was not 

adjusted for anxiety at age 17 and 6 months. 

6.2.4.3 Step 3 – Association between anxiety and emotion recognition at age 24 

The third step of the analysis investigated whether having anxiety at age 24 was 

associated with performance on the Bristol ERT at age 24. Multiple linear regression 

with emotion recognition performance on the Bristol ERT as the outcome and presence 

of GAD as a binary exposure was conducted. Same as in step 1 the model was adjusted 

for demographic variables (age at time of the outcome measure, sex at birth, and 

maternal social class) and working memory performance on the n-back task at age 24. 

The analysis was also run using the binary variable indicating whether participants had 

experienced anxiety in the past week as the exposure, instead of presence of GAD. To 

check for emotion specific associations, both the analysis using the GAD variable, and 

analysis using the anxiety in the past week variable were repeated using unbiased hit 

rate and response bias scores for each emotion as the outcome variables.  
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6.3 Results 

6.3.1 Sample available for analysis 

Of the 4026 participants who attended the clinic at age 24 only participants with 

the required outcome data were included in the analysis. This means in steps 1 and 3 of 

this analysis the 3551 participants who completed all 96 trials on the Bristol ERT were 

included. In step 2 the 3639 participants with diagnostic information about Generalised 

Anxiety Disorder (GAD) available were included. Sample sizes were further reduced due 

to missing exposure data and missing covariate data. The number of participants in each 

exposure group for every step of the analysis is included in Appendix A (section 8.17). 

6.3.2 Properties of the Bristol ERT in ALSPAC 

The mean performance on overall emotion recognition in the full sample of 

3551 participants who completed the Bristol ERT is 66.36 (SD = 7.87), with a range of 28 

to 88 total hits. Shapiro-Wilk test for normality indicated that the data was not normally 

distributed (W(3550) = 0.98, p < .001), however given the size of the dataset analysis 

was not adjusted based on the violation of normality (Schmidt & Finan, 2018). 

Figure 6-2 
 
Histogram for Bristol ERT total hits in ALSPAC 

 

Notes: The histogram shows the number of times a particular score was obtained on the Bristol 
ERT. The dashed line represents the mean score on the Bristol ERT.  
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6.3.3 Step 1 – Association between mild TBI and emotion recognition at age 24 

6.3.3.1 Descriptive statistics 

Of the 3551 participants who completed the Bristol ERT at around age 24 only 

participants with injury data available were included in this analysis, n = 1146 for injury 

between ages 17 and 25, and n = 1903 for injury between birth and age 25. Descriptive 

statistics for participants with injury data between ages 17 and 25 are presented in 

Table 6-1 and for participants with injury data from birth to age 25 in Table 6-2. 

Table 6-1 
 
Descriptive statistics for primary outcome & confounders by injury between ages 17 & 25 

Variable 
Total No Injury mild TBI Broken Bones Injury group 

comparison n = 1146 n = 748 n = 254 n = 144 

Categorical n % n % n % n % χ2 p 

Female 799 70% 558 75% 154 61% 87 60% 24.3 <.001 

Social Class 

IV & V 
61 6% 44 7% 10 5% 7 6% 1.0 0.61 

Continuous Mean SD Mean SD Mean SD Mean SD F-value p 

Age at clinic 

(years) 
24.4 0.7 24.3 0.7 24.4 0.7 24.5 0.7 3.9 0.02 

N-back 

(d-prime) 
2.75 0.9 2.74 0.9 2.78 0.9 2.74 0.8 0.17 0.84 

Bristol ERT 

(total hits) 
66.9 7.7 67.2 7.8 66.8 7.2 65.7 8.3 2.3 0.10 

Note: Sample size can vary due to missing covariate data. Social class variable is maternal social 
class. Continuous variables were all completed at clinic around 24 years. Comparisons are chi-
squared tests for the categorial variables and analysis of variance for the continuous variables. 

The proportion of participants in each group for the categorical variables, as well 

as the means and standard deviations for the continuous variables are comparable to 

the injury between the adult injury (ages 17 to 25) and the lifetime injury (birth to age 

25) data sets. The results from the group comparisons indicate that there was a higher 

proportion of males in the mild TBI and broken bones group compared to the no injury 

group, suggesting that males are more likely to have an injury than females. There are 

very few participants in the lower social class category, but the proportion of these 

participants was the same across the injury groups. There was evidence for an effect of 

age across the groups. However, there was little variation in age within this sample (min 

= 22.75, max = 26.25) and the mean age was similar across groups. Large sample sizes 

are sensitive to small differences and this age effect is unlikely to be a source of bias. 
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Table 6-2 
 
Descriptive statistics for primary outcome & confounders by injury between birth & 25 

Variable 
Total No Injury mild TBI Broken Bones Injury group 

comparison n = 1903 n = 612 n = 530 n = 761 

Categorical n % n % n % n % χ2 p 

Female 1209 64% 465 76% 298 56% 446 59% 61.1 <.01 

Social Class 

IV & V 
110 7% 35 7% 30 7% 45 7% 0.1 0.95 

Continuous Mean SD Mean SD Mean SD Mean SD F-value p 

Age at clinic 

(years) 
24.4 0.8 24.3 0.7 24.4 0.7 24.5 0.8 10.2 <.01 

N-back 

(d-prime) 
2.74 0.9 2.73 0.9 2.75 0.9 2.73 0.9 0.09 0.92 

Bristol ERT 

(total hits) 
66.6 7.7 67.1 7.9 66.3 7.4 66.4 7.7 1.96 0.14 

Note: Sample size can vary due to missing covariate data. Social class variable is maternal social 
class. Continuous variables were all completed at clinic around 24 years. Comparisons are chi-
squared tests for the categorial variables and analysis of variance for the continuous variables. 

6.3.3.2 Overall emotion recognition accuracy 

A multiple linear regression with proportion of total hits as an outcome and 

injury as the exposure was used to analyse the association between emotion recognition 

and injury in both the adult and lifetime injury groups (Table 6-3). See Appendix A 

(Section 8.17) for the number of participants in each injury group for each model. 

There was no evidence that having a mild TBI between ages 17 and 25 impacts 

overall emotion recognition at age 24 in this sample (β = -0.004, 95% CI [-0.015, 0.008], 

t(1143) = -0.64, p = .52). There was weak evidence for decreased emotion recognition 

after breaking a bone in that same time period (β = -0.016, 95% CI [-0.030, -0.001], 

t(1143) = -2.13, p = .03), but there was no evidence of this association once age, sex, and 

maternal social class have been controlled for. Further, there was no evidence for a 

difference in overall emotion recognition performance between participants with mild 

TBI and participants with a history of broken bones (β = 0.012, 95% CI [-0.005, 0.028], 

t(1143) = 1.41, p = .16). Similarly, there was no evidence that lifetime injury of mild TBI 

or broken bones was associated with overall emotion recognition at age 24. See Table 

6-3 for results of injury comparisons from all three models.
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Table 6-3 
 
Results from regression analysis investigating impact of injury on overall emotion recognition 

Time of Injury 

Unadjusted Model 1 Model 2 

n Estimate 
95% CI 

p n Estimate 
95% CI 

p n Estimate 
95% CI 

p 
LL UL LL UL LL UL 

Age 17 
to 25 

mild TBI vs None 1,146 -0.004 -0.015 0.008 0.52 940 -0.001 -0.013 0.012 0.89 918 0.000 -0.012 0.013 0.94 

BB vs None -0.016 -0.030 -0.001 0.03 -0.011 -0.027 0.005 0.17 -0.008 -0.024 0.007 0.30 

mild TBI vs BB 0.012 -0.005 0.028 0.16 0.010 -0.008 0.028 0.27 0.009 -0.009 0.026 0.34 

Birth to 
age 25 

mild TBI vs None 1,903 -0.008 -0.018 0.001 0.08 1,569 -0.003 -0.013 0.007 0.61 1,538 -0.001 -0.011 0.009 0.84 

BB vs None -0.007 -0.016 0.001 0.09 -0.004 -0.013 0.005 0.39 -0.001 -0.010 0.008 0.85 

mild TBI vs BB -0.001 -0.010 0.008 0.81 0.001 -0.008 0.011 0.78 0.000 -0.009 0.009 0.98 

Note: Sample size reduces for each model as participants who are missing covariate data used in that model are excluded. mild TBI refers to mild Traumatic Brain Injury. BB 
refers to Broken Bones. None refers to No Injury. Estimate is regression coefficient from a multiple linear regression. LL is the lower limit and UL the upper limit of the 95% 
Confidence Interval. In bold are the estimates with evidence for an association between injury and emotion recognition. 

Models: 
Unadjusted: Impact of receiving an injury on emotion recognition performance measured using the Bristol ERT at age 24 

Model 1: As Unadjusted and additionally adjusted for age at 24 clinic, sex at birth, and maternal social class 

Model 2: As Model 1 and additionally adjusted for working memory (2-back) at age 24 
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The results from the fully adjusted model testing the association between 

overall emotion recognition and adult injury indicate that the sex, social class, and 

working memory covariates were associated with emotion recognition performance. 

There was evidence that females are better at emotion recognition than males (β = 

0.026, 95% CI [0.015, 0.036], t(911) = 4.82, p < .001) and lower maternal social class was 

associated with decreased emotion recognition (β = -0.038, 95% CI [-0.058, -0.019], 

t(911) = -3.83, p < .001). Increased accuracy on the n-back task was associated with 

better overall emotion recognition on the Bristol ERT (β = 0.023, 95% CI [0.018, 0.029], 

t(911) = 8.53, p < .001). There was no evidence for an association with age (β = 0.001, 

95% CI [-0.006, 0.008], t(911) = 0.32, p <.75). 

6.3.3.3 By emotion results 

A multiple linear regression was used to investigate the association between 

adult injury on emotion recognition accuracy (unbiased hit rate) and bias (total number 

of times an emotion was selected) for each individual emotion.  

There was no evidence for differences in emotion recognition accuracy between 

the three injury groups for any individual emotion (Table 6-4). There was evidence for 

bias in the mild TBI as participants who reported having a mild TBI were more likely to 

choose angry to label emotions comparted to both the participants with no injury (β = 

0.69, 95% CI [0.22, 1.16], t(1143) = 2.88, p = .004) and participants with broken bones (β 

= 0.86, 95% CI [0.18, 1.54], t(1143) = 2.49, p = .013). An effect size calculation showed 

that these effects are small, Hedges’ gs = 0.21 and 0.26 respectively. The common 

language effect size indicates that the likelihood of a response bias was only slightly 

above chance (CL = 0.56 and 0.57). Nevertheless, there was evidence that this 

association persists, getting weaker after adjusting for social demographic factors, but 

getting stronger again after adjusting for working memory (Table 6-5). 

Given that there was no evidence for increased emotion recognition accuracy 

for angry faces but increased selection of angry as a response for the mild TBI group the 

regression analysis was repeated using raw hits for each emotion as the outcome (see 

Appendix B, section 8.18). The results show that there was a trend towards increased 

number of hits in the mild TBI group although there was only weak evidence for a 

difference between the mild TBI group and the other two injury groups.  
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Table 6-4  
 
Results from regression analysis investigating impact of injury on unbiased hit rate for each emotion 

Time of Injury Unadjusted Model 1 Model 2 

Age 17 to 25 
n Estimate 

95% CI 
p n Estimate 

95% CI 
p n Estimate 

95% CI 
p 

Emotion Injury LL UL LL UL LL UL 

Angry mTBI vs None 1,146 -0.002 -0.005 0.000 0.08 940 -0.002 -0.004 0.001 0.29 831 -0.002 -0.005 0.001 0.19 

BB vs None -0.002 -0.005 0.001 0.28 0.000 -0.004 0.003 0.88 -0.001 -0.005 0.003 0.69 

mTBI vs BB -0.001 -0.004 0.003 0.77 -0.001 -0.005 0.003 0.55 -0.001 -0.006 0.003 0.61 

Disgust mTBI vs None 0.002 -0.001 0.004 0.23 0.001 -0.002 0.004 0.37 0.002 -0.001 0.005 0.32 

BB vs None 0.000 -0.004 0.003 0.82 -0.001 -0.005 0.003 0.59 -0.001 -0.005 0.003 0.53 

mTBI vs BB 0.002 -0.002 0.006 0.30 0.002 -0.002 0.006 0.27 0.003 -0.002 0.007 0.23 

Fear mTBI vs None -0.001 -0.005 0.003 0.56 -0.002 -0.006 0.003 0.49 -0.003 -0.008 0.002 0.25 

BB vs None -0.005 -0.010 0.000 0.07 -0.003 -0.009 0.002 0.24 -0.004 -0.011 0.002 0.21 

mTBI vs BB 0.004 -0.002 0.010 0.23 0.002 -0.005 0.008 0.59 0.001 -0.006 0.009 0.74 

Happy mTBI vs None 0.000 -0.002 0.002 0.92 0.000 -0.002 0.003 0.84 0.001 -0.002 0.004 0.43 

BB vs None -0.003 -0.006 0.000 0.05 -0.002 -0.005 0.001 0.23 -0.003 -0.006 0.001 0.19 

mTBI vs BB 0.003 -0.001 0.006 0.10 0.002 -0.002 0.006 0.24 0.004 -0.001 0.008 0.09 

Sad mTBI vs None 0.000 -0.003 0.002 0.83 0.000 -0.003 0.003 0.93 0.000 -0.003 0.003 0.95 

BB vs None -0.003 -0.006 0.000 0.09 -0.002 -0.005 0.002 0.36 -0.001 -0.005 0.003 0.62 

mTBI vs BB 0.002 -0.001 0.006 0.19 0.002 -0.003 0.006 0.46 0.001 -0.004 0.006 0.69 

Surprise mTBI vs None -0.002 -0.004 0.000 0.07 -0.002 -0.004 0.001 0.23 -0.002 -0.005 0.001 0.19 

BB vs None -0.003 -0.005 0.000 0.08 -0.003 -0.006 0.000 0.09 -0.002 -0.005 0.002 0.39 

mTBI vs BB 0.000 -0.003 0.004 0.79 0.001 -0.002 0.005 0.51 0.000 -0.004 0.004 0.91 

Note: Sample size reduces for each model as participants who are missing covariate data used in that model are excluded. mTBI refers to mild Traumatic Brain Injury. BB 
refers to Broken Bones. None refers to No Injury. Estimate is regression coefficient from a multiple linear regression. LL is the lower limit and UL the upper limit of the 95% 
Confidence Interval. Unadjusted: Impact of receiving an injury on emotion recognition performance measured using the Bristol ERT at age 24. Model 1: As Unadjusted and 
additionally adjusted for age at 24 clinic, sex at birth, and maternal social class. Model 2: As Model 1 and additionally adjusted for working memory (2-back) at age 24.  
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Table 6-5 
 
Results from regression analysis investigating impact of injury on number of responses given for each emotion 

Time of Injury Unadjusted Model 1 Model 2 

Age 17 to 25 
n Estimate 

95% CI 
p n Estimate 

95% CI 
p n Estimate 

95% CI 
p 

Emotion Injury LL UL LL UL LL UL 

Angry mTBI vs None 1,146 0.692 0.220 1.164 < .01 940 0.559 0.029 1.089 0.04 831 0.853 0.295 1.412 < .01 

BB vs None -0.167 -0.759 0.424 0.58 -0.189 -0.861 0.482 0.58 -0.200 -0.945 0.545 0.60 

mTBI vs BB 0.859 0.181 1.537 0.01 0.749 -0.016 1.513 0.05 1.053 0.210 1.897 0.01 

Disgust mTBI vs None -0.377 -0.951 0.197 0.20 -0.254 -0.906 0.397 0.44 -0.253 -0.949 0.442 0.47 

BB vs None -0.116 -0.835 0.603 0.75 0.296 -0.529 1.122 0.48 0.094 -0.835 1.022 0.84 

mTBI vs BB -0.261 -1.086 0.563 0.53 -0.551 -1.491 0.390 0.25 -0.347 -1.397 0.704 0.52 

Fear mTBI vs None -0.102 -0.725 0.521 0.75 -0.049 -0.768 0.669 0.89 -0.026 -0.806 0.753 0.95 

BB vs None -0.513 -1.293 0.268 0.20 -0.623 -1.533 0.287 0.18 -0.247 -1.288 0.794 0.64 

mTBI vs BB 0.411 -0.484 1.305 0.37 0.574 -0.462 1.610 0.28 0.221 -0.957 1.398 0.71 

Happy mTBI vs None -0.146 -0.984 0.692 0.73 -0.072 -1.023 0.879 0.88 -0.350 -1.380 0.680 0.51 

BB vs None 0.816 -0.234 1.866 0.13 0.606 -0.598 1.810 0.32 0.757 -0.618 2.133 0.28 

mTBI vs BB -0.962 -2.165 0.241 0.12 -0.678 -2.049 0.694 0.33 -1.107 -2.664 0.449 0.16 

Sad mTBI vs None -0.222 -0.892 0.449 0.52 -0.328 -1.102 0.446 0.41 -0.421 -1.258 0.415 0.32 

BB vs None 0.105 -0.735 0.946 0.81 0.007 -0.974 0.987 0.99 -0.063 -1.179 1.054 0.91 

mTBI vs BB -0.327 -1.290 0.636 0.51 -0.335 -1.451 0.782 0.56 -0.359 -1.622 0.905 0.58 

Surprise mTBI vs None 0.155 -0.449 0.759 0.61 0.144 -0.545 0.833 0.68 0.198 -0.553 0.948 0.61 

BB vs None -0.126 -0.882 0.631 0.74 -0.097 -0.969 0.776 0.83 -0.341 -1.343 0.660 0.50 

mTBI vs BB 0.281 -0.587 1.148 0.53 0.241 -0.754 1.235 0.63 0.539 -0.595 1.673 0.35 

Note: Sample size reduces for each model as participants who are missing covariate data used in that model are excluded. mild TBI refers to mild Traumatic Brain Injury. BB 
refers to Broken Bones. None refers to No Injury. Estimate is regression coefficient from a multiple linear regression. LL is the lower limit and UL the upper limit of the 95% 
Confidence Interval Unadjusted: Impact of receiving an injury on emotion recognition performance measured using the Bristol ERT at age 24. Model 1: As Unadjusted and 
additionally adjusted for age at 24 clinic, sex at birth, and maternal social class. Model 2: As Model 1 and additionally adjusted for working memory (2-back) at age 24
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6.3.3.4 Sensitivity analysis 

The analysis for both overall emotion recognition and the by emotion outcomes 

was repeated with outliers on the Bristol ERT excluded. Outliers were defined as scores 

more than 1.5 times the interquartile range above the 3rd or below the 1st quartile on 

total hits. A total of 11 participants were excluded, but there was no change in the 

results (Appendix C, section 8.19). 

6.3.3.5 Step 1 - Results Summary 

There was no evidence for a difference in emotion recognition accuracy 

between the mild TBI group and the no injury group or the broken bones group. The 

results indicate that there is no association between mild TBI and overall emotion 

recognition or individual emotion recognition accuracy on the Bristol ERT. Despite there 

not being a change in the ability to recognise emotions after mild TBI, there was 

evidence that having a mild TBI was associated with an increased response of angry 

when identifying emotions. This could be indicative of a negative attribution bias 

towards identifying ambiguous faces as angry compared to participants who had broken 

bones or no injury. However, although there was weak evidence for a higher number of 

angry hits in the mild TBI group, the observed bias did not result in an increase in 

accuracy for angry faces. The dissociation between accuracy and bias was possibly due 

to the fact that there was one target emotion and five non-target emotions, which 

results in 80 possible false alarm options but only 16 possible hits for each emotion. Hits 

and false alarms do not necessarily mirror each other when there are multiple 

distractors (Megreya & Burton, 2007). 
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6.3.4 Step 2 – Association between mild TBI and anxiety at age 24 

6.3.4.1 Demographics 

A total of 3639 participants competed the CIS-R at age 24 and thus had 

information about Generalised Anxiety Disorder available for this timepoint. Again, only 

participants with injury data available were included in this analysis, n = 1161 for injury 

between age 17 and age 25, and n = 1934 for injury between birth and age 25. 

Descriptive statistics for these participants are presented in Table 6-6. 

Table 6-6 
 
Descriptive statistics for outcome variable (GAD) and confounders by injury group 

Injury between ages 17 and 25 

Variable 

Total No Injury mild TBI Broken Bones Injury group 
comparison n = 1161 n = 753 n = 255 n = 153 

n % n % n % n % χ2 p 

Female 795 68% 556 74% 152 60% 87 57% 28.9 < .01 

Social Class 
IV & V 

63 7% 45 7% 11 5% 7 6% 0.9 0.64 

GAD at 24 108 9% 63 8% 36 14% 9 6% 9.9 < .01 

 

Injury between birth and age 25 

Variable 

Total No Injury mild TBI Broken Bones Injury group 
comparison n = 1934 n = 620 n = 544 n = 770 

n % n % n % n & χ2 p 

Female 1208 62% 464 75% 298 55% 42 58% 61 < .01 

Social Class 
IV & V 

114 7% 35 7% 33 7% 46 7% 0.16 0.92 

GAD at 24 181 9% 54 9% 74 14% 53 7% 17.4 < .01 

Note: Sample size can vary due to missing covariate data. Social class variable is maternal social 
class. GAD is Generalised Anxiety Disorder. Comparisons are chi-squared tests. 

There was a higher proportion of females in the adult injury data set compared 

to the lifetime injury data set, but generally the proportion of participants across 

variables are comparable between the two data sets. The group comparison indicated 

that there was a difference in the proportion of females between the no injury, mild TBI, 

and broken bones groups. Given that the proportion of females was lower in the mild 
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TBI and broken bones groups compared to the no injury group, this suggests that males 

were more likely to sustain an injury than females. There was no evidence for a 

difference in social class across the injury groups. There was evidence for a difference in 

the proportion of participants with GAD across the injury groups, such that prevalence 

of GAD was higher in the mild TBI group than the broken bone and no injury groups. 

6.3.4.2 Association between injury and GAD 

A logistic regression with a binary outcome for the presence of GAD was used to 

analyse the association between mild TBI and GAD in both the adult injury and lifetime 

injury data sets (Appendix D. section 8.20). The results were used to calculate a odds 

ratio to show the likelihood of having GAD in the mild TBI group compared to the no 

injury group. It was not possible to do this in a meaningful way for the broken bones 

group, as there were less than 10 individuals in the adult injury broken bones group that 

were identified as having GAD. Nevertheless, the trend in the data suggests that having 

a broken bone did not increase the likelihood of having GAD at 24 given the percentage 

of participants with GAD was lower in that group than the no injury group (Table 6-6). 

There was evidence that having a mild TBI increased the likelihood of having GAD at 24 

in both the adult injury and lifetime injury data sets, and the odds increased when 

sociodemographic variables were controlled for (Table 6-7). Results indicated that 

participants who have had an adult mild TBI are almost twice as likely to have GAD at 

age 24 (an odds ratio of 1 meaning that there was no difference between the groups). 

However, once the results for the adult injury group were adjusted based on whether 

participants had GAD at age 17 there was no longer any evidence for an increased 

likelihood of GAD in the mild TBI group. 

6.3.4.3 Step 2 - Results Summary 

The results from the second step of the analysis indicate that there was no 

association between mild TBI and presence of Generalised Anxiety Disorder at 24 in this 

sample. Despite evidence for an increased likelihood of GAD after mild TBI when only 

sociodemographic factors are controlled for, it seems that anxiety prior to obtaining the 

mild TBI was driving the observed association. It is not possible to make causal 

inferences, but a possible explanation is that participants who are anxious were more 

likely to report having had a head injury in this sample. 



 

Page 159 of 255 

Table 6-7 
 
Likelihood of having GAD at 24 after having a mild TBI compared to the no injury group 

Time of Injury Unadjusted Model 1 Model 2 

  n Odds ratio 
95% CI 

p n Odds ratio 
95% CI 

p n Odds ratio 
95% CI 

p 
LL UL LL UL LL UL 

Age 17 to 25 1,161 1.80 1.15 2.77 0.01 951 1.90 1.13 3.18 0.01 778 1.34 0.67 2.57 0.39 

Birth to age 25 1,934 1.65 1.14 2.40 0.01 1,593 1.88 1.22 2.92 < .01 1,221 - - - - 

Note: Sample size reduces for each model as participants who are missing covariate data used in that model are excluded. A logistic regression with Generalised Anxiety 
Disorder at 24 as the outcome was conducted and used to calculate odds ratios indicating the likelihood of having GAD in the mild TBI injury group compared to the no 
injury group. LL is the lower limit and UL the upper limit of the 95% Confidence Interval. 

 

Models: 
Unadjusted: Odds of having Generalised Anxiety Disorder at age 24 after mild TBI compared to participants without an injury. 
Model 1: As Unadjusted and additionally adjusted for age at 24 clinic, sex at birth, and maternal social class 
Model 2: As Model 1 and additionally adjusted for presence of Generalised Anxiety Disorder at age 17 years and 6 months 
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6.3.5 Step 3 – Association between anxiety and emotion recognition at age 24 

6.3.5.1 Demographics 

Of the 3551 participants who completed the Bristol ERT at around age 24, 3291 

participants had information about Generalised Anxiety Disorder (GAD) available and 

3455 indicated whether they had been anxious in the week before completing the 

Bristol ERT. Descriptive statistics are presented in Table 6-8 and Table 6-9, respectively. 

Results from the group comparisons indicate that a higher proportion of females have 

GAD in this sample, but there was no evidence for a difference in social class in the 

group with GAD compared to no GAD. Similarly, a higher proportion of females reported 

being anxious in the week before completing the Bristol ERT, but there was no evidence 

for a difference in social class between the groups. As in step 1 of this analysis, there 

was evidence for an effect of age across groups in both the GAD and anxiety during the 

past week, however the mean age was very similar between groups. Further there was 

evidence that participants with GAD performed worse on the N-back but not on the 

Bristol ERT compared too controls. Participants with anxiety in the past week performed 

no different than non-anxious controls on the N-back but better on the Bristol ERT. 

Table 6-8  
 
Descriptive statistics for outcome variable and confounders by anxiety group (GAD) 

Note: Sample size can vary due to missing covariate data. GAD is Generalised Anxiety Disorder 
Social class variable is maternal social class. Continuous variables were all completed at clinic 
around 24 years. Comparisons are chi-squared tests for the categorial variables and analysis of 
variance for the continuous variables. 

Variable 
Total No GAD GAD Anxiety group 

comparison n = 3291 n = 2955 n = 336 

Categorical n % n % n % χ2 p 

Female 2042 62% 1791 61% 251 75% 24.9 < .001 

Social Class 
IV & V 204 8% 177 7% 27 10% 2.4 0.12 

Continuous Mean SD Mean SD Mean SD F-value p 

Age at clinic 
(years) 24.5 0.8 24.5 0.8 24.6 0.8 6.5 0.01 

N-back 
(d-prime) 2.69 1 2.7 1 2.58 1 4.9 0.03 

Bristol ERT 
(total hits) 

66.4 7.9 66.3 7.9 66.6 8 0.4 0.54 
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Table 6-9 
 
Descriptive statistics for outcome variable and confounders by anxiety in past week 

Anxiety in the week before completing clinic at age 24 

Variable 
Total No Anxiety Anxiety 

Anxiety group 
comparison 

n = 3455 n = 2335 n = 1120 

Categorical n % n % n % χ2 p 

Female 2164 63% 1364 58% 800 71% 54.2 < .001 

Social Class 
IV & V 

205 7% 146 8% 59 7% 0.57 0.45 

Continuous Mean SD Mean SD Mean SD F-value p 

Age at clinic 
(years) 24.5 0.8 24.4 0.8 24.5 0.8 8.7 0.003 

N-back (d-
prime) 

2.68 1 2.69 1 2.67 1 0.47 0.49 

Bristol ERT 
(total hits) 66.4 7.9 66 8 67.1 7.4 13.7 < .001 

Note: Sample size can vary due to missing covariate data. Anxiety refers to feeling anxious in the 
week before completing the outcome variable. Social class variable is maternal social class. 
Continuous variables were all completed at clinic around 24 years. Comparisons are chi-squared 
tests for the categorial variables and analysis of variance for the continuous variables. 

6.3.5.2 Overall emotion recognition accuracy 

Multiple linear regression with overall emotion recognition on the Bristol ERT as 

the outcome shows that there was no evidence for a change in emotion recognition in 

participants that had GAD compared to those who do not (β = 0.006, 95% CI [-0.015, 

0.012], t(3289) = 0.62, p = .54). There was no change in results when the model was 

adjusted for sociodemographic variables and working memory performance (Table 

6-10). However, there was evidence for improved emotion recognition if participants 

reported having been anxious in the week before completing the Bristol ERT (β = 0.01, 

95% CI [0.005, 0.017], t(3453) = 3.7, p <.001). Evidence for this association persisted 

after sociodemographic variables and working memory were controlled for (Table 6-10). 

However, an effect size calculation showed that the effect was very small, Hedges’ gs = 

0.13 and the common language effect size indicated that the likelihood of having 

improved emotion recognition if anxiety was reported in the week before clinic was only 

slightly above chance (CL = 0.53). 
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Table 6-10 
 
Results from regression analysis investigating impact of anxiety on overall emotion recognition 

 Unadjusted Model 1 Model 2 

  n Estimate 
95% CI 

p n Estimate 
95% CI 

p n Estimate 
95% CI 

p 
LL UL LL UL LL UL 

Generalised Anxiety Disorder 3,291 0.003 -0.006 0.012 0.53 2,633 0.000 -0.010 0.011 0.93 2,588 0.002 -0.008 0.012 0.73 

Anxiety in past week 3,455 0.011 0.005 0.017 <0.01 2,754 0.009 0.003 0.016 0.01 2,706 0.009 0.002 0.015 0.01 

Note: Sample size reduces for each model as participants who are missing covariate data used in that model are excluded. Estimate is regression coefficient from a multiple 
linear regression. LL is the lower limit and UL the upper limit of the 95% Confidence Interval. 
 
Models: 
Unadjusted: Impact of having anxiety on emotion recognition performance measured using the Bristol ERT at age 24 
Model 1: As Unadjusted and additionally adjusted for age at 24 clinic, sex at birth, and maternal social class 
Model 2: As Model 1 and additionally adjusted for working memory (n-back) at age 24 
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Results from the fully adjusted models for both GAD and anxiety in the past 

week indicated that being female was associated with better emotion recognition 

performance (β = 0.021, 95% CI [0.016, 0.028], t(2582) = 7.02, p <.001 and β = 0.021, 

95% CI [0.015, 0.027], t(2700) = 6.86, p <.001). Lower maternal social class was 

associated with poorer emotion recognition performance (β = -0.019, 95% CI [-0.03, -

0.008], t(2582) = -3.33, p <.001 and β = -0.017, 95% CI [-0.029, -0.007], t(2700) = -3.12, p 

<.001). Finally, having better working memory performance was associated with 

increased emotion recognition performance (β = 0.023, 95% CI [0.02, 0.026], t(2582) = 

14.7, p <.001 and β = 0.021, 95% CI [0.019, 0.025], t(2700) = 14.6, p <.001). 

6.3.5.3 By emotion results 

As in step one, a multiple linear regression was used to investigate the 

association between adult injury on emotion recognition accuracy and responses for 

each individual emotion. There was no evidence for an association between GAD and 

unbiased hit rate for any emotion. There was evidence that participants who had been 

anxious in the week before completing the Bristol ERT had a better unbiased hit rate for 

fearful faces compared to participants who were not anxious (Table 6-11). Evidence for 

this association persisted after controlling for sociodemographic factors and working 

memory. This suggests that the overall increase in emotion recognition could be driven 

by increased accuracy in identifying fearful faces. However, analysis of the raw hits 

indicated that participants with anxiety in the past week scored more highly on anger, 

disgust, fear, and sadness (Appendix E, section 8.21). There is no evidence of an 

association between GAD or anxiety in the past week on the number of responses given 

for each emotion (Table 6-12). 

6.3.5.4 Step 3 - Results Summary 

Results from the third step of this analysis suggest that having GAD at age 24 

does not influence emotion recognition performance in this sample, but recent 

experience of anxiety is associated with increased emotion recognition performance. 

The by emotion results showed that the improvement in performance was for negative 

emotions only and when considering the number of misidentifications made for each 

emotion the recently anxious group had higher recognition accuracy only for fearful 

faces. However, anxiety in the past week was based on the response to a single item, 

which may not be a very stable or accurate measure of anxiety. 
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Table 6-11 
 
Results from regression analysis investigating impact of anxiety on unbiased hit rate for each emotion 

 Unadjusted Model 1 Model 2 

Anxiety Emotion n Estimate 
95% CI 

p n Estimate 
95% CI 

p n Estimate 
95% CI 

p 
LL UL LL UL LL UL 

Generalised Anxiety 

Disorder 

Angry 3,291 0.000 -0.002 0.002 0.92 2,633 0.000 -0.002 0.002 0.94 2,588 0.000 -0.002 0.002 0.99 

Disgust 0.001 -0.001 0.003 0.31 0.000 -0.002 0.003 0.77 0.001 -0.002 0.003 0.61 

Fear 0.000 -0.003 0.004 0.84 0.000 -0.004 0.004 0.91 0.001 -0.003 0.004 0.76 

Happy 0.001 -0.001 0.003 0.36 0.001 -0.001 0.003 0.34 0.001 -0.001 0.003 0.25 

Sad 0.000 -0.003 0.002 0.65 -0.002 -0.004 0.001 0.18 -0.002 -0.004 0.001 0.16 

Surprise 0.000 -0.002 0.002 0.97 -0.001 -0.003 0.001 0.59 0.000 -0.002 0.002 0.74 

Anxiety in past week Angry 3,455 0.001 0.000 0.002 0.11 2,754 0.001 -0.001 0.002 0.20 2,706 0.001 -0.001 0.002 0.21 

Disgust 0.001 0.000 0.003 0.05 0.001 -0.001 0.002 0.40 0.001 -0.001 0.002 0.44 

Fear 0.003 0.001 0.005 <0.01 0.003 0.001 0.006 0.01 0.003 0.001 0.005 0.02 

Happy 0.001 0.000 0.002 0.20 0.001 -0.001 0.002 0.31 0.001 -0.001 0.002 0.27 

Sad 0.001 0.000 0.002 0.11 0.001 0.000 0.003 0.17 0.001 -0.001 0.002 0.22 

Surprise 0.001 0.000 0.002 0.26 0.000 -0.001 0.002 0.48 0.000 -0.001 0.002 0.58 

Note: Sample size reduces for each model as participants who are missing covariate data used in that model are excluded. Estimate is regression coefficient from a multiple 
linear regression. LL is the lower limit and UL the upper limit of the 95% Confidence Interval. 
Unadjusted: Impact of having anxiety on emotion recognition performance measured using the Bristol ERT at age 24. Model 1: As Unadjusted and additionally adjusted for 
age at 24 clinic, sex at birth, and maternal social class. Model 2: As Model 1 and additionally adjusted for working memory (n-back) at age 24  
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Table 6-12 
 
Results from regression analysis investigating impact of injury on number of responses for each emotion 

 Unadjusted Model 1 Model 2 

Anxiety Emotion n Estimate 
95% CI 

p n Estimate 
95% CI 

p n Estimate 
95% CI 

p 
LL UL LL UL LL UL 

Generalised Anxiety 

Disorder 

Angry 3,291 0.132 -0.247 0.511 0.49 2,633 0.048 -0.386 0.481 0.83 2,588 0.053 -0.383 0.488 0.81 

Disgust 0.007 -0.458 0.473 0.98 0.105 -0.427 0.637 0.70 0.072 -0.462 0.606 0.79 

Fear 0.120 -0.397 0.637 0.65 -0.041 -0.628 0.545 0.89 0.024 -0.565 0.614 0.94 

Happy -0.567 -1.250 0.116 0.10 -0.655 -1.432 0.121 0.10 -0.700 -1.481 0.082 0.08 

Sad 0.317 -0.219 0.854 0.25 0.560 -0.049 1.169 0.07 0.594 -0.020 1.207 0.06 

Surprise -0.010 -0.495 0.474 0.97 -0.016 -0.565 0.533 0.95 -0.043 -0.591 0.505 0.88 

Anxiety in past 

week 

Angry 3,455 0.152 -0.086 0.391 0.21 2,754 0.165 -0.109 0.438 0.24 2,706 0.124 -0.152 0.400 0.38 

Disgust 0.160 -0.133 0.453 0.28 0.258 -0.077 0.592 0.13 0.257 -0.080 0.594 0.14 

Fear 0.040 -0.287 0.367 0.81 -0.064 -0.435 0.307 0.74 -0.061 -0.435 0.313 0.75 

Happy -0.286 -0.716 0.144 0.19 -0.294 -0.785 0.196 0.24 -0.311 -0.806 0.184 0.22 

Sad 0.099 -0.239 0.438 0.56 0.161 -0.223 0.546 0.41 0.178 -0.210 0.567 0.37 

Surprise -0.166 -0.472 0.141 0.29 -0.226 -0.574 0.123 0.20 -0.187 -0.535 0.161 0.29 

Note: Sample size reduces for each model as participants who are missing covariate data used in that model are excluded. Estimate is regression coefficient from a multiple 
linear regression. LL is the lower limit and UL the upper limit of the 95% Confidence Interval. 
Unadjusted: Impact of having anxiety on emotion recognition performance measured using the Bristol ERT at age 24. Model 1: As Unadjusted and additionally adjusted for 
age at 24 clinic, sex at birth, and maternal social class. Model 2: As Model 1 and additionally adjusted for working memory (n-back) at age 24 
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6.4 Discussion 

The aim of this study was to investigate associations between emotion 

recognition, mild TBI, and anxiety in the ALSPAC cohort. There was no evidence that 

having mild TBI, or GAD were associated with changes in emotion recognition accuracy 

in ALSPAC. There was weak evidence that having anxiety in the week before completing 

the Bristol ERT was associated with increased emotion recognition accuracy, which 

seems to be specific to fearful faces. There was also weak evidence that mild TBI was 

associated with a response bias towards angry faces in this sample, but neither measure 

of anxiety was associated with a response bias on the Bristol ERT. The lack of overlap 

between these results means it is unlikely that anxiety was impacting changes in 

emotion recognition after mild TBI in this cohort. This is further supported by the fact 

that although there was evidence for an increased likelihood of having GAD after adult 

mild TBI, this association was fully explained when the analysis was adjusted for GAD 

prior to the injury. Given the lack of evidence for associations between mild TBI and 

anxiety the results for each step of the analysis are discussed separately, and mediation 

analyses were not conducted. 

6.4.1 Step 1 - Association between mild TBI and emotion recognition 

Contrary to our prediction, there was no evidence for changes in emotion 

recognition accuracy after mild TBI in this sample. These findings are in line with other 

studies investigating emotion recognition after mild TBI, that have not reported changes 

in emotion recognition after mild TBI measured using other emotion recognition tasks 

(McLellan & McKinlay, 2013; Theadom et al., 2019). Theadom and colleagues (2019) did 

report a decrease in emotion recognition accuracy for happy stimuli, which we did not 

find evidence for in the current study. A null result is difficult to interpret, but possible 

explanations for this difference are that the EET from TASIT is picking up a difficulty in 

reading non-verbal emotional cues other than facial expressions. Another consideration 

is that participants with mild TBI were identified differently in the two studies. Given 

that in ALSPAC the only information available was that participants had a head injury 

with loss of consciousness, it is possible that the injuries included were milder than 

those included in the study by Theadom and colleagues (2019).  

Analysis of the number of responses made for each emotion showed that there 

was weak evidence for a response bias towards angry by participants with mild TBI 

compared to both control groups. Interestingly this did not correspond to an increased 
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accuracy for angry stimuli, which is likely due to the number of highly ambiguous stimuli 

included in the Bristol ERT. The results are indicative of an attribution bias toward 

identifying ambiguous stimuli as angry. Similarly, young offenders with mild TBI have 

been shown to have a bias towards perceiving faces as angry (Penton-Voak et al., 2013). 

Given that hostile attribution bias has been linked to aggression after TBI (D. Neumann 

et al., 2021), it is possible that response bias observed in participants with adult mild TBI 

in ALSPAC is related to an increase in aggression after injury. It was not possible to 

investigate this as part of this study, but notably Kennedy and colleagues (2017) found 

that participants with childhood mild TBI in ALSPAC were at higher risk of having 

conduct problems, so it would be worth investigating further. 

6.4.2 Step 2 - Association between mild TBI and anxiety 

The main hypothesis was that mild TBI would be associated with higher 

likelihood of having GAD. There was evidence of that association in this cohort, but 

results suggest that the observed association was driven by preinjury GAD and not 

directly related to having a mild TBI. There is evidence that in moderate to severe TBI, 

anxiety prior to TBI is associated with an increased risk of post injury anxiety (Gould et 

al., 2011). The results in this study could indicate that the same is true for mild TBI but it 

is also possible that participants with anxiety were more likely to report a head injury 

when completing the ALSPAC questionnaires. A limitation of the current analysis is that 

there is potential overlap between the diagnosis of GAD at 17 years and 6 months, and 

the timeframe of injury between 17 and 25. Due to reduction in sample size when only 

reports of mild TBI between 18 and 25 years were used it was not possible to remove 

that overlap from this analysis. Another consideration is that anxiety after moderate to 

severe TBI is highest in the first year post injury (Alway et al., 2016; Gould et al., 2011). 

Given that the timeframe of injury was up to 6 years in this study, it is possible that 

short-term increases in anxiety after mild TBI were not captured and that preinjury 

anxiety is predictive of long-term anxiety after mild TBI. Alternatively, GAD at age 17 

simply predicts GAD at age 24. This study only considered presence of GAD after mild 

TBI, but there is evidence that mild TBI is associated with increased levels of anxiety 

without diagnosis of GAD (Gould et al., 2011; Osborn et al., 2016). This means there may 

be increased anxiety after mild TBI that is not captured by using GAD as the outcome 

measure for anxiety. A detailed analysis all different anxiety disorders and the 

associations between pre and post injury anxiety disorders was not possible given the 

variables available in ALSPAC at this time. There was also evidence for an increased 
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likelihood of having a diagnosis of GAD after mild TBI at any age (between birth and 25 

years). This indicates that there is a link between mild TBI and GAD in this cohort and 

suggests that it is not just specific to mild TBI in adulthood. Further analysis is needed to 

better understand the observed results and investigate the directionality of this 

association. In sum, the results are in line with the current understanding that mild TBI is 

associated with worsened anxiety (Osborn et al., 2016; Ponsford et al., 2018). It was not 

possible to draw conclusion about the causal nature of this association in this study. 

6.4.3 Step 3 - Association between anxiety and emotion recognition 

The main hypothesis for this part of the analysis was that both GAD and recent 

anxiety would be associated with decreased emotion recognition on the Bristol ERT. 

Contrary to our prediction, GAD was not associated with emotion recognition accuracy 

and recent anxiety was associated with an increase, not a decrease, in emotion 

recognition accuracy. It is possible that the question about feeling anxious nervous or 

tense in the past week is tapping into the construct of trait anxiety and not state anxiety 

given that there is evidence for trait anxiety being positively correlated to emotion 

recognition accuracy (Attwood et al., 2017; Surcinelli et al., 2006). Although number of 

hits increased for all negative emotions in the recent anxiety group, only fearful faces 

were recognised more accurately, which is congruent with findings in the study by 

Surcinelli and colleagues (2006). However, the findings in this study should be 

interpreted with caution because the recent anxiety variable was based on a single 

question and the size of the effect observed was very small. Even if there is a true effect 

there may not be any meaningful functional differences. Another consideration is that 

there has been mixed evidence regarding the association between trait anxiety and 

emotion recognition, with several studies not reporting any association (Cooper et al., 

2008; Suslow et al., 2019). Many studies investigating links between trait anxiety and 

emotion recognition have used the State-Trait Anxiety Inventory (Spielberger, 1983) to 

measure trait anxiety. There is increasing evidence that the trait version of the State-

Trait Anxiety Inventory is strongly correlated with both depression and anxiety and 

should be considered a measure of negative affect, rather than trait anxiety (Knowles & 

Olatunji, 2020). Due to high comorbidity between depression and anxiety in ALSPAC, it 

was not possible to exclude participants with depression from the current study, so the 

increased emotion recognition accuracy observed may not be linked to anxiety 

specifically but related to more general negative affect. 
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6.4.4 Covariates 

In terms of the covariates included in this study the results indicate that being 

female, and having higher social class were associated with increased emotion 

recognition on the Bristol ERT. The direction of these associations is congruent with 

current literature. Females have been shown to have better emotion recognition 

accuracy than males, especially when lower intensity stimuli are included in the emotion 

recognition tasks (Hoffmann et al., 2010; Thompson & Voyer, 2014). Having higher social 

class has been linked to higher scores on emotion recognition tasks, which may be 

linked to differences in education (Deveney et al., 2018). It is not surprising that there 

were no age-related associations with emotion recognition in this sample given the 

limited age range of participants. Incidence of TBI is reported to be higher for males 

than females (Headway, 2018; Maas et al., 2008). Reflective of this, there was a higher 

prevalence of males in the mild TBI compared to the non-injury group in the ALSPAC 

cohort. Conversely, females are more likely to struggle with anxiety than males (McLean 

et al., 2011), which corresponds with the higher prevalence of females in both the GAD 

and recent report of anxiety groups in this study. 

Working memory performance measured at the same time as emotion 

recognition was associated with performance on the Bristol ERT, which is 

understandable given the demands of the task. There was no evidence of a difference in 

performance between the mild TBI group and the control groups in this study and 

controlling for working memory did not change associations observed between mild TBI 

and emotion recognition. Although it is important to consider the impact of working 

memory or general cognitive ability on Bristol ERT performance the findings are 

congruent with the current literature that cognitive ability does not account for 

differences in emotion recognition after TBI (Rosenberg et al., 2015). Notably, Theadom 

and colleagues (2019) found evidence for an association between cognitive ability and 

social cognition in their study, but it did not account for the deficits in social cognition 

they observed after mild TBI. Having GAD was associated with lower working memory 

performance, which is congruent with research showing that worry linked to GAD is 

associated with decreased working memory performance (Abushalbaq et al., 2021; 

Bredemeier & Berenbaum, 2013; Held et al., 2020). Interestingly, Abushalbaq and 

colleagues (2021) found that GAD was associated with decreased performance on the N-

back task but not some of the other working memory tasks they included. 



 

Page 170 of 255 

6.4.5 Strengths and Limitations 

An advantage of investigating associations between emotion recognition and 

mild TBI in ALSPAC was that both uninjured and orthopaedic controls were available as 

control groups. Evidence for a negative attribution bias in the mild TBI group compared 

to both control groups suggests that change is not simply related to distress associated 

with having an injury (Curran et al., 2000; Kennedy et al., 2017). It also reduces the 

probability that the finding is a false positive, which means that negative attribution bias 

after mild TBI warrants further investigation. An important consideration is the 

classification of mild TBI used in this study. There is evidence of differences in outcome 

after mild TBI based on the length of post traumatic amnesia (Dahm & Ponsford, 2015) 

and arguably post traumatic amnesia is a better indicator of mild TBI than loss of 

consciousness (Gasquoine, 2020). The information about TBI available in ALSPAC was 

limited and the mild TBI variable is based on a singular question about loss of 

consciousness after head injury. There was no information available about length of loss 

of consciousness, post traumatic amnesia, or time since injury and it is possible that 

there was recall bias considering participants were asked to report head injuries over a 

seven-year period. Studies with more detailed information about TBI, such as the cross-

sectional study presented in Chapter 5, are needed to develop our understanding of 

emotion recognition after mild TBI. 

Unlike Theadom and colleagues (2019) the current study was able to consider 

how anxiety at the time of testing may be impacting emotion recognition. A limitation 

was that the recent anxiety variable was based on a single item and not a validated 

questionnaire. Furthermore, anxiety and depression are highly comorbid in ALSPAC, so it 

was not possible to consider the impact of anxiety independent of depression. This 

limits the interpretation of the findings reported in this study about the associations 

between emotion recognition and anxiety. Another limitation of this study was that the 

variables available in ALSPAC were not included specifically to investigate associations 

between emotion recognition, TBI, and anxiety. This meant that the timing of data 

collection could have impacted our findings and variable selection may be subject to 

bias in a different way to other studies in the thesis. For example, participants were 

asked about mild TBI at around age 25 but completed the emotion recognition task at 

around age 24, which means it is possible that some of the participants in the mild TBI 

group did not yet have a head injury when they completed the Bristol ERT. Similarly, 

participants completed the anxiety measures at age 17 and a half and again at age 24, 
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but the mild TBI variable included any injury between 17 and 25. Given the large sample 

size, it is unlikely that these overlaps will have substantially impacted the results, but it is 

nevertheless possible. Another benefit of the large sample size is that it was possible to 

detect small effects. It is worth pointing out that the results in this study were not 

adjusted for the number of comparisons and should be interpreted by looking at 

strength of evidence instead of dichotomising based on p-values (Lakens et al., 2018; 

Sterne & Smith, 2001). Assuming that the effects are true, it is important to remember 

that small effects may not be meaningful in the real world. The ALSPAC sample is not 

necessarily representative of the wider population as it consists mainly participants with 

white ethnicity and participants who have experienced adversity are more likely to have 

dropped out of the study (Fraser et al., 2013; Munafo et al., 2018). Consequently, 

findings may not generalise to wider populations. 

6.4.6 Implications and future directions 

This study added to the literature suggesting that emotion recognition may not 

be impaired after mild TBI in the same way that it is after moderate to severe TBI. 

Studies have not considered severity of mild TBI when investigating emotion recognition 

in this population, and future research should consider how mild TBI is defined and 

whether differences in severity of injury could be impacting findings. The results in this 

study also indicated that mild TBI could be associated with a negative attribution bias 

towards angry faces. This is also worth exploring further, especially given the recent 

findings by Neumann, Sander, and colleagues (2021) about negative attribution bias 

after TBI and how it is associated with aggression. The fact that GAD did not seem to 

impact emotion recognition, indicates that it is not contributing to the negative 

attribution bias observed after mild TBI. Further research is needed to confirm this, as 

limitations regarding the anxiety variables available and the time at which they were 

collected mean that it is difficult to make generalisable inferences based on this study 

alone. 
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Chapter 7 General Discussion 

7.1 Review of aims and summary of main findings 

The three main aims of this thesis were outlined in the introductory chapter. 

The first was to investigate the psychometric properties of the Bristol Emotion 

Recognition Task (ERT), to help assess whether the task should be used to measure 

emotion recognition in a clinical setting.  The second was to develop our understanding 

of changes in emotion recognition after both mild and moderate to severe TBI using the 

Bristol ERT. The third aim was to evaluate whether changes in emotion recognition after 

TBI could be associated with anxiety. The main findings from each study included in the 

thesis are summarised in Table 7-1 and then each of the above aims is reviewed in turn. 

Table 7-1 
 
Summary of main aim and findings for each chapter in this thesis 

Chapter Main aim Main findings 

Chapter 2 
Investigate the test-
retest reliability of the 
Bristol ERT in ALSPAC 

The test-retest reliability coefficients indicated that 
constancy in measurement over time was 
moderate/marginal (ICC2.1 = 0.56, ICC3.1 = 0.6) 

Participants showed improved performance at the second 
session indicative of a practice effect on the Bristol ERT 

Performance accuracy for individual emotion measured 
using the unbiased hit rate was associated with poor test-
retest reliability 

Chapter 3 

Construct validation of 
the Bristol ERT in a 
neurologically healthy 
population 

Performance on the Bristol ERT was correlated with 
performance on two well developed measures of emotion 
recognition (Dynamic ERT & EET from TASIT-S) 

Evidence that Bristol ERT was correlated with 
performance on a face discrimination task (GFMT) but not 
a working memory task (Digit Span Backwards) 

No evidence that performance on the Bristol ERT was 
correlated with scores on an alexithymia scale (TAS) 

Overall, the pattern of results indicated that the Bristol 
ERT is appropriate as a measure of emotion recognition 

Split half reliability estimate indicated marginal reliability 
measurements made using the Bristol ERT (rsb = 0.65) in 
this study, but Cronbach’s alpha was within the adequate 
range (α = 0.77) 
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Chapter 4 

Use the Bristol ERT to 
investigate emotion 
recognition after 
moderate to severe 
TBI in a clinical setting 

Evidence that people with moderate to severe TBI have 
decreased overall emotion recognition performance on 
the Bristol ERT and the size of the effect detected 
(Hedge’s gs = 1.28) was congruent with a comparable 
meta-analytic effect size (Hedge’s g = 1.1) 

There was no association between the anxiety subscale of 
the DASS and overall emotion recognition on the Bristol 
ERT suggesting that levels of anxiety do not explain the 
deficit in emotion recognition associated with moderate 
to severe TBI 

Both the split half reliability estimate (rsb = 0.8) and 
Cronbach’s alpha (α = 0.86) were indicative of high 
reliability of measurement for the Bristol ERT in this study 

Chapter 5 

Use the Bristol ERT to 
investigate emotion 
recognition after mild 
TBI in a community 
based population 

No evidence that overall emotion recognition on the 
Bristol ERT was associated with mild TBI after age and face 
discrimination ability (GFMT) were controlled for 

There was no evidence of an association between anxiety 
(DASS subscale) and emotion recognition outcomes on the 
Bristol ERT 

Increased age and lower scores on the face discrimination 
task (GFMT) were associated with lower scores on overall 
emotion recognition on the Bristol ERT 

The split half reliability coefficient suggested adequate 
reliability of measurement on the Bristol ERT (rsb = 0.68), 
whilst Cronbach’s alpha indicated high internal 
consistency in this study (α = 0.8) 

Chapter 6 

Investigate 
associations between 
emotion recognition, 
mild TBI, and anxiety 
in a longitudinal birth 
cohort (ALSPAC) 

No evidence that overall emotion recognition on the 
Bristol ERT was associated with mild TBI 

Evidence that having a mild TBI may be associated with a 
negative attribution bias towards perceiving faces as angry 
on the Bristol ERT 

Increased odds of having GAD in the mild TBI group, but 
this was explained by presence of GAD prior to injury 

No evidence that having GAD was associated with 
performance on the Bristol ERT, but reports of having 
experienced anxiety in the week before completing the 
Bristol ERT was associated with an increase in overall 
emotion recognition accuracy 

Note: ALSPAC is the Avon Longitudinal Study of Parents and Children prospective cohort. 
DASS is Depression, Anxiety, and Stress Scale. EET from TASIT-S is the Emotion Evaluation 
Test from the short version of The Awareness of Social Inferences Test. ERT is Emotion 
Recognition Task. GAD is Generalised Anxiety Disorder. GFMT is the Glasgow Face 
Matching Test. ICC is the Intraclass Correlation Coefficient. TAS is Toronto Alexithymia 
scale. TBI is Traumatic Brain Injury.  
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7.2 Aim One - Psychometric properties of the Bristol ERT 

The first aim of this thesis was to develop our understanding of the 

psychometric properties of the Bristol ERT. This is important because without 

information about reliability and validity it is not possible to effectively draw inferences 

about emotion recognition based on the Bristol ERT outcome measures (Bowden, 2017). 

Reliability coefficients are used to evaluate whether measurements made using the 

Bristol ERT are consistent given stable conditions (Streiner et al., 2015). Assessing 

validity is an continual process of evaluating whether valid inferences about emotion 

recognition can be made based on the Bristol ERT outcomes (Streiner et al., 2015). 

7.2.1 Reliability 

Two different types of reliability for measurement of overall emotion 

recognition (total hits) using the Bristol ERT were assessed. Test-retest reliability is an 

indicator of the stability of measurement over time, whilst internal consistency reliability 

assesses the extent to which items within a task are measuring the same construct. Test-

retest reliability in ALSPAC (Chapter 2) was marginal at best, whilst internal reliability 

estimates were adequate to high across the studies presented in Chapters 3, 4, and 5. 

These reliability estimates need to be considered in conjunction when evaluating 

whether to use the Bristol ERT to assess emotion recognition in a clinical setting 

(Sherman et al., 2011). Low test-retest reliability estimates means that it might not be 

appropriate to use the Bristol ERT to evaluate change in individual performance over 

time. However, internal consistency estimates suggest that performance on the Bristol 

ERT could provide a useful indication of whether an individual is experiencing emotion 

recognition difficulties post TBI. Especially as reliability estimates for measurements in 

the moderate to severe TBI group were comparable to reliability estimates for 

neurologically healthy controls (TBI group rsb = 0.7, and control group rsb = 0.74). 

Notably, there was still evidence of considerable individual variation in 

performance for the number of total hits on the Bristol ERT. The Smallest Real 

Difference calculated in Chapters 2 to 5 was consistently around 13 hits. This could 

provide useful information on individual performance if scores could be compared to 

age specific normative data. However, it is a big difference in scores considering there 

are only 96 trials on the version of the Bristol ERT used in this thesis. The reliability 

estimates also clearly show that overall emotion recognition should not be used for 

diagnosis or clinical decision making as there was too much variation in individual 
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performance (Sherman et al., 2011; Strauss et al., 2006). The reliability estimates 

calculated in Chapter 3 for the Dynamic ERT (Montagne et al., 2007) and reliability 

estimates for the EET from TASIT (McDonald et al., 2006) are better than the estimates 

associated with the version of the Bristol ERT used in this thesis. This means these tasks 

would likely be more suitable to assess emotion recognition unless adjustments to the 

Bristol ERT can be made to improve the reliability measurement based on total number 

of hits. See section 7.2.3 for a discussion of changes that could be made to develop the 

Bristol ERT as a measure of emotion recognition for individual assessment. 

Reliability estimates broadly indicate that the Bristol ERT is appropriate for 

research purposes (Ponterotto & Ruckdeschel, 2007), although using it to assess 

individual change in performance is not recommended. Hedge and colleagues (2018) 

have argued that when considering group differences in a research context, a task is 

considered reliable if it consistently replicates a given effect with a consistent effect size. 

The Bristol ERT was successfully used to replicate deficits in emotion recognition 

associated with moderate to severe TBI (Chapter 4) so can be considered reliable in that 

sense. It is also worth considering that reliability estimates in the moderate to severe TBI 

study were higher than in the mild TBI (Chapter 5) and no TBI validation (Chapter 3) 

studies. Recruitment for the latter two studies was wholly online, whilst participants 

with moderate to severe TBI all attended supervised testing session (although control 

participants did not). It is possible that online recruitment impacted quality of data and 

this resulted in lower reliability estimates. Equally, reliability in those samples could 

simply have been lower, which highlights the importance of reporting reliability 

estimates for all studies (Parsons et al., 2019). Cronbach’s alpha was higher than the 

split half reliability estimates in all the studies where it was possible to calculate internal 

consistency. There was a small increase in the split half reliability estimates when low 

intensity trials were removed, whilst Cronbach’s alpha tended to decrease slightly. It 

seems like the method of calculation for these two estimates means they are impacted 

by different things. The reduction in Cronbach’s alpha is probably due to a decrease in 

the number of trials included (Tavakol & Dennick, 2011), whilst the increase in split half 

reliability is likely the result of less variation when low intensity trials are removed. This 

shows that it is important to consider both these factors when adjusting the Bristol ERT. 

A general consideration is that emotion recognition may be associated with high 

measurement variability because of state related fluctuations, for example when people 

are in a state of anxiety (Attwood et al., 2017; Dyer et al., 2022). 
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7.2.1.1 Emotion specific recognition accuracy 

The findings in this thesis indicate that the unbiased hit rate proposed by 

Wagner (1993) is not a useful measure of individual emotion recognition accuracy for 

the Bristol ERT. The test-retest reliability coefficients calculated in ALSAPC were low 

across the board (Chapter 2). As discussed in Chapter 4 it was not possible to make 

meaningful inferences about emotion specific accuracy after moderate to severe TBI 

based on the unbiased hit rate. Other tasks, such as TASIT (McDonald et al., 2006) and 

the Dynamic ERT introduced in Chapter 3 (Kessels et al., 2014; Montagne et al., 2007) 

use the number of hits for each emotion as an emotion specific outcome. Whilst this 

approach is simple it does not truly capture emotion recognition accuracy, which is why 

it was not used as on outcome measure in this thesis. For example, a participant could 

score highly on anger simply because they select anger most of the time, but it does not 

follow that they can accurately identify anger (Wagner, 1993). An alternative approach 

to measuring emotion recognition accuracy is using Signal Detection Theory. A 

sensitivity index can be calculated to assess the ability to discriminate between a target 

emotion (i.e. signal) and noise, in this case all other emotions included (Stanislaw & 

Todorov, 1999). As outlined by Wagner (1993) an issue with this approach is that one of 

the underlying assumptions is that all of the alternative (non-target) emotions are 

equally likely to be chosen. Furthermore, on a six Alternate Force Choice tasks such as 

the Bristol ERT there are five times as many distractor trials then target trials. 

Nevertheless, as demonstrated by Eastwood and colleagues (2020) this approach can be 

used to evaluate individual emotion recognition outcomes on the Bristol ERT. Further 

studies are needed to evaluate whether this sensitivity index is an appropriate outcome 

measure to use in a clinical setting. It could also be worth exploring whether latent 

growth curve modelling is a better method of accessing individual emotion recognition 

accuracy given increased test-retest reliability estimates reported by Cecilione and 

colleagues (2017) when using that approach.  

7.2.2 Validity 

Having a reliable outcome measure is the basis for valid inferences about 

emotion recognition to be made using the Bristol ERT. Consequently, understanding and 

where possible improving reliability estimates for measurements made using the Bristol 

ERT is important. The internal consistency reliability coefficients for studies presented in 

this thesis were considered sufficient for emotion recognition inferences to me made 
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about overall emotion recognition but not emotion specific outcomes. Furthermore, the 

fact that it was possible to discriminate between participants with moderate to severe 

TBI and neurologically healthy controls using the Bristol ERT indicates that it is a suitable 

measure to use in a TBI population. 

The construct validation study presented in Chapter 3 indicated that the Bristol 

ERT is measuring the same construct as the Dynamic ERT developed by Montagne and 

colleagues (2007). This suggests that the Bristol ERT could be an equivalent task if 

reliability of measurement can be improved. Khosdelazad and colleagues (2020) recently 

compared performance on the Facial Expressions of Emotion: Stimuli and Test (FEEST; 

Young et al., 2002), the Dynamic ERT and the short version of the EET from TASIT 

(Westerhof-Evers et al., 2014). The correlation between the three tasks was comparable 

to the results in this thesis, although the correlation between Dynamic ERT and Bristol 

ERT was slightly higher than the correlation between the FEEST and Dynamic ERT. 

Khosdelazad and colleagues (2020) suggested that differences in stimuli and difficulty 

could be underlying their results. It is possible that the Bristol ERT is measuring a 

construct more closely matched to the Dynamic ERT than other static emotion 

recognition tasks. Further work is needed to understand how the two facial emotion 

recognition tasks relate to the full version of the EET from TASIT (McDonald et al., 2006). 

Further work is also needed to understand associations between performance 

on the Bristol ERT and other factors. The Bristol ERT is clearly associated with the ability 

to discriminate between faces, although results in this thesis show that face perception 

does not fully account for performance on the Bristol ERT. Contrary to predictions, 

alexithymia scores were not associated with performance on the Bristol ERT in any of 

the studies included in this thesis. This supports the argument that overall emotion 

recognition accuracy on forced choice emotion recognition tasks is not directly linked to 

one’s ability to identify and process emotions (Ihme, Sacher, Lichev, Rosenberg, Kugel, 

Rufer, Grabe, Pampel, Lepsien, Kersting, Villringer, & Suslow, 2014; Rosenberg et al., 

2019). There is evidence that the association between emotion recognition and 

alexithymia is specific to angry expressions (Rosenberg et al., 2020), which would be 

worth exploring in the future. In terms of working memory, Bristol ERT scores were not 

correlated with performance on the Digit Span Backwards task (Chapter 3) but were 

correlated with performance on the N-back task (Chapter 6). This suggests these two 

tasks are tapping into different aspects of cognitive ability (Hilbert et al., 2015; Kirchner, 

1958; Soveri et al., 2018; St Clair-Thompson, 2010). Differences in association between 
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digit span tasks and the N-back task have also been observed for Generalised Anxiety 

Disorder (Abushalbaq et al., 2021), so this pattern of results is not something that is 

specific to the Bristol ERT or even emotion recognition. A clear limitation of this thesis is 

that it was not possible to evaluate the impact of processing speed on Bristol ERT 

performance. Short presentation time of stimuli on the Bristol ERT could mean that 

performance on the Bristol ERT is particularly sensitive to changes in processing speed. 

Severity of injury seem to be predictive of difficulties with processing speed in moderate 

to severe TBI (Svingos et al., 2019). Given that results in this thesis suggests that severity 

of injury is also associated to performance on the Bristol ERT it is important to assess 

potential interactions before the task is used for neuropsychological assessment. 

Notably, Osborne-Crowley and colleagues (2019) have found evidence that contextual 

processing of emotional facial expressions is preserved even if processing speed is 

impaired. 

In sum, task characteristics clearly play an important part in the measurement of 

emotion recognition. It is crucial that characteristics of the Bristol ERT and how they 

could be impacting performance is better understood. Further, to help interpretation, 

the tasks used to support interpretation of scores should be consistent, otherwise it will 

be difficult to draw valid inferences. It is also important to remember that validation of 

the Bristol ERT is an ongoing process and validity of inferences made using the Bristol 

ERT should be continually evaluated, especially if the task is developed to address some 

of the issues identified in this thesis. 

7.2.3 Potential task development 

7.2.3.1 Removing low intensity trials on the Bristol ERT 

Reliability estimates associated with measurement on the Bristol ERT could be 

improved by removing low intensity trials for this task. Decreasing random variance that 

seems to be associated with those highly ambiguous trials would likely also help improve 

the emotion specific outcomes. It would be advisable to add more trials with greater 

than 40% intensity, as simply reducing the number of trials will also impact reliability of 

measurements made using the Bristol ERT (Tavakol & Dennick, 2011). The morph 

sequences used to create the stimuli for the Bristol ERT consist of 15 images in total, of 

which only every second (eight images) was used for the Bristol ERT in this thesis. A 

better approach could be to use the ten highest intensity images, which correspond to 

the cut-off point used to create the reduced Bristol ERT for this thesis.  
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7.2.3.2 Using only four emotions 

Another consideration is whether it is useful to include all six emotions on the 

Bristol ERT. Jack and colleagues (2014) have suggested that dynamic facial expressions 

are processed sequentially in the brain, starting with basic information and progressing 

to more complex emotional signals. Given that the stimuli are only presented for a short 

period of time on the Bristol ERT it is possible that performance on the task is more 

dependent on the early part of that processing system. Arguably there are only four 

basic emotion categories at that stage (Jack et al., 2014; Jack et al., 2016), namely 

happiness, sadness, fear/surprise (potential indicator of approaching danger), and 

anger/disgust (potential indicator of proximal danger). Potentially only using four stimuli 

would improve reliability of measurement and validity of inferences made using the 

Bristol ERT. Further, avoiding confusion between fear/surprise and anger/disgust and 

could give more accurate measures of individual emotion recognition accuracy. The 

version of the Bristol ERT used as part of the EMOTICOM battery included only happy, 

sad, fearful, and angry stimuli for example (Bland et al., 2016). It would be worth 

exploring whether using the stimuli for surprise as opposed to fear is more appropriate, 

as fear stimuli are generally considered to be the most difficult to recognise (Rosenberg 

et al., 2014). Reducing the number of emotions included would obviously also reduce 

the number of trials. A potential solution is to add another set of stimuli, which could be 

of a different ethnicity considering the evidence that the four emotion categories could 

be universally recognised (Jack et al., 2016). Once four emotions are selected it would be 

good to consider what outcome measure would be most appropriate for individual 

emotion recognition accuracy. Based on the test-retest reliability data latent growth 

modelling seems like a promising approach (Cecilione et al., 2017) and intercept scores 

should be explored as an outcome measure for the Bristol ERT. 

7.2.3.3 Combining Bristol ERT with other tasks for a more comprehensive test battery 

There is no one right way to measure emotion recognition. The Bristol ERT 

shows promise as a measure in clinical practice, but it provides information about one 

part of cognition. It may be worth adding other tasks to capture different aspects of 

social cognition or help with the interpretation of scores on the Bristol ERT (Castro et al., 

2016). Removing low intensity trials that have high ambiguity means that the responses 

on the Bristol ERT will be less likely to detect attribution bias, so the Bristol EBT tasks 

could be included as measures of bias. Furthermore, The Cambridge Automated 
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Neuropsychological Test Battery (CANTAB) owned by Cambridge Cognition Ltd includes 

tests of processing speed and working memory. Given the recommendations made by 

Henry and colleagues (2015) these could easily be included as part of a wider 

assessment if there are concerns about the impact of general cognitive ability on 

emotion recognition for a particular individual. Another possibility would be to include 

other measures of social cognition to develop a more rounded assessment tool like the 

EMOTICOM battery (Bland et al., 2016).  

7.3 Aim Two - Emotion recognition on the Bristol ERT and Traumatic Brain Injury 

The second aim of this thesis was to use the Bristol ERT to assess emotion 

recognition after TBI. This included trying to replicate the deficit in emotion recognition 

associated with moderate to severe TBI (Chapter 4) and investigating whether there is 

evidence for an association between mild TBI and emotion recognition (Chapter 5 and 

Chapter 6). 

7.3.1 Moderate to Severe Traumatic Brain Injury 

A diagnosis of moderate to severe TBI is given when there is no doubt that there 

has been damage to the brain as the result of an external force (Malec et al., 2007; 

Menon et al., 2010). For the study presented in Chapter 4 participants with a clinical 

diagnosis of moderate to severe TBI were recruited to complete the Bristol ERT. There 

was strong evidence that participants with TBI performed worse on the Bristol ERT than 

controls, which corresponds with the current literature indicating that there are deficits 

in emotion recognition after moderate to severe TBI (Babbage et al., 2011; Murphy et 

al., 2021). Further, the confounders included (face perception, alexithymia, mood, and 

aggression) were not able to explain the decrease in emotion recognition observed after 

TBI in our sample. This research shows that the Bristol ERT can be used to assess 

emotion recognition after TBI and can be used to develop our understanding of 

difficulties observed in this population. Given the issues around interpreting emotion 

specific outcomes used in this thesis further work in needed before the Bristol ERT can 

be used to make inferences about emotion specific accuracy in this population. Although 

notably, there was no evidence that having moderate to severe was associated with a 

negative attribution bias on the Bristol ERT or EBT tasks. This suggests that if a bias is 

observed after TBI it is likely mediated by other factors, for example aggression 

(Deveney et al., 2019; Neumann et al., 2017; D. Neumann et al., 2021). 

https://www.cambridgecognition.com/cantab/cognitive-tests/emotion-and-social/emotion-recognition-task-ert/
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7.3.2 Mild Traumatic Brain Injury 

The diagnosis of mild TBI is based on lack of evidence for moderate to severe TBI 

and likelihood that a head injury has resulted in damage to the brain (Gasquoine, 2020; 

Malec et al., 2007). Both studies investigating emotion recognition after mild TBI in 

thesis did not find any evidence to suggest a decrease in emotion recognition accuracy 

in people with mild TBI compared to controls. Although each of these studies 

individually has limitations the fact that both the cross-sectional study and the cohort 

study did not find evidence of an association increases the confidence in the results. In 

context of the two other studies that have investigated emotion recognition after mild 

TBI (McLellan & McKinlay, 2013; Theadom et al., 2019), there is growing evidence that 

mild TBI is not associated with decreased emotion recognition in the way that moderate 

to severe TBI is. However, interpreting lack of evidence (null finding) is difficult as there 

are often many factors that could lead to a null finding and it is not appropriate to infer 

a lack of effect based on null findings (Lakens et al., 2020). Instead of trying to find 

evidence for an association between mild TBI and emotion recognition future studies 

should investigate whether there is an absence of this association using Bayesian 

statistics or equivalence testing (Lakens et al., 2020). 

In the ALSPAC study (Chapter 6) there was evidence that participants with mild 

TBI were more likely to label faces as angry, which is indicative of a negative attribution 

bias. There was no evidence of such a bias in the cross-sectional mild TBI study (Chapter 

5). One potential explanation is that due to the larger sample size in the cohort study it 

was possible to detect a much smaller effect. Given that negative attribution bias seems 

to be mediated by levels of aggression (D. Neumann et al., 2021) in a TBI population, 

another explanation is that levels of aggression for the mild TBI group compared to 

controls were higher in the cohort study. Investigating measures of aggression in 

ALSPAC was beyond the scope of this thesis, which was focused on assessing whether 

anxiety could be contributing to negative attribution bias in a TBI population. There was 

no evidence that anxiety was associated with negative attribution bias on the Bristol 

ERT. Future studies should consider independent associations with aggression and also 

irritability, which is commonly reported after mild TBI (Deveney et al., 2019; Prince & 

Bruhns, 2017). Jorna and colleagues (2021) recently reported increased anger 

misattribution on FEEST in an acquired brain injury sample compared to controls. Even 

though the effect size was small, they found evidence of an association with levels of 

socially appropriate behaviour reported by other people. This highlights the importance 
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of further research in this area and indicates that anger misattributions on the Bristol 

ERT could be a useful indicator of negative attribution bias. Furthermore, by adding 

feedback to the Bristol EBT it can be used as a bias modification task to reduce levels of 

aggression, which could be explored as an intervention in a TBI population (Penton-Voak 

et al., 2017; Penton-Voak et al., 2013). 

The fact that there is evidence for an association between performance on the 

Bristol ERT and moderate to severe TBI, but not mild TBI confirms that it is important to 

consider severity of injury when assessing emotion recognition in a TBI population. 

Murphy and colleagues (2021) have suggested that there is no difference in the degree 

of emotion recognition impairment between moderate and severe TBI, but that this may 

be different for mild TBI. In this thesis mild TBI was defined as having a head injury with 

loss of consciousness. Whilst it is a commonly used indicator of mild TBI (Ruff et al., 

2009), it does not provide much of an indication about the extent of possible brain 

damage. Gasquoine (2020) has argued that Post Traumatic Amnesia (PTA) is a better 

indicator that mild TBI has occurred potentially because it suggests greater disruption of 

brain function than loss of consciousness. Notably, in Chapter 5, a trend towards 

decreased emotion recognition was identified for participants with mild TBI who 

reported having PTA. However, there was no evidence of this association once age and 

ability to perceive faces was controlled for. Treating mild TBI as a homogeneous group 

may be obscuring decreased emotion recognition in a sub-group of people with mild TBI. 

It would be better to include a more continuous measure of mild TBI when assessing 

emotion recognition in this population. Alternatively, associations with emotion 

recognition should be assessed in sub-groups of mild TBI, such as those identified by Si 

and colleagues (2018). 

7.4 Aim Three - Anxiety and Emotion Recognition after Traumatic Brain Injury 

The third aim of this thesis was to investigate whether anxiety could be 

moderating changes in emotion recognition in a TBI population. Having a TBI is 

associated with increased levels of anxiety and higher likelihood of having an anxiety 

disorder (Osborn et al., 2016; Ponsford et al., 2018). To evaluate whether anxiety could 

be contributing to or even explain changes in emotion recognition after TBI a continuous 

measure of clinical anxiety (DASS anxiety subscale) was included in the cross-sectional 

studies presented in Chapter 4 and Chapter 5. In Chapter 6 associations between mild 

TBI, emotion recognition and Generalised Anxiety Disorder (GAD) as well as reports of 
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recent anxiety were explored in ALSPAC. In line with the current literature, there was 

evidence of increased levels of anxiety on the DASS in the TBI groups compared to 

controls and having a mild TBI was associated with an increased likelihood of having 

GAD in the ALSPAC sample. Despite the evidence for increased anxiety in the TBI 

samples, the DASS anxiety scores and a diagnosis of GAD were not associated with 

emotion recognition performance on the Bristol ERT. Based on these findings it seems 

unlikely that anxiety is moderating changes in emotion recognition observed in a TBI 

population. 

Although having a diagnosis of GAD was not associated with performance on the 

Bristol ERT, reports of recent anxiety in ALSPAC (having anxiety in the past week) was 

associated with better performance on the Bristol ERT. Attwood and colleagues (2017) 

similarly found that trait anxiety measured using the State-Trait Anxiety Inventory 

(Spielberger, 1983) was associated with increased scores on the Bristol ERT, although 

other studies have not found evidence for this association (Cooper et al., 2008; Dyer et 

al., 2022). Knowles and Olatunji (2020) have argued that the trait scale on the State-Trait 

Anxiety Inventory is a measure of negative affect, not specifically anxiety. In fact trait 

scale on the State-Trait Anxiety Inventory is most highly correlated with the depression 

subscale on the DASS (Antony et al., 1998). Interestingly, the depression and stress 

subscales on the DASS were also associated with increased emotion recognition in this 

thesis (Chapter 5). These results suggest that general negative affect might be 

associated with an increased performance on the Bristol ERT, and it is plausible that the 

question about recent anxiety in ALSPAC (Chapter 6) was actually a measure of general 

negative affect. 

One of the reasons that clinical levels of anxiety was investigated as a potential 

moderator of performance on the Bristol ERT after TBI was that Attwood and colleagues 

(2017) reported decreased performance on the task when anxiety was induced. They 

also reported negative bias on the Bristol EBT (Happy - Angry) in participants with state 

anxiety. These results were recently replicated by Dyer and colleagues (2022), although 

negative attribution bias was only observed when state anxiety was induced in 

participants with high trait anxiety. There was no evidence clinical anxiety being 

associated with performance on the Bristol ERT or EBT tasks in the studies presented in 

Chapter 4 and Chapter 5. The DASS is not considered a measure of trait anxiety (Elwood 

et al., 2012), but as it asks about symptoms of anxiety experienced in the past seven 

days it also does not capture whether participants are in an acute state of anxiety. It 
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stands to reason, that scores on the DASS anxiety subscale indicate whether people are 

more likely to regularly experience periods of acute anxiety. Manierka and colleagues 

(2021) have found that mood fluctuations are associated with substantial changes in 

performance on emotion recognition tasks in a healthy population. This suggests that if 

participants were not in an acute state of anxiety at the time of testing scores on the 

Bristol ERT would not be impaired but that they could still regularly experience 

difficulties in emotion recognition due to anxiety. Further research is needed to 

understand the potential impact of state anxiety on emotion recognition in a TBI 

population. 

Another consideration is that measures of anxiety in this thesis were all based 

on self-report. Suslow and colleagues (2019) have reported dissociations between 

implicit and explicit measures of anxiety in a healthy population. Furthermore, having a 

TBI is often associated with a lack of insight in relation of self-awareness and reporting 

of symptoms (Azouvi et al., 2017). Studies have shown that performance on emotion 

recognition tasks is associated with other report, but not self-report, of difficulties in a 

TBI population (Jorna et al., 2021; Spikman, Milders, et al., 2013). It is possible that the 

lack of association between performance on the Bristol ERT and anxiety was due to 

difficulties in awareness and reporting of anxiety. Although the fact that there was 

evidence of increased anxiety in the TBI groups compared to controls would suggest that 

the TBI participants were able to identify feelings of anxiety. Nevertheless, it is worth 

exploring whether clinician or family reported anxiety are associated with performance 

on the Bristol ERT in a TBI population. 

7.5 Novel Contributions 

This thesis provides the first comprehensive evaluation of psychometric 

properties for the Bristol ERT. Understanding these properties is an important step 

towards developing the Bristol ERT for use in a clinical setting (Kelly et al., 2017; Kessels, 

2019). Insights gained have led to concrete suggestions about how to improve 

measurement of emotion recognition using the Bristol ERT. These considerations are 

also important for inferences about emotion recognition made in a research setting, 

especially as this type of research is difficult to fund and publish (Vitoratou & Pickles, 

2017). For example, reliability estimates reported in this thesis could be used to inform 

sample size calculations to help avoid low statistical power when measuring emotion 

recognition using the Bristol ERT (Cooper et al., 2017; Parsons et al., 2019). It is also the 



 

Page 185 of 255 

first time that the Bristol ERT has been used to assess emotion recognition in a TBI 

population. Results indicate that performance on the Bristol ERT after moderate to 

severe TBI is comparable to performance on other emotion recognition tasks using facial 

images in a TBI population. Furthermore, few studies to date have investigated emotion 

recognition after mild TBI (Calvillo & Irimia, 2020; Murphy et al., 2021). Two studies 

assessing emotion recognition after mild TBI were conducted as part of this thesis to 

address this gap in the literature. The lack of association observed between 

performance on the Bristol ERT and mild TBI suggests that emotion recognition deficits 

reported in moderate to severe TBI samples are not present in a mild TBI population. 

Using different methodologies to investigate associations between emotion recognition 

and mild TBI increases confidence in the observations made, as triangulation helps 

reduce bias associated with a single research approach. Finally, this thesis also 

contributes to our understanding of how anxiety may be linked to changes in emotion 

recognition associated with having a TBI. 

7.6 Future Directions 

7.6.1 Developing Bristol ERT for use in a healthcare setting 

Kessels (2019) has outlined importance of and challenges of adapting 

computerised experimental tasks for use in neuropsychological assessment. One of the 

challenges is that tasks lack information about psychometric properties and many tasks 

used in neurological samples have not been sufficiently validated in the population of 

interest (D'Souza et al., 2019; Howieson, 2019). The work presented in this thesis 

addresses this issue and provides a good basis for further development. Several 

recommendations regarding the development of the Bristol ERT have already been 

discussed, once implemented further studies will be needed to assess psychometric 

properties in both healthy and neurological populations. It will also be important to 

establish age specific normative data for the Bristol ERT in both male and female 

samples. Ideally this should be done once the task is deemed suitable for the intended 

use so that no changes are required once normative data is established (Kessels, 2019). 

Normative data is useful because it will allow for percentiles to be calculated to allow for 

interpretation of individual emotion recognition scores. 

Digitalisation for assessment and treatment in a healthcare setting is a big area 

of development, the importance of which has increased further since the COVID-19 

(Kwasnicka et al., 2022). A benefit of developing the Bristol ERT as a tool for 
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neuropsychological assessment is that it is already digitally available as part of CANTAB. 

An interesting next step could be to adapt the way the Bristol ERT is presented by using 

ecological momentary assessments instead of relying on a single testing session. Depp 

and colleagues (2021) have successfully used mobile phones to present an emotion 

recognition task repeatedly over the course of 10 days. They reported that mean 

performance across repeated presentations was highly correlated with a lab-based 

version of the same task, suggesting it could be a viable form of assessment. Considering 

the evidence for changes in performance on the Bristol ERT related to state anxiety 

(Attwood et al., 2017; Dyer et al., 2022), this form of multiple assessment together with 

momentary reports of anxiety could provide valuable insights. 

7.6.2 Establishing clinical significance 

The results in this thesis clearly show that people with moderate to severe TBI 

perform worse than neurologically healthy controls on the Bristol ERT. The size of this 

effect is considered large according to Cohen’s widely used thresholds, but these 

thresholds are arbitrary and do not tell us whether the deficit corresponds with 

impaired functioning in everyday life (Lakens, 2013b). Measuring emotion recognition in 

clinical practice is only valuable if it can be used to make functional predication (Kessels, 

2019), for example the maintenance or quality of social relationships. An important next 

step will be to establish a clinically significant difference for emotion recognition deficits 

on the Bristol ERT, in other words the smallest effect size of interest (Anvari & Lakens, 

2021). The smallest effect size of interest might vary for different functions of interest, 

so it will be important to define what the functional outcomes of interest are and 

evaluate effect sizes for each of these. Anvari and Lakens (2021) have published a guide 

on how to use an anchor-based method to establish an effect size of interest, which 

could be used as a guide for future studies. Given the evidence that performance on 

emotion recognition tasks is associated with other (not self) report of functional 

difficulties (Jorna et al., 2021; Spikman, Milders, et al., 2013), it would be interesting 

establish effect sizes of interest for both. For example, a future study could investigate 

whether people with TBI identified by clinicians as presenting with social difficulties 

differ in performance on the Bristol ERT compared to people with similar injury severity 

without reported difficulties. Establishing the smallest effect size of interest on the 

Bristol ERT could also be helpful to assess whether having mild TBI is associated with 

meaningful change in emotion recognition, or rather investigate the absence of an 

association (Lakens et al., 2020). Having clinically meaningful reference point will further 
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be beneficial for the development and comparison of emotion perception treatments 

(Cassel et al., 2019). 

7.6.3 Emotion recognition and Traumatic Brain Injury 

There is still a lot that we do not understand about emotion recognition in a TBI 

population. The fact that participants with moderate to severe TBI show decreased 

emotion recognition compared to neurologically healthy controls, but participants with 

mild TBI do not highlights the importance of thinking about severity of injury when 

assessing emotion recognition. Instead of using the diagnostic categories of mild, 

moderate, or severe TBI when assessing emotion recognition, it would be useful to 

investigate whether individual symptoms used to inform diagnosis are predictors of 

performance on emotion recognition tasks. For example, investigating whether length of 

PTA or reporting of persisting symptoms (e.g. headaches or dizziness) in a mild TBI 

population are associated with performance on the Bristol ERT. Data driven categories 

of mild TBI (Si et al., 2018) could also provide useful insights about the association 

between emotion recognition and TBI. Finally, as brain imaging techniques like Diffuse 

Tensor Imaging become more widely available the degree of axonal damage after TBI 

could also be a useful predicator of emotion recognition difficulties (Yassin et al., 2017). 

Further research is also needed to investigate whether the decrease in emotion 

recognition observed after moderate to severe TBI are causally related (Theadom et al., 

2019). Including repeated measures of emotion recognition and TBI as part of 

prospective cohort studies would allow for investigation of causal links. Prospective 

cohort studies are incredibly time and cost intensive (Mann, 2003) but as methods for 

linking healthcare data to existing cohort studies improves (Harron et al., 2020), these 

types of investigation will hopefully become more feasible. A better understanding of 

causal pathways could also benefit the development of interventions for people 

struggling with emotion recognition difficulties. 
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Chapter 8 Appendices 

8.1 Appendix A (Chapter 2) - Reliability of the N-back and Stop Signal Task 

8.1.1.1 N-back 

The N-back task is a widely used measure of working memory and many 

variations of the task exist. In this study a visuoverbal 2-back version of the task was 

used. This means that participants were presented with visual stimuli (numbers from 0 

to 9) and for each trial and were asked to indicate whether the current stimulus was the 

same or different from the stimulus presented two trials ago (For details please refer to 

section 2.2.2.2). Both reaction time and accuracy can be used as outcome measures, but 

this study will focus on the test-retest reliability of accuracy. 

N-back tasks have been used extensively in research and clinical settings since 

their introduction by Kirchner in 1958. However, there is comparatively little 

information regarding the psychometric properties of N-back tasks (Jaeggi et al., 2010), 

and most studies investigating the reliability of the N-back tasks have focused on 

internal consistency as opposed to test-retest reliability (Jaeggi et al., 2010; Soveri et al., 

2018). Hockey and Geffen (2004) reported test-retest reliability of accuracy on a 

visuospatial version of the 2-back task as r = 0.538. Their data also showed a trend 

towards increased reliability of accuracy as cognitive load increased, i.e. 3-back task has 

the highest reliability coefficient in their study. They suggest this may be due to ceiling 

effects leading to homogeneity during the lower cognitive load tasks. White and 

colleagues (2018) assessed performance on a 2-back visuoverbal task at 6 timepoints 

and calculated test-retest reliability coefficients (ICC2.1) between these timepoints. 

They reported moderate to good reliability with coefficients ranging from 0.63 to 0.87 

between the various timepoints. A limitation of their study is that they did not report 

the confidence intervals around these estimates, which have previously been shown to 

be very wide for the N-back tasks (Soveri et al., 2018). 

Reliability estimates for both agreement in scores between testing sessions and 

consistency of performance in relation to other participants were low on the visuoverbal 

2-back version of the N-back task. The reliability coefficients calculated for the 2-back 

task in this study are slightly lower than those reported in the current literature (Hockey 

& Geffen, 2004; White et al., 2018). The 3-back version of the task was associated with 

higher reliability estimates than the 2-back version in a study by Hockey and Geffen 
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(2004). This could indicate a ceiling effect on the 2-back version of the task, which would 

result in homogeneity of performance and thus decrease reliability estimates.  This 

might also explain why we did not detect a difference in performance between test 

session 1 and session 2. The SEM and SRD, however, were relatively large suggesting 

that there was variation in individual scores, despite there being no evidence for a 

difference in performance between testing sessions. Further, results from a recent study 

by Soveri and colleagues (2018) showed that despite the reliability coefficient for a 

visuoverbal 3-back task indicating moderate reliability (ICC2.1 = 0.567) the confidence 

intervals around their estimate were large (95% CI = 0.074 – 0.819). Prior studies may 

have been overestimating test-retest reliability for the 2-back task as confidence 

intervals around the reliability estimates were not reported or considered. The current 

findings are indicative that the N-back task may not be suitable for use in an individual 

differences context, although it could still be useful in other contexts, for example, 

investigating group differences (Hedge et al., 2018). 

8.1.1.2 Stop Signal Task 

The Stop Signal Task (SST) was used as a measure of response inhibition 

associated with executive control (Verbruggen & Logan, 2008). In this study participants 

were asked to identify a letter presented on the screen as quickly as possible but 

instructed that if they heard a beep shortly after the letter was presented, they were not 

to respond to that trial (For details please refer to the method section). Performance is 

dependent on the interaction between the ‘go’ process of responding to a trial quickly 

and the ‘stop’ process of inhibiting a response, which have been associated with 

different neural pathways (Verbruggen & Logan, 2008). A commonly used measure of 

the interaction between these processes is a Stop Signal Reaction Time (SSRT), which 

can be calculated in a number of different ways (Band et al., 2003). 

Studies investigating the test-retest reliability of the SST have generally reported 

low to moderate reliability. Weafer, Baggott and de Wit (2013) used SSRT as their 

primary outcome. They reported moderate to high reliability based on Persons r = 0.65. 

However, Wostmann and colleagues (2013) suggested very low reliability of the SST 

based on the SSRT in their study, with both Pearson’s r of and ICC2.1 reported as 0.03. It 

is unclear exactly what method was used to calculate the SSRT in these studies and 

neither study reported 95% confidence intervals. As part of their investigation into why 

“robust cognitive tasks do not produce reliable individual differences”, Hedge and 
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colleagues (2018) calculated the test-retest reliability of two types of SSRT, SSRT mean 

and SSRT integration. In both studies conducted they report low reliability for both SSRT 

measures, for SSRT mean the ICC2.1 = 0.47 (0.21-0.67) and 0.43 (0.19-0.62) and for SSRT 

integration the ICC2.1 = 0.36 (0.08-0.59) and 0.49 (0.26-0.66). In this study the SSRT 

median as outlined by Band and colleagues (2003) will be used as an outcome measure, 

because it could reduce variation due to noise leading to low reliability estimates. 

Of the three cognitive tasks investigated in this study, the measurements made 

using the SST showed the highest test-retest reliability. The ICC2.1 was substantially 

lower than the two estimates indicating consistency, which is not surprising given the 

evidence for an improvement in performance between testing sessions. Much like for 

the Bristol ERT, reliability estimates based on consistency as opposed to agreement may 

be more appropriate when considering the impact SST reliability may be having on 

ALSPAC data because there is evidence for a systematic improvement. Test-retest 

reliability for the SST were slightly higher than reported in the literature despite the 

confidence intervals around the reliability estimates being quite large (Hedge et al., 

2018; Weafer et al., 2013; Wostmann et al., 2013). A possible explanation for this 

discrepancy is the way in which the SSRT was calculated. Hedge and colleagues (2018) 

reported test-retest reliability estimates for the SSRT mean and SSRT integration, whilst 

the SSRT median was used as an outcome measure in this study (Band et al., 2003). 

Potentially the SSRT median is a more stable outcome to use when assessing individual 

difference and change in performance over time. A direct comparison of test-retest 

reliability of these three outcome measures in the same sample could provide further 

insight. Based on the test-retest reliability calculated in this ALSPAC sample, the SEM 

was quite large, and individuals would have to substantially reduce their SSRT to 

confidently say that there has been a change in performance. Again, the magnitude of 

change in individual scores is likely influenced by the systematic improvement in 

performance observed between sessions. 

 

  



 

Page 217 of 255 

8.2 Appendix B (Chapter 2) - Effect size calculations 

Spreadsheet published in the supplementary materials from ‘Calculating and 

reporting effect sizes to facilitate cumulative science: a practical primer for t-tests and 

ANOVAs’ by Daniel Lakens (2013b) was used to calculate the effect sizes for this study. 

The spreadsheet version 4.2 retrieved from the Open Science frame work (Lakens, 

2013a). 

The means, standard deviations, correlations, and sample size were used to 

calculate the effect size based on a t-test for a correlated (or dependant) sample. Data 

required to replicate these calculations are presented in Table 8-1. 

Table 8-1 
 
Data required to replicate effect size calculations 

Task 
(outcome 
measure) 

n 
Delay 

between 
sessions 

Time 1 Time 2 Correlation Paired t-test 

Mean SD Mean SD r t p 

Bristol 
ERT  
(prop. of 
totalhits) 

90 combined 0.693 0.074 0.722 0.074 0.60 4.13 <.001 

45 short 0.697 0.077 0.733 0.075 0.62 3.75 <.001 

45 long 0.690 0.072 0.711 0.073 0.58 2.11 0.04 

N-back 
(d’prime) 

87 combined 2.858 0.695 2.902 0.707 0.43 0.55 0.59 

44 short 2.97 0.677 3.10 0.552 0.21 1.16 0.25 

43 long 2.75 0.704 2.70 0.791 0.54 -0.45 0.65 

SST 
(SSRTmed) 

88 combined 255.3 49.03 232.8 37.42 0.73 -6.31 <.001 

43 short 253.2 45.4 231.5 35.6 0.73 -4.70 <.001 

45 long 257.5 53.0 234.1 39.6 0.73 -4.23 <.001 

 

Based on recommendations by Lakens (2013b), Hedge’s gav is reported based on 

Cohen’s dav. Instead of using the standard deviations from both samples to calculate 

Cohen’s d the average standard deviation is calculated, making it more appropriate for 

repeated measures samples. The Common Language Effect Size is recommended as an 

easily interpretable effect size also based on Cohen’s d. Cohen’s d is expressed as a 

percentage likelihood that a participant has a higher score in one measure compared to 

another. A 50% likelihood is equivalent to chance. 
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Hedges gav and the common language (CL) calculated based on the data in Table 

8-1 are reported in Table 8-2, the majority of which are also reported in the main text. 

All the effect size estimates are corrected for reliability based on Pearson’s r. 

Table 8-2 
 
Effect sizes for the difference in scores between session 1 and session 2 

Task 
(outcome 
measure) 

Delay between 
sessions 

Hege's g av Common language (CL) effect size 

Bristol ERT  
(prop. of 
totalhits) 

combined 0.389 0.67 

short 0.466 0.71 

long 0.285 0.62 

N-back 
(d’prime) 

combined 0.062 0.52 

short 0.207 0.57 

long 0.066 0.53 

SST 
(SSRTmed) 

combined 0.511 0.75 

short 0.522 0.76 

long 0.492 0.74 
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8.3 Appendix C (Chapter 2) - Sensitivity analysis of only full cases 

Analyses conducted using only participants that had complete data for all three 

cognitive tasks and both time points (n = 85). Table 8-3 shows the reliability estimates 

calculated for this data set. Results for the comparison of means at the first and second 

testing session for the primary outcome measure of each task using a paired t-test are 

presented in Table 8-4. 

Table 8-3 
 
Reliability estimates including only cases with full data 

Task 
(outcome measure) 

Intraclass Correlation Coefficient Pearson’s r 

df ICC2.1 95% CI ICC3.1 95% CI df r 95% CI 

Bristol ERT 
(prop. of totalhits) 

84 0.58 
0.38, 
0.72 

0.62 
0.47, 
0.73 

83 0.62 
0.47, 
0.73 

N-back 
(d’prime) 

84 0.43 
0.24, 
0.58 

0.43 
0.24, 
0.59 

83 0.42 
0.23, 
0.58 

SST 
(SSRTmed) 

84 0.63 
0.31, 
0.79 

0.70 
0.58, 
0.80 

83 0.73 
0.61, 
0.81 

Note: df is degrees of freedom. CI refers to 95% Confidence Interval. 

 

Table 8-4 
 
Summary of primary outcome and results from paired t-test 

Task 
(outcome measure) 

n 
Time 1 Time 2 Welch’s paired t-test 

Mean SD Mean SD 
t-

value 
p-value gav 

Bristol ERT 
(prop. of totalhits) 

85 0.695 0.07 0.723 0.08 4.023 <.001** 0.375 

N-back 
(d’prime) 

85 2.86 0.70 2.92 0.71 0.68 0.5 0.084 

SST 
(SSRTmed) 

85 253.7 48.4 232.1 37.4 -5.97 .001** 0.495 

Note: * exceeds significance level of 0.05. ** exceeds significance level after Bonferroni 

correction. gav is average Hedges’ g corrected for reliability using Pearson’s r 
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8.4 Appendix A (Chapter 3) - Prolific screeners 

1. Age 

Question: What is your date of birth? 

Setting: Minimum 18 years - Maximum 100 years 

2. Vision 

Question: Do you have normal or corrected-to-normal vision? (i.e. You can see colour 

normally, and if you need glasses, you are wearing them or contact lenses) 

Response required: Yes 

3. Medication use 

Question: Are you currently taking any medication to treat symptoms of depression, 

anxiety or low-mood (e.g. SSRIs)? 

Response required: No 

4. Mild Cognitive Impairment/Dementia 

Question: Have you ever been diagnosed with mild cognitive impairment or 

dementia? 

Response required: No 

5. Autism Spectrum Disorder 

Question: Have you received a formal clinical diagnosis of autistic spectrum disorder, 

made by a psychiatrist, psychologist, or other qualified medical specialist? This 

includes Asperger’s syndrome, Autistic Disorder, High Functioning Autism or 

Pervasive Developmental Disorder 

Response required: No 

6. Mental health/illness/condition – ongoing 

Question: Do you have – or have you had – a diagnosed, on-going mental 

health/illness/condition? 

Response required: No 

7. Chronic Disease 

Question: Have you been diagnosed with any chronic diseases such as diabetes, heart 

disease, stroke etc.? 

Response required: No 

8. Head Injury: Knock out history 

Question: Have you ever had an injury to the head that's caused you to be knocked 

out for a period of time (E.g. from a fall, blow to the head, road traffic accident)? 

Response required: No 

9. Multiple sclerosis 

Question: Have you ever been diagnosed with multiple sclerosis (MS)? 

Response required: No  
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8.5 Appendix B (Chapter 3) – Table of Nationalities 

Table 8-5 
 
Nationalities of participants in the study 

Nationality 
Number of 

participants 

  

Argentina 1 

Australia 1 

Belgium 1 

Canada 6 

China 1 

Estonia 1 

France 2 

Germany 3 

Greece 11 

Haiti 1 

Hungary 5 

India 1 

Italy 15 

Jordan  1 

Latvia   1 

Mexico 3 

Netherlands   2 

Nigeria   1 

Poland   22 

Portugal   32 

Slovenia   2 

South Africa   1 

Spain   9 

Taiwan   2 

Turkey   1 

United Kingdom  29 

United States 23 

Vietnam 2 
  

Total 180 
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8.6 Appendix C (Chapter 3) – Correlation of tasks with reduced Bristol ERT 

Table 8-6 
 
Mean, standard deviation, and correlations with confidence intervals for reduced Bristol 
ERT using only trials with above 40% intensity 

Variable 
Reduced Bristol ERT 

(total hits) 

  
M (% accuracy) 50.88 (85%) 
SD 4.84 
  
1. Bristol ERT .92** 
(total hits) [.90, .94] 
  
2. Dynamic ERT .53** 
(total hits) [.42, .63] 
  
3. TASIT-S: EET .30** 
(total hits) [.16, .43] 
  
4. DSB .14 
(span length) [-.01, .28] 
  
5. GFMT .29** 
(total hits) [.15, .42] 
  
6. TAS -.09 
(total score) [-.23, .06] 
  

 
Note. M and SD are used to represent mean and standard deviation, respectively. 
Percentage accuracy is added in brackets. Values in square brackets indicate the 95% 
confidence interval for each correlation. The confidence interval is a plausible range of 
population correlations that could have caused the sample correlation (Cumming, 2014). 
* indicates p < .05. ** indicates p < .01. 
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8.7 Appendix A (Chapter 4) – Background Questionnaire given to participants 

Background questionnaire given to participants at the beginning of their testing 

session. Control participants completed this questionnaire as part of their eligibility 

screening and were asked to complete two additional questions. 

1. What is your date of birth? ____/____/________ 

2. What is your first language?  ____________________ 

3. What is your sex? ____________________ 

4. At what age did you leave education? ____________ 

5. What is your current or former occupation? ____________________ 

 

Traumatic Brain Injury Screen 

1. Have you ever had an injury to the head that caused you to 

be knocked out and/or dazed and confused, for a period of 

time? (E.g. from a fall, blow to the head, road traffic 

accident?) 

 

If yes, please explain and state how long since your injury: 

_________________________________________________________________ 

_________________________________________________________________ 

_________________________________________________________________ 

2. How many times have you been knocked out and/or dazed and confused? 

 

Once   Twice  Three 

times 

 Four 

times 

 More than 

four times  

 

 

If more than four times, how many? ____________________________________ 

 

Control participants were additionally asked: 

3. Have you ever had any other neurological condition? 

If yes, what was it: 

4. Can you think of anything that might affect your ability 

to participate in the study?  

 If yes, what is it: 

  

YES NO 

  

YES NO 
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8.8 Appendix B (Chapter 4) - Consent to contact form for recruitment after COVID-19 

First part of the initial consent to contact form completed by clinicians if 

potential patient participants were interested in taking part in the study. Complete set 

of study documents available on Open Science Framework: https://osf.io/4b4zw/  

 

Recruitment: Emotion Recognition after TBI Research Study 

Please send to maren.muller-gloode@nbt.nhs.uk once completed. 

Email address to be contacted on is a requirement. 

1. Is the patient suitable for the study? 

Yes – Introduce the study (main points provided on the next page) 

 

2. Is the patient interested in participating? 

Yes – Ask them to give consent to be contacted by the chief investigator with 

details about the study. 

Verbal consent to be contacted is given  

Name of Patient: 

      

Email address to be contacted on: 

      

If they have any questions they can contact: 

Maren Müller-Glodde: maren.muller-glodde@nbt.nhs.uk 

 

 

https://osf.io/4b4zw/
mailto:maren.muller-gloode@nbt.nhs.uk
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8.9 Appendix C (Chapter 4) – Correlations between variables included in this study 

Table 8-7 
 
Correlation matrix for tasks and questionnaires completed as part of this study and the age at which participants left education. 

Variable 1 2 3 4 5 6 7 8 9 10 

1. Bristol ERT (total hits)           
          

2. Education -.06          
[-.33, .21]          

3. GFMT (total hits) .46 .25         
[.22, .65] [-.02, .49]         

4. DASS Total -.11 -.05 .11        
[-.37, .17] [-.32, .23] [-.17, .37]        

5. DASS Depression .00 -.03 .17 .90       
[-.27, .28] [-.30, .25] [-.11, .42] [.83, .94]       

6. DASS Anxiety -.26 -.12 .02 .79 .55      
[-.50, .01] [-.38, .16] [-.25, .30] [.66, .87] [.32, .71]      

7. DASS Stress -.09 -.01 .06 .92 .75 .63     
[-.36, .18] [-.28, .26] [-.22, .33] [.87, .95] [.60, .85] [.43, .77]     

8. TAS Total -.20 -.29 -.09 .42 .47 .48 .19    
[-.45, .08] [-.52, -.02] [-.36, .19] [.16, .62] [.22, .66] [.23, .67] [-.09, .44]    

9. BPAQ Total -.06 -.14 .14 .56 .56 .42 .49 .45   
[-.33, .22] [-.40, .14] [-.14, .40] [.34, .73] [.34, .73] [.16, .62] [.25, .68] [.20, .65]   

10. EBT Sad (balancepoint)  -.03 -.18 .17 .35 .32 .31 .29 .19 .10  
[-.30, .25] [-.43, .10] [-.11, .42] [.08, .57] [.05, .55] [.04, .53] [.02, .52] [-.09, .44] [-.18, .37]  

11. EBT Angry (balancepoint)  .25 -.17 .27 .21 .26 .06 .19 .14 .01 .51 
[-.02, .49] [-.42, .11] [.00, .51] [-.07, .45] [-.01, .50] [-.22, .33] [-.09, .44] [-.14, .40] [-.27, .29] [.27, .69] 

Note: ERT is Emotion Recognition Task. GFMT is Glasgow Face Matching Test. TAS is Toronto Alexithymia Scale. BPAQ is Buss Perry Aggression Questionnaire. DASS is 
Depression Anxiety and Stress Scale. EBT is Emotion Bias Task. Values in square brackets indicate 95% confidence interval. In bold the values with evidence for a correlation.
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8.10 Appendix D (Chapter 4) – Sensitivity analysis for primary analysis 

Sensitivity analysis for the primary analysis excluding two TBI participants who 

failed the online attention check, as well as their corresponding matched controls. 

Table 8-8  
 
Regression models for overall emotion recognition on the Bristol ERT (sensitivity) 

Predictor b 
95% CI 

t p Model Fit 
LL UL 

Model 1      n = 48 

(Intercept) 0.677 0.639 0.714   R2 = 0.335 

TBI -0.127 -0.180 -0.074 -4.82 <.001 95% CI [0.12, 0.50] 

       

Model 2       

(Intercept) 0.684 0.642 0.726   n= 48 

TBI -0.121 -0.177 -0.065 -4.34 <.001 R2 = 0. 344 

DASS Anxiety score -0.002 -0.006 0.003 -0.76 0.45 95% CI [0.11, 0.50] 

       

Model 3       

(Intercept) 0.422 0.167 0.676    

TBI -0.099 -0.156 -0.042 -3.52 0.001  

DASS Anxiety score -0.003 -0.008 0.001 -1.49 0.14  

Sex (Female) 0.002 -0.052 0.057 0.09 0.93  

Age left education -0.004 -0.011 0.002 -1.39 0.17 n = 47* 

GFMT (total hits) 0.009 0.004 0.015 3.56 0.001 R2 = 0.522 

TAS (total score) 0.001 -0.002 0.004 0.70 0.49 95% CI [0.22, 0.62] 

Note: TBI is Traumatic Brain Injury. DASS is Depression, Anxiety, and Stress Scale. GFMT is 
Glasgow Face Matching Test. TAS is Toronto Alexithymia Scale. b is the unstandardised regression 
coefficient from a multiple linear regression. LL is the lower limit and UL the upper limit of the 
95% Confidence Interval. t is the t-test coefficient. 
* One patient did not complete the TAS so was dropped at this stage in the analysis. 
Model 1 - Association between TBI and overall emotion recognition measured on the Bristol ERT 
Model 2 - Model 1 adjusted for anxiety using the DASS anxiety subscale score 
Model 3 - Model 2 additionally adjusted for sex, age left education, GFMT, and TAS 
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8.11 Appendix E (Chapter 4) – Association between TBI and raw hits and false alarms for each individual emotion on the Bristol ERT 

Table 8-9 
 
Results from regression analysis investigating association between TBI and emotion recognition performance in terms of hits and false alarms for each 
emotion on the Bristol ERT 

 Model 1 - Unadjusted  Model 2 - Adjusted for Anxiety Model 3 - Fully Adjusted 

Emotion b 
95% CI 

t p b 
95% CI 

t p b 
95% CI 

t p 
LL UL LL UL LL UL 

HITS (number of correct responses for each emotion) 

Angry -1.81 -3.30 -0.31 -2.43 0.02 -1.55 -3.09 -0.004 -2.01 0.05 -1.51 -3.24 0.23 -1.75 0.09 

Disgust -2.65 -4.70 -0.61 -2.61 0.01 -2.771 -4.91 -0.63 -2.6 0.01 -2.11 -4.39 0.17 -1.87 0.07 

Fear -2.62 -4.32 -0.92 -3.09 <.001 -2.26 -4.01 -0.52 -2.61 0.01 -1.49 -3.32 0.34 -1.64 0.11 

Happy -0.58 -2.19 1.04 -0.72 0.48 -0.24 -1.90 1.42 -0.29 0.77 0.13 -1.57 1.84 0.16 0.88 

Sad -3.27 -4.41 -2.13 -5.78 <.001 -3.16 -4.35 -1.98 -5.35 <.001 -3.00 -4.33 -1.66 -4.52 <.001 

Surprise -0.46 -1.29 0.37 -1.12 0.27 -0.75 -1.56 0.07 -1.85 0.07 -0.49 -1.36 0.39 -1.12 0.27 

FALSE ALARMS (number of misidentifications made for each emotion) 

Angry 2.12 0.80 3.43 3.23 <.001 2.03 0.65 3.40 2.96 <.001 1.44 -0.04 2.92 1.97 0.06 

Disgust 1.27 -0.46 3.00 1.48 0.15 1.08 -0.72 2.88 1.2 0.23 0.93 -1.02 2.89 0.96 0.34 

Fear 3.39 0.91 5.86 2.74 0.01 3.26 0.66 5.86 2.52 0.02 2.50 -0.17 5.16 1.89 0.07 

Happy -0.19 -2.66 2.27 -0.16 0.88 0.09 -2.48 2.66 0.07 0.95 1.03 -1.64 3.71 0.78 0.44 

Sad -0.85 -3.69 2.00 -0.6 0.55 -0.97 -3.95 2.01 -0.66 0.51 -1.44 -4.73 1.86 -0.88 0.38 

Surprise 5.65 3.02 8.29 4.31 <.001 5.25 2.52 7.98 3.86 <.001 3.99 1.26 6.71 2.94 0.01 

Note: b is the TBI unstandardised regression coefficient from a multiple linear regression. LL is the lower limit and UL the upper limit of the 95% Confidence Interval. t is the 
t-test coefficient. Model 1 - Association between TBI and emotion specific outcomes on the Bristol ERT. Model 2 - Model 1 adjusted for anxiety on the DASS. Model 3 - Model 
2 additionally adjusted for sex, age left education, GFMT, and TAS 
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8.12 Appendix F (Chapter 4) – Anxiety estimates from regression analysis for emotion 

specific associations with TBI and anxiety 

Table 8-10 
 
Association between anxiety and emotion recognition performance for each emotion on 
the Bristol ERT based on model 2 of the regression analysis 

Anxiety estimates from regression model 2 

Emotion b 
95% CI 

t p 
LL UL 

UNBIASED HIT RATE (HU) 

Angry 0.00 -0.002 0.001 -0.98 0.33 

Disgust 0.00 -0.001 0.001 -0.14 0.89 

Fear -0.001 -0.002 0.001 -0.82 0.42 

Happy 0.00 0.00 0.001 0.89 0.38 

Sad 0.00 -0.001 0.001 -0.78 0.44 

Surprise 0.00 -0.001 0.00 -0.81 0.42 

BIAS SCORE (number of responses given for each emotion) 

Angry -0.05 -0.21 0.11 -0.63 0.53 

Disgust 0.09 -0.12 0.30 0.84 0.41 

Fear -0.07 -0.28 0.15 -0.60 0.55 

Happy -0.18 -0.47 0.11 -1.22 0.23 

Sad 0.01 -0.27 0.28 0.04 0.97 

Surprise 0.20 -0.03 0.43 1.75 0.09 

 
Note: b is the anxiety unstandardised regression coefficient from a multiple linear regression. LL is 
the lower limit and UL the upper limit of the 95% Confidence Interval. t is the t-test coefficient.  

Model 2 - Association between TBI and emotion specific outcomes on the Bristol ERT adjusted for 
anxiety on the DASS 
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8.13 Appendix A (Chapter 5) - Prolific screeners 

10. Age 
What is your date of birth? 
Setting: Minimum 18 years - Maximum 100 years 

11. Current Country of Residence 
In what country do you currently reside? 
Response required: United Kingdom 

12. Fluent languages 
Which of the following languages are you fluent in? 
Response required: English 

13. Vision 
Do you have normal or corrected-to-normal vision? (i.e. You can see colour normally, 
and if you need glasses, you are wearing them or contact lenses) 
Response required: Yes 

14. Mild Cognitive Impairment/Dementia 
Have you ever been diagnosed with mild cognitive impairment or dementia? 
Response required: No 

15. Autism Spectrum Disorder 
Have you received a formal clinical diagnosis of autistic spectrum disorder, made by a 
psychiatrist, psychologist, or other qualified medical specialist? This includes 
Asperger’s syndrome, Autistic Disorder, High Functioning Autism or Pervasive 
Developmental Disorder 
Response required: No 

16. Chronic Disease 
Have you been diagnosed with any chronic diseases such as diabetes, heart disease, 
stroke etc.? 
Response required: No 

17. Multiple sclerosis 
Have you ever been diagnosed with multiple sclerosis (MS)? 
Response required: No 

18. Head Injury 
Have you ever had an injury to the head that's caused you to be knocked out and/or 
dazed and confused for a period of time (E.g. from a fall, blow to the head, road 
traffic accident)? 
Response required for TBI group: Yes 
Response required for control group: No 

19. Head Injury: Knock out history 
Have you ever had an injury to the head that's caused you to be knocked out for a 
period of time (E.g. from a fall, blow to the head, road traffic accident)? 
Response required for TBI group: Yes 
Response required for control group: No 
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8.14 Appendix B (Chapter 5) – Correlations between variables included in this study 

Table 8-11 
 
Pearson correlation matrix for primary outcomes of the variables included in this study 

Variable 1 2 3 4 5 6 7 8 9 10 11 

1. Bristol ERT 
    (total hits) 

           
           

2.  Age -.35           
[-.51, -.18]           

3.  Education .12 -.06          
[-.07, .30] [-.25, .13]          

4.  GFMT 
     (total hits) 

.31 -.10 .06         
[.13, .47] [-.29, .08] [-.12, .25]         

5.  DASS Total .09 -.15 -.04 -.10        
[-.09, .28] [-.33, .03] [-.23, .14] [-.28, .09]        

6.   DASS Depression .13 -.08 -.04 -.05 .91       
[-.05, .31] [-.26, .11] [-.22, .15] [-.23, .14] [.88, .94]       

7.   DASS Anxiety .03 -.26 -.05 -.15 .91 .74      
[-.16, .21] [-.42, -.07] [-.23, .14] [-.33, .03] [.87, .94] [.64, .81]      

8.   DASS Stress .08 -.12 -.04 -.10 .93 .75 .81     
[-.11, .26] [-.30, .07] [-.23, .15] [-.28, .09] [.90, .95] [.65, .82] [.74, .87]     

9.  TAS Total -.14 -.13 -.07 -.24 .57 .47 .50 .59    
[-.32, .05] [-.31, .06] [-.25, .12] [-.41, -.06] [.42, .68] [.30, .60] [.35, .63] [.45, .70]    

10.   BPAQ Total .02 -.16 .05 -.09 .50 .40 .41 .56 .54   
[-.17, .21] [-.34, .03] [-.14, .24] [-.28, .10] [.35, .63] [.23, .55] [.24, .56] [.41, .67] [.39, .66]   

11.  EBT Sad 
       (balance point) 

-.18 .12 -.04 -.03 .14 .06 .15 .19 .10 .08  
[-.35, .01] [-.07, .30] [-.22, .15] [-.21, .16] [-.04, .32] [-.12, .25] [-.04, .32] [.01, .37] [-.09, .28] [-.11, .26]  

12.  EBT Angry 
       (balance point) 

-.17 .04 -.04 -.07 -.09 -.11 -.11 -.05 .06 .11 .18 
[-.35, .01] [-.15, .23] [-.22, .15] [-.26, .12] [-.28, .10] [-.29, .08] [-.29, .08] [-.23, .14] [-.13, .25] [-.08, .29] [-.01, .35] 

Note: ERT is Emotion Recognition Task. GFMT is Glasgow Face Matching Test. TAS is Toronto Alexithymia Scale. BPAQ is Buss Perry Aggression Questionnaire. DASS is 
Depression Anxiety and Stress Scale. Values in square brackets indicate the 95% confidence interval for each correlation. In bold the values with evidence for a correlation.
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8.15 Appendix C (Chapter 5) – Sensitivity analysis 

Participants who reported having loss of consciousness longer than 30 minutes or were 
unsure about how long they were unconscious were removed from the TBI group for 
this analysis, so 47 participants with mild TBI and 55 controls were included. 

Table 8-12 
 
Regression models for overall emotion recognition on the Bristol ERT 

Predictor b 
95% CI 

t p Model Fit 
LL UL 

Model 1      n = 102 

(Intercept) 0.68 0.660 0.704   R2  = .039 

Mild TBI -0.03 -0.065 -0.001 -2.01 0.05 95% CI [.00,.13] 

       

Model 2       

(Intercept) 0.675 0.650 0.701   n = 102 

Mild TBI -0.038 -0.072 -0.004 -2.24 0.03 R2  = .050 

DASS Anxiety score 0.001 -0.001 0.003 1.62 0.29 95% CI [.00,.14] 

       

Model 3       

(Intercept) 0.716 0.627 0.806    

Mild TBI -0.021 -0.057 0.016 -1.12 0.26  

DASS Anxiety score 0.000 -0.002 0.002 0.08 0.93  

Sex (Female) -0.017 -0.052 0.018 -0.94 0.35 n = 102 

Age -0.002 -0.003 -0.001 -3.41 <.001 R2  = .179 

Age left education 0.002 -0.001 0.005 1.18 0.24 95% CI [.03,.28] 

       

Model 4       

(Intercept) 0.615 0.455 0.775    

Mild TBI -0.019 -0.055 0.017 -1.05 0.30  

DASS Anxiety score 0.001 -0.001 0.004 0.91 0.37  

Sex (Female) -0.008 -0.043 0.027 -0.48 0.63  

Age -0.002 -0.003 -0.001 -3.08 0.002  

Age left education 0.002 -0.002 0.005 0.96 0.34 n = 102 

GFMT (total hits) 0.004 0.001 0.007 2.44 0.02 R2  = .245 

TAS (total score) -0.001 -0.002 0.001 -1.06 0.29 95% CI [.06,.33] 

Note: TBI is Traumatic Brain Injury. DASS is Depression, Anxiety, and Stress Scale. GFMT is 
Glasgow Face Matching Test. TAS is Toronto Alexithymia Scale. b is the unstandardised regression 
coefficient from a multiple linear regression. LL is the lower limit and UL the upper limit of the 
95% Confidence Interval. t is the t-test coefficient. 
 
Model 1 - Association between TBI and overall emotion recognition on the Bristol ERT 
Model 2 - Model 1 adjusted for anxiety using the DASS anxiety subscale score 
Model 3 - Model 2 additionally adjusted for sex, age, and age left education  
Model 4 – Model 3 additionally adjusted for total hits on the GFMT and TAS score 
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8.16 Appendix D (Chapter 5) – Anxiety estimates from regression analysis for emotion 

specific associations with TBI and anxiety 

Table 8-13 
 
Association between anxiety and emotion recognition performance for each emotion on 
the Bristol ERT based on model 2 of the regression analysis  

Anxiety estimates from regression model 2 

Emotion b 
95% CI 

t p 
LL UL 

UNBIASED HIT RATE (HU) 

Angry 0.00 0.00 0.001 0.55 0.59 

Disgust 0.00 -0.001 0.00 -1.29 0.20 

Fear 0.001 0.00 0.002 1.74 0.08 

Happy 0.00 0.00 0.001 0.61 0.54 

Sad 0.00 0.00 0.001 1.51 0.13 

Surprise 0.00 0.00 0.00 0.03 0.98 

BIAS SCORE (number of responses given for each emotion) 

Angry 0.06 -0.05 0.16 1.03 0.3 

Disgust 0.12 -0.03 0.27 1.57 0.12 

Fear -0.03 -0.19 0.12 -0.39 0.7 

Happy -0.08 -0.24 0.08 -0.98 0.33 

Sad -0.02 -0.15 0.1 -0.37 0.71 

Surprise -0.04 -0.19 0.11 -0.55 0.59 

 
Note: b is the anxiety unstandardised regression coefficient from a multiple linear regression. LL is 
the lower limit and UL the upper limit of the 95% Confidence Interval. t is the t-test coefficient.  

Model 2 - Association between TBI and emotion specific outcomes on the Bristol ERT adjusted for 
anxiety on the DASS 
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8.17 Appendix A (Chapter 6) - Number of participants included in each analysis 

Table 8-14 
 
Number of participants in each injury group that completed the Bristol ERT at age 24 

Time of 

Injury 

Unadjusted Model 1 Model 2 

No 

Injury 
mTBI 

Broken 

Bones 
No 

Injury 
mTBI 

Broken 

Bones 
No 

Injury 
mTBI 

Broken 

Bones 

Age 17 

to 25 
748 254 144 629 200 111 616 194 108 

Birth to 

age 25 
612 530 761 515 434 620 506 425 607 

Note: mTBI is mild Traumatic Brain Injury. Unadjusted: Number of participants in each injury 
group who also completed the Bristol ERT. Model 1: As Unadjusted after exclusions due to missing 
information about age at 24 clinic, sex at birth, and maternal social class covariates have been 
applied. Model 2: As Model 1 after exclusions due to missing data for the working memory 
covariate have been applied. 
 

Table 8-15 
 
Number of participants with Generalised Anxiety Disorder in the injury groups 

Time of 

Injury 
Anxiety 

Unadjusted Model 1 

No 

Injury 
mTBI 

Broken 

Bones 
No 

Injury 
mTBI 

Broken 

Bones 

Age 17 

to 25 
No anxiety 690 219 144 580 178 112 
GAD 63 36 9 49 26 6 

Birth to 

age 25 
No anxiety 566 470 717 475 390 587 

GAD 54 74 53 41 56 44 

Notes: GAD is Generalised Anxiety Disorder and mTBI is mild Traumatic Brain Injury. Unadjusted: 
Number of participants in each injury group for whom GAD at age 24 is available. Model 1: As 
Unadjusted after exclusions due to missing information about age at 24 clinic, sex at birth, and 
maternal social class covariates have been applied. 
 

Table 8-16 
 
Number of participants with or without anxiety that competed the Bristol ERT 

Anxiety 
Unadjusted Model 1 Model 2 

No Yes No Yes No Yes 

GAD 2,957 337 2,375 261 2,332 258 
Anxiety in past week 2,337 1,121 1,892 865 1,857 851 

Note: GAD is Generalised Anxiety Disorder. Unadjusted: Number of participants with and without 
anxiety who completed the Bristol ERT. Model 1: As Unadjusted after exclusions due to missing 
information about age at 24 clinic, sex at birth, and maternal social class covariates have been 
applied. Model 2: As Model 1 after exclusions due to missing data for the working memory 
covariate has been applied. 
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8.18 Appendix B (Chapter 6) - Association between adult injury and hits for each emotion 

Table 8-17 
 
Results from multiple linear regression analysis investigating impact of injury between ages 17 and 25 on raw hits for each emotion 

Time of Injury Unadjusted Model 1 Model 2 

Age 17 to 25 
n Estimate 

95% CI 
p n Estimate 

95% CI 
p n Estimate 

95% CI 
p 

Emotion Injury LL UL LL UL LL UL 

Angry mTBI vs None 1,146 0.228 -0.123 0.580 0.20 940 0.226 -0.166 0.618 0.26 831 0.416 0.002 0.830 0.05 

BB vs None -0.271 -0.711 0.170 0.23 -0.197 -0.693 0.300 0.44 -0.245 -0.798 0.308 0.39 
mTBI vs BB 0.499 -0.006 1.004 0.05 0.423 -0.142 0.988 0.14 0.660 0.035 1.286 0.04 

Disgust mTBI vs None -0.041 -0.357 0.275 0.80 -0.017 -0.370 0.336 0.92 0.021 -0.359 0.402 0.91 
BB vs None -0.129 -0.525 0.266 0.52 0.077 -0.370 0.524 0.74 -0.122 -0.630 0.386 0.64 
mTBI vs BB 0.088 -0.366 0.542 0.70 -0.094 -0.604 0.415 0.72 0.143 -0.432 0.718 0.63 

Fear mTBI vs None -0.251 -0.731 0.230 0.31 -0.219 -0.760 0.323 0.43 -0.284 -0.860 0.293 0.33 
BB vs None -0.705 -1.307 -0.104 0.02 -0.728 -1.414 -0.041 0.04 -0.545 -1.315 0.224 0.16 
mTBI vs BB 0.455 -0.235 1.145 0.20 0.509 -0.273 1.290 0.20 0.262 -0.609 1.132 0.56 

Happy mTBI vs None 0.028 -0.278 0.334 0.86 0.190 -0.152 0.531 0.28 0.130 -0.242 0.502 0.49 
BB vs None 0.152 -0.231 0.536 0.44 0.225 -0.207 0.658 0.31 0.293 -0.204 0.789 0.25 

mTBI vs BB -0.125 -0.564 0.315 0.58 -0.035 -0.528 0.457 0.89 -0.163 -0.725 0.399 0.57 
Sad mTBI vs None -0.135 -0.425 0.156 0.36 -0.155 -0.483 0.174 0.36 -0.212 -0.555 0.131 0.23 

BB vs None -0.152 -0.516 0.212 0.41 -0.055 -0.471 0.361 0.80 -0.057 -0.515 0.401 0.81 
mTBI vs BB 0.017 -0.400 0.435 0.94 -0.100 -0.573 0.374 0.68 -0.155 -0.674 0.363 0.56 

Surprise mTBI vs None -0.188 -0.406 0.029 0.09 -0.113 -0.360 0.135 0.37 -0.132 -0.400 0.135 0.33 

BB vs None -0.389 -0.662 -0.117 0.01 -0.383 -0.696 -0.070 0.02 -0.386 -0.743 -0.029 0.03 
mTBI vs BB 0.201 -0.112 0.513 0.21 0.271 -0.086 0.627 0.14 0.254 -0.150 0.658 0.22 

Note: Sample size reduces as participants who are missing covariate data used in that model are excluded. mTBI refers to mild Traumatic Brain Injury. BB refers to Broken 
Bones. None refers to No Injury. Estimate is regression coefficient from a multiple linear regression. 
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8.19 Appendix C (Chapter 6) - Sensitivity analysis for Step 1. Results tables replicated after outliers on the Bristol ERT were removed 

Table 8-18 
 
Results from regression analysis investigating impact of injury on overall emotion recognition with outliers removed 

Time of Injury 

Unadjusted Model 1 Model 2 

n Estimate 
95% CI 

p n Estimate 
95% CI 

p n Estimate 
95% CI 

p 
LL UL LL UL LL UL 

Age 17 to 25 mTBI vs None 1,135 -0.005 -0.016 0.006 0.41 933 -0.001 -0.013 0.011 0.81 911 -0.001 -0.012 0.011 0.93 

BB vs None -0.012 -0.026 0.002 0.09 -0.011 -0.026 0.005 0.18 -0.008 -0.023 0.007 0.29 

mTBI vs BB 0.007 -0.008 0.023 0.36 0.009 -0.008 0.026 0.31 0.008 -0.010 0.025 0.39 

Birth to age 25 mTBI vs None 1,881 -0.007 -0.016 0.002 0.10 1,553 -0.002 -0.011 0.008 0.71 1,524 -0.001 -0.010 0.009 0.90 

BB vs None -0.006 -0.014 0.003 0.18 -0.003 -0.012 0.006 0.51 -0.001 -0.010 0.008 0.82 

mTBI vs BB -0.002 -0.010 0.007 0.68 0.001 -0.008 0.010 0.81 0.000 -0.009 0.009 0.93 

Note: Sample size reduces for each model as participants who are missing covariate data used in that model are excluded. mTBI refers to mild Traumatic Brain Injury. BB 
refers to Broken Bones. None refers to No Injury. Estimate is regression coefficient from a multiple linear regression.  
Models: 
Unadjusted: Impact of receiving an injury on emotion recognition performance measured using the Bristol ERT at age 24 
Model 1: As Unadjusted and additionally adjusted for age at 24 clinic, sex at birth, and maternal social class 

Model 2: As Model 1 and additionally adjusted for working memory (2-back) at age 24  
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Table 8-19 
 
Results from regression analysis investigating impact of injury on unbiased hit rate for each emotion with outliers removed 

Time of Injury Unadjusted Model 1 Model 2 

Age 17 to 25 
n Estimate 

95% CI 
p n Estimate 

95% CI 
p n Estimate 

95% CI 
p 

Emotion Injury LL UL LL UL LL UL 

Angry mTBI vs None 1,135 -0.002 -0.005 0.000 0.05 933 -0.001 -0.004 0.001 0.30 824 -0.002 -0.005 0.001 0.19 

BB vs None -0.001 -0.004 0.002 0.67 0.000 -0.003 0.004 0.95 0.000 -0.004 0.004 0.87 

mTBI vs BB -0.002 -0.005 0.002 0.34 -0.002 -0.005 0.002 0.44 -0.002 -0.006 0.003 0.47 

Disgust mTBI vs None 0.002 -0.001 0.004 0.20 0.001 -0.001 0.004 0.29 0.002 -0.001 0.005 0.26 

BB vs None 0.000 -0.003 0.003 0.82 -0.001 -0.004 0.003 0.75 -0.001 -0.005 0.003 0.72 

mTBI vs BB 0.001 -0.002 0.005 0.49 0.002 -0.002 0.006 0.31 0.002 -0.002 0.007 0.28 

Fear mTBI vs None -0.001 -0.006 0.003 0.49 -0.002 -0.006 0.003 0.44 -0.003 -0.008 0.002 0.21 

BB vs None -0.004 -0.010 0.001 0.09 -0.004 -0.010 0.002 0.18 -0.005 -0.011 0.002 0.15 

mTBI vs BB 0.003 -0.003 0.009 0.31 0.002 -0.004 0.009 0.52 0.002 -0.006 0.009 0.64 

Happy mTBI vs None 0.000 -0.002 0.002 0.90 0.000 -0.002 0.003 0.87 0.001 -0.002 0.004 0.45 

BB vs None -0.003 -0.006 0.000 0.07 -0.002 -0.006 0.001 0.22 -0.003 -0.006 0.001 0.19 

mTBI vs BB 0.003 -0.001 0.006 0.14 0.002 -0.002 0.006 0.23 0.004 -0.001 0.008 0.10 

Sad mTBI vs None 0.000 -0.003 0.002 0.71 0.000 -0.003 0.003 0.83 0.000 -0.003 0.003 0.84 

BB vs None -0.002 -0.006 0.001 0.15 -0.002 -0.005 0.002 0.33 -0.001 -0.005 0.003 0.58 

mTBI vs BB 0.002 -0.002 0.006 0.31 0.002 -0.003 0.006 0.48 0.001 -0.004 0.006 0.72 

Surprise mTBI vs None -0.002 -0.004 0.000 0.06 -0.002 -0.004 0.001 0.22 -0.002 -0.005 0.001 0.17 

BB vs None -0.002 -0.005 0.001 0.15 -0.003 -0.006 0.001 0.10 -0.001 -0.005 0.002 0.44 

mTBI vs BB 0.000 -0.003 0.003 0.96 0.001 -0.003 0.005 0.56 0.000 -0.005 0.004 0.83 

Note: Sample size reduces for each model as participants who are missing covariate data used in that model are excluded. mTBI refers to mild Traumatic Brain Injury. BB 
refers to Broken Bones. None refers to No Injury. Estimate is regression coefficient from a multiple linear regression. Unadjusted: Impact of receiving an injury on emotion 
recognition performance measured using the Bristol ERT at age 24. Model 1: As Unadjusted and additionally adjusted for age at 24 clinic, sex at birth, and maternal social 
class Model 2: As Model 1 and additionally adjusted for working memory (2-back) at age 24.  
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Table 8-20 
 
Results from regression analysis investigating impact of injury on number of responses given for each emotion with outliers removed 

Time of Injury Unadjusted Model 1 Model 2 

Age 17 to 25 
n Estimate 

95% CI 
p n Estimate 

95% CI 
p n Estimate 

95% CI 
p 

Emotion Injury LL UL LL UL LL UL 

Angry mTBI vs None 1,135 0.659 0.189 1.128 0.01 933 0.507 -0.021 1.035 0.06 824 0.794 0.239 1.350 0.01 

BB vs None -0.110 -0.702 0.482 0.72 -0.232 -0.902 0.438 0.50 -0.248 -0.992 0.496 0.51 

mTBI vs BB 0.769 0.091 1.446 0.03 0.739 -0.023 1.501 0.06 1.042 0.201 1.883 0.02 

Disgust mTBI vs None -0.403 -0.973 0.167 0.17 -0.285 -0.931 0.362 0.39 -0.286 -0.975 0.403 0.42 

BB vs None -0.218 -0.937 0.501 0.55 0.134 -0.687 0.955 0.75 -0.120 -1.043 0.803 0.80 

mTBI vs BB -0.185 -1.008 0.638 0.66 -0.418 -1.352 0.515 0.38 -0.166 -1.209 0.877 0.75 

Fear mTBI vs None -0.105 -0.729 0.518 0.74 -0.067 -0.786 0.651 0.85 -0.044 -0.824 0.736 0.91 

BB vs None -0.423 -1.209 0.364 0.29 -0.595 -1.508 0.317 0.20 -0.200 -1.245 0.845 0.71 

mTBI vs BB 0.317 -0.582 1.217 0.49 0.528 -0.509 1.566 0.32 0.156 -1.025 1.337 0.80 

Happy mTBI vs None -0.147 -0.985 0.691 0.73 -0.054 -1.007 0.899 0.91 -0.327 -1.361 0.707 0.54 

BB vs None 0.890 -0.167 1.947 0.10 0.686 -0.524 1.896 0.27 0.863 -0.522 2.248 0.22 

mTBI vs BB -1.037 -2.247 0.172 0.09 -0.740 -2.116 0.637 0.29 -1.190 -2.755 0.376 0.14 

Sad mTBI vs None -0.163 -0.821 0.496 0.63 -0.245 -1.003 0.514 0.53 -0.338 -1.155 0.480 0.42 

BB vs None 0.085 -0.746 0.916 0.84 0.122 -0.842 1.085 0.80 0.073 -1.023 1.168 0.90 

mTBI vs BB -0.248 -1.198 0.703 0.61 -0.366 -1.462 0.729 0.51 -0.410 -1.648 0.828 0.52 

Surprise mTBI vs None 0.159 -0.444 0.763 0.60 0.143 -0.546 0.833 0.68 0.200 -0.551 0.951 0.60 

BB vs None -0.224 -0.985 0.537 0.56 -0.114 -0.989 0.761 0.80 -0.368 -1.374 0.638 0.47 

mTBI vs BB 0.384 -0.487 1.254 0.39 0.257 -0.738 1.252 0.61 0.568 -0.569 1.705 0.33 

Note: Sample size reduces for each model as participants who are missing covariate data used in that model are excluded. mTBI refers to mild Traumatic Brain Injury. BB 
refers to Broken Bones. None refers to No Injury. Estimate is regression coefficient from a multiple linear regression. Unadjusted: Impact of receiving an injury on emotion 
recognition performance measured using the Bristol ERT at age 24. Model 1: As Unadjusted and additionally adjusted for age at 24 clinic, sex at birth, and maternal social 
class Model 2: As Model 1 and additionally adjusted for working memory (2-back) at age 24.    
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8.20 Appendix D (Chapter 6) - Regression coefficients for the association between injury and presence of GAD at age 24. 

Table 8-21 
 
Results from regression analysis investigating impact of injury on presence of Generalised Anxiety Disorder at age 24 

Time of Injury 

Unadjusted Model 1 Model 2 

n Estimate 
95% CI 

p n Estimate 
95% CI 

p n Estimate 
95% CI 

p 
LL UL LL UL LL UL 

Age 17 to 25 1,161 0.588 0.143 1.020 0.01 951 0.647 0.118 1.156 0.01 778 0.295 -0.405 0.943 0.39 

Birth to age 25 1,934 0.501 0.132 0.876 0.01 1,593 0.630 0.196 1.071 <0.01 1,221 - - - - 

Note: Sample size reduces for each model as participants who are missing covariate data used in that model are excluded. Estimate is the coefficients from a logistic 
regression with Generalised Anxiety Disorder at 24 as the outcome. LL is the lower limit and UL the upper limit of the 95% Confidence Interval 

 

Models: 
Unadjusted: Odds of having Generalised Anxiety Disorder at age 24 after mild TBI compared to participants without an injury. 
Model 1: As Unadjusted and additionally adjusted for age at 24 clinic, sex at birth, and maternal social class 
Model 2: As Model 1 and additionally adjusted for presence of Generalised Anxiety Disorder at age 17 years and 6 months 
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8.21 Appendix E (Chapter 6) - Association between anxiety and hits for each emotion 

Table 8-22 
 
Results from regression analysis investigating impact of anxiety on raw hits for each emotion 

 Unadjusted Model 1 Model 2 

Anxiety Emotion n Estimate 
95% CI 

p n Estimate 
95% CI 

p n Estimate 
95% CI 

p 
LL UL LL UL LL UL 

Generalised 

Anxiety 

Disorder 

Angry 3,294 0.120 -0.160 0.400 0.40 2,636 0.068 -0.249 0.385 0.67 2,590 0.083 -0.230 0.397 0.60 
Disgust 0.107 -0.153 0.367 0.42 0.099 -0.196 0.394 0.51 0.112 -0.177 0.401 0.45 
Fear 0.125 -0.257 0.507 0.52 0.076 -0.356 0.507 0.73 0.150 -0.277 0.578 0.49 
Happy -0.313 -0.554 -0.073 0.01 -0.387 -0.659 -0.115 0.01 -0.381 -0.654 -0.109 0.01 
Sad 0.197 -0.044 0.437 0.11 0.225 -0.048 0.498 0.11 0.244 -0.027 0.516 0.08 
Surprise 0.059 -0.115 0.233 0.50 -0.014 -0.211 0.184 0.89 -0.001 -0.199 0.198 1.00 

Anxiety in the 

past week 

Angry 3,458 0.255 0.079 0.431 <0.01 2,757 0.251 0.052 0.450 0.01 2,708 0.219 0.021 0.416 0.03 

Disgust 0.285 0.122 0.448 <0.01 0.249 0.064 0.434 0.01 0.246 0.063 0.429 0.01 
Fear 0.348 0.106 0.589 <0.01 0.322 0.048 0.596 0.02 0.303 0.032 0.575 0.03 
Happy -0.042 -0.194 0.111 0.59 -0.091 -0.263 0.082 0.30 -0.086 -0.259 0.087 0.33 
Sad 0.201 0.049 0.353 0.01 0.210 0.038 0.383 0.02 0.209 0.037 0.381 0.02 
Surprise 0.018 -0.092 0.128 0.75 -0.040 -0.165 0.085 0.53 -0.036 -0.162 0.089 0.57 

Note: Sample size reduces for each model as participants who are missing covariate data used in that model are excluded. Estimate is regression coefficient from a multiple 
linear regression. LL is the lower limit and UL the upper limit of the 95% Confidence Interval. Unadjusted: Impact of having anxiety on emotion recognition performance 
measured using the Bristol ERT at age 24. Model 1: As Unadjusted and additionally adjusted for age at 24 clinic, sex at birth, and maternal social class. Model 2: As Model 1 
and additionally adjusted for working memory (n-back) at age 24. 
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