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NEUROPSYCHOLOGICAL CONSEQUENCES OF EXPERIMENTALLY-INDUCED 

ANXIETY ON WORKING MEMORY PERFORMANCE 

By Warren Neil Dunger 

Many theories addressing the complex anxiety-cognition interaction are built upon the 

notion that working memory is vulnerable to the effects of anxiety. However, most 

research has utilised studies of trait anxiety which does not allow direct inferences to be 

made between affect and cognitive performance, or exclude confounds such as pre-

existing individual differences. As a result, a systematic review was undertaken to explore 

the neuropsychological consequences of experimentally-induced state anxiety on working 

memory. Twenty eight studies were included in the review grouped according to the nature 

of anxiety induced (anxious-apprehension or anxious-arousal) and by working memory 

component (verbal, visuospatial, or executive). This review found evidence of anxiety 

adversely affecting working memory and support for specific theories. The review 

highlighted the potential impact of anxiety on neuropsychological assessments in clinical 

settings, as well as the need to test these theories using prolonged anxiety-induction 

procedures with standardised measures of anxiety and working memory.  

The empirical paper explored the effects of experimentally-induced anxiety on 

clinical neuropsychological assessments of working memory. Anxiety was induced using the 

inhalation of carbon dioxide (CO2), which reliably elicits prolonged states of anxiety. Thirty 

participants were included in the study, undertaking neuropsychological tests during the 

inhalation of both normal air and CO2 across two testing sessions using a counterbalanced 

design. The mood manipulation was successful and verified using psychological and 

physiological measures. Results suggested that anxiety negatively affected spatial and 

verbal working memory, although low load verbal tasks were unaffected. Clinical 

implications of these findings are discussed with regards to the effect of state anxiety on 

clinical neuropsychological assessments and the management of anxiety in light of these 

cognitive deficits. Future research should include a broader spectrum of working memory 

tasks of varying cognitive load to further elucidate how anxiety may interact with cognition. 
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Chapter 1: Neuropsychological Consequences of 

Experimentally-Induced Anxiety on Working Memory 

Performance in Non-Clinical Samples: A Systematic 

Literature Review 

 

“When a man is thoroughly terrified, his intellect is no longer at his command. The minor 

forms of fear, expressed by anxiety, watchfulness, care, use up the powers of thought, 

and exclude all impressions of a foreign nature”. 

-Alexander Bain (1887) 

1.1 Introduction 

The complex relationship between emotion and cognition has been philosophically 

debated for centuries. Historically, these constructs have been viewed as separate entities 

emerging from the Platonic tradition of dividing the soul (or mind) into desire, reason and 

passion (Lazarus, 1999). However, the last several decades have witnessed a surge of 

empirical research, supplemented by developments in neuroimaging, highlighting a 

multitude of interactions between emotion and cognition within the brain (Pessoa, 2013). 

These interactions are bidirectional with emotions influencing specific components of 

cognition (e.g. selective attention), as well as cognition (e.g. executive control) influencing 

the regulation of emotion itself (Okon-Singer, Hendler, Pessoa & Shackman, 2015).  

The study of anxiety is of particular interest considering the numerous reports of 

cognitive dysfunction in anxiety disorder populations (e.g. Airaksinen, Larsson & Forsell, 

2005; Casteneda et al., 2011; Sylvester et al., 2012). An estimated global prevalence for any 

anxiety disorder was 7.3%, indicative of a worldwide health problem with significant 

societal, economic and human costs (Baxter, Scott, Vos & Whiteford, 2013; Hoffman, Dukes 

& Wittchen, 2008). The neuropsychological consequences of anxiety have been implicated 

in these costs, with cognitive impairments leading to difficulties in both social and 

occupational functioning (Robinson, Vytal, Cornwell & Grillon, 2013).  
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1.1.1 Anxiety 

1.1.1.1 Evolutionary Origin of Anxiety. 

Anxiety appears to have evolved as a mechanism for threat detection and avoiding 

harm by identifying cues of potential danger and activating an appropriate precautionary 

response (Bateson, Brilot & Nettle, 2011; Stein & Nesse, 2011). This involves cognitive 

components such as worry, as well as physiological changes in arousal (Heller, Nitschke, 

Etienne & Miller, 1997). However, the mismatch between modern societies and the 

environment of evolutionary adaption may be a causal factor for anxious psychopathology 

(Price, 2003). Although anxiety can catalyse adaptive cognitive changes which facilitate 

danger detection, “false alarms” triggered by misperceiving innocuous stimuli as 

threatening (e.g. news broadcasts, examinations) can result in maladaptive cognitive 

changes which disrupt daily goal-directed behaviour (Bateson et al., 2011; Gold, Morey & 

McCarthy, 2015; Stein, 2006).  

1.1.1.2 Defining Anxiety. 

Within clinical and research settings, anxiety has traditionally been divided into 

‘state’ and ‘trait’ forms (Cattell & Scheier, 1958, 1961). State anxiety refers to a transitory 

condition varying in intensity and fluctuating over time, whereas trait anxiety is related to 

stable individual differences in a relatively permanent personality characteristic 

(Spielberger, 1966). Since these early conceptualisations, various anxiety subtypes have 

been identified (e.g. panic, social anxiety, specific phobias, generalised anxiety) which 

appear prevalent across cultures (Lewis-Fernández et al., 2010).  

An alternative model of anxiety distinguished between ‘anxious-apprehension’ (i.e. 

mental rumination for negative expectations, concern for the future, anticipation, or 

worry) and ‘anxious-arousal’ (i.e. the physiological/somatic experience of anxiety, such as 

increased heart rate, shortness of breath, or dizziness) which appear to reflect distinct 

neural pathways (Heller, Etienne & Miller, 1995; Heller et al., 1997).  

1.1.1.3 Neurocognitive Mechanisms of Anxiety. 

Early attempts to localise the neurophysiology of anxiety drew upon animal models 

using behavioural paradigms to condition a fear response and trace the pattern of neural 
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activation (Lang, Davis & Öhman, 2000). Research implicates the amygdala in the 

expression and acquisition of conditioned fear (e.g. Ciocchi et al., 2010). However, it is 

difficult to translate findings from Pavlovian fear conditioning in animals to the internalised 

cognitive biases in human anxiety (Bishop, 2007). Recent advances in neuroimaging have 

allowed researchers to investigate the neural substrate of these processes in humans more 

directly. 

Anxious individuals appear more likely to misinterpret emotionally ambiguous 

stimuli as threatening and allocate attentional resources to detect the source of this threat 

(Eysenck, Derakshan, Santos & Calvo, 2007). The relationship between affective and 

attentional systems seem to involve both bottom-up and top-down processes recruiting 

the amygdala and prefrontal cortex (PFC; Pessoa & Ungerleider, 2004; Rolls, 2013). During 

bottom-up (stimulus-driven) processing, the amygdala responds quickly to a perceived 

threat resulting in threat-focused rather than task-focused attention (Davis & Whalen, 

2001). For top-down (goal-directed) processing, the dorsolateral PFC (DLPFC) reduces the 

potency of the amygdala’s response to threat, allowing attention to remain task-focussed 

(John, Bullock, Zikopoulos & Barbas, 2013; Okon-Singer et al., 2015). At a neurocognitive 

level, increased amygdala activity and reduced recruitment of the PFC may contribute 

towards the cognitive deficits characterised by anxiety (Bishop, 2007). To account for these 

anxiety-related deficits, working memory (WM) has been implicated as a possible mediator 

in the emotion-cognition interaction (Eysenck, 1979; 1982). 

1.1.2 Working Memory 

 1.1.2.1 Origins of Working Memory. 

 WM was originally described by Miller, Galanter and Pribram (1960) as a form of 

memory where plans can be retained temporarily when they are being formed, 

transformed or executed. However, the structure and function of WM remained largely 

unknown until Baddeley and Hitch (1974) developed their Multicomponent Model of WM 

(MCM). Unlike short-term memory with a single unitary store (Atkinson & Shiffrin, 1968), 

this model proposed a three-component system. This consisted of two subordinate 

systems within a verbal and visuospatial modality called the ‘phonological loop’ and 

‘visuospatial sketchpad’ respectively. Both are capacity-limited systems allowing the 
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temporary storage and processing of information. These subsystems are coordinated by a 

‘central executive’ in which inhibition, shifting and updating functions have been 

implicated in this process (Miyake et al., 2000). A later addition to the model was the 

‘episodic buffer’, which acts as a temporary store between WM components and long-term 

memory (Baddeley, 2000). 

Alternative models of WM have been suggested such as Embedded Processes 

Theory (Cowan, 1999) and the Interacting Cognitive Subsystems Model (Barnard, 1985). 

However, many of these accounts seem consistent with the MCM but with differing 

terminology (Baddeley, 2012), such as emphasising WM being capacity-limited and linked 

to representations in long-term memory (Cowan, 1999). 

1.1.2.2 Defining Working Memory. 

 Considering the range of functions involved in WM, definitions vary considerably 

across research communities. This is complicated further by the terms WM and short-term 

memory being used interchangeably (Cowan, 2009; Miyake & Shah, 1999a). There is also 

considerable overlap between WM and attentional systems with debate surrounding 

whether they truly represent distinct cognitive domains (Awh & Jonides, 2001; Chun, 

2011). Despite these difficulties, common themes and findings have resulted in some 

consensus amongst researchers. As a result, WM can be characterised as a capacity-limited 

and temporary resource concerning the mechanisms or processes involved in the control, 

regulation and active maintenance of task-relevant information in the service of complex 

cognition (Andrade, 2001; Miyake & Shah, 1999b).  

Research has also distinguished between ‘visual’ WM (e.g. imagining a painting), 

and ‘spatial’ WM such as mentally picturing the layout of a room (Della Sala, Gray, 

Baddeley, Allamano & Wilson, 1999). The phonological loop can be subdivided into 

‘auditory’ WM (e.g. hearing spoken words) and ‘verbal’ WM, which includes visually-

presented verbal information (e.g. letters, words) represented in a verbal modality and 

subvocally rehearsed (Crottaz-Herbette, Anagnoson & Menon, 2004; Vallar & Baddeley, 

1984). For the purposes of this review, the terms visuospatial WM and verbal WM will be 

used as inclusive terms for modality-related content. However, relevant distinctions will be 

highlighted when considering methodological limitations. 



5 
 

1.1.2.3 Neurocognitive Mechanisms of Working Memory. 

 Developments in WM theory have been strongly influenced by the study of patients 

with neuropsychological deficits (e.g. Shallice & Warrington, 1969), particularly those with 

modality-specific impairments in the presence of generally intact cognition (Baddeley, 

2012). Considering WM involves the interaction between multiple cognitive domains (e.g. 

attention, perception, long-term memory), a ‘component processes’ perspective suggests 

WM is dispersed across a constellation of neuroanatomical regions in the brain (Eriksson, 

Vogel, Lansner, Bergström & Nyberg, 2015).  

According to this perspective, the DLPFC enhances internal representations of 

relevant sensory input (e.g. verbal or visual information) and motor plans in more posterior 

regions (Curtis & D’Esposito, 2003). In general, the same regions associated with a 

particular process are recruited for the temporary storage of sensory information during 

WM tasks (D’Esposito & Postle, 2015). However, maintaining WM representations in these 

regions may leave them vulnerable to task-irrelevant interference, in which the PFC may 

be critical for maintaining WM processes during distraction or increased task difficulty 

(Eriksson et al., 2015). This may be indicative of ‘top-down’ control.  

Research using functional magnetic resonance imaging (fMRI) during delayed-

response tasks found the lateral PFC was functionally organised according to mental 

operation, during the temporary maintenance and manipulation of information 

(D’Esposito, Postle & Rypma, 2000). This has been supported by patients with PFC lesions 

showing impairments on WM tasks (D’Esposito & Postle, 1999). Meta-analysis extended 

these findings suggesting the DLPFC was more sensitive to spatial content, with the left 

ventrolateral PFC (VLPFC) showing greater sensitivity to non-spatial (verbal) content (Nee 

et al., 2013). Consistent with a component processes approach, many other brain regions 

have been implicated in WM processes (e.g. basal ganglia, parietal cortex, and cerebellum) 

depending on the nature of operation being undertaken (see Eriksson et al., 2015 for a 

review). 

Overall, there appears to be overlap between the neurocognitive mechanisms 

underlying anxiety and WM, particularly with regards to the role of attention and the PFC 

in regulating top-down control. Even so, neuroimaging is only able to make inferences 

about associations between neuroanatomical structures and cognitive processes 
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(D’Esposito et al., 2000). Current understanding of the neural and cognitive mechanisms 

underlying anxiety-cognition interactions is still lacking (Robinson et al., 2013), suggesting 

a need for psychological theories to bridge this explanatory gap.  

1.1.3 Psychological Theories of Anxiety and Working Memory 

 Since Eysenck (1979; 1982) first implicated the WM system as a mediator in anxiety-

cognition interactions, a plethora of psychological theories have been proposed. Theories 

most commonly cited in the literature are outlined below.  

1.1.3.1 Processing Efficiency Theory. 

 Processing Efficiency Theory (PET; Eysenck & Calvo, 1992) distinguished between 

‘performance effectiveness’ (i.e. the accuracy of task performance) and ‘processing 

efficiency’ (i.e. performance in relation to the amount of effort or resources invested). It is 

proposed that anxiety-related task-irrelevant thoughts impair processing efficiency, but 

not necessarily task performance as worry promotes enhanced effort to compensate for 

the deleterious effects of anxiety. PET also suggested task-irrelevant processing would 

adversely affect the central executive and to a lesser extent phonological loop, as worry 

typically involves internal verbal activity. However, this theory does not specify which 

executive functions are impaired, the effect of distracting or affective stimuli, or account 

for when anxious individuals out-perform non-anxious individuals in some cognitive tasks 

(Eysenck et al., 2007). 

1.1.3.2 Attentional Control Theory. 

 Attentional Control Theory (ACT; Derakshan & Eysenck, 2009; Eysenck et al., 2007; 

Eysenck & Derakshan, 2011) developed from PET and maintained the assumptions that 

anxiety predominantly impairs processing efficiency and the central executive, regardless 

of task-modality. Additionally, ACT specified the ‘inhibition’ function was impaired due to 

unsuccessful attempts to resist task-irrelevant interference. The ‘shifting’ function of the 

central executive is also impaired by anxiety, as anxious individuals demonstrate inefficient 

use of shifting attention away from threat-related to goal-directed stimuli. Finally, ACT 

proposed that compensating with enhanced effort becomes more difficult when task 

demands increase, resulting in inevitable decrements in performance. However, most 

research supporting ACT was based upon studies of trait anxiety using correlational 
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designs. Conflicting findings have also been found with visuospatial rather than verbal WM 

being impaired during anxiety, which is contrary to the ACT assumption that impairments 

occur independent of modality (Lavric, Rippon & Gray, 2003).  

1.1.3.3 Hemispheric Asymmetry Hypothesis. 

 The Hemispheric Asymmetry Hypothesis (Shackman et al., 2006) proposed the PFC 

and posterior parietal cortex become vulnerable to disruption from anxiety. This is related 

to competition between task-relevant and threat-related goals (e.g. detecting danger) for 

resources in shared neural regions associated with both anxiety and cognition. Specifically, 

cognitive processes asymmetrically associated with the right PFC and posterior parietal 

cortex (e.g. visuospatial WM and attention) will be impacted as the same regions are 

associated with anxious-arousal. This theory explains impairments found for visuospatial 

WM during anxiety and is consistent with other dual-process accounts (e.g. Dual 

Mechanisms of Control; Braver, Gray & Burgess, 2007). However, the emphasis on 

impairments in the right hemisphere for spatial WM does not account for the numerous 

findings for impairments in verbal WM.  

1.1.3.4 Two-Component Theory of Anxiety. 

 The Two-Component Theory (Vytal, Cornwell, Arkin & Grillon, 2012; Vytal, Cornwell, 

Letkiewicz, Arkin & Grillon, 2013) attempted to account for modality-related differences 

between verbal and visuospatial WM deficits. It highlighted the distinction between 

anxious-apprehension (e.g. worry) and anxious-arousal (e.g. physiological responses) which 

appear to engage different neural circuits (Sharp, Miller & Heller, 2015) and may selectively 

disrupt WM processes sharing the same neurocircuitry. It was proposed that anxious-

apprehension would more directly affect verbal WM, but only during less-demanding tasks. 

More demanding verbal tasks consume prefrontal resources resulting in top-down emotion 

regulation mechanisms being engaged. In contrast, anxious-arousal influences visuospatial 

WM irrespective of cognitive demand due to competition of shared neural regions 

(consistent with the Hemisphere Asymmetry Hypothesis), as well as physiological changes 

being associated with defensive priming (i.e. threat-related attention) which are less 

susceptible to top-down regulation due to their inherent role in survival.  
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1.1.4 Aim of the Review 

Many studies contributing towards the development of psychological theories 

grouped participants according to pre-existing characteristics (e.g. trait anxiety) using 

correlational designs, resulting in difficulties eliminating the effects of dispositional 

attributes or third variable confounds unrelated to anxiety (Cornwell, Mueller, Kaplan, 

Grillon & Ernst, 2012; Coy, O’Brien, Tabaczynski, Northern & Carels, 2011). Furthermore, 

research exploring state anxiety without a mood manipulation (e.g. Waldstein, Ryan, 

Jennings, Muldoon & Manuck, 1997) have found no relationship with cognitive 

performance, which may reflect a ‘flooring effect’ as significant levels of anxiety were not 

present.  

Clinical samples may further complicate this picture as individuals with the same 

disorder may have different symptoms (heterogeneity) and vice versa (Bartlett, 2011). 

Specific forms of subclinical anxiety (e.g. maths anxiety) have also been found to differ in 

function from state and trait anxiety (Miller & Bichsel, 2004). Therefore there is a need to 

better understand the functional responses to anxiety in non-clinical populations as a 

prerequisite to understanding more specific dysfunctional mechanisms (Robinson et al., 

2013). Finally, as WM performance appears to show an inverted U-shaped trajectory across 

the lifespan (Eriksson et al., 2015; Mella, Fagot & de Ribaupierre, 2016), comparisons 

between children or older adults could confound research findings.  

As a result, this systematic literature review aimed to investigate how 

experimentally-induced anxiety affects WM performance in non-clinical adult samples. The 

results will be discussed and critically evaluated in relation to current psychological 

theories, implications for clinical practice and directions for future research.  
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1.2 Method 

1.2.1 Search Strategy 

 The online databases PsychInfo, PubMed and Web of Science were searched for 

articles published between 1st January 1985 to 31st December 2015. The search terms 

generated for anxiety and WM are outlined in Appendix A. In addition to the database 

search, a hand search of reference lists was undertaken for relevant articles. The initial 

searches identified a total of 1773 papers. Limiters were applied to these results following 

the inclusion/exclusion criteria (below). A systematic selection process followed which 

involved screening titles, followed by abstracts and finally full papers. 

1.2.2 Inclusion and Exclusion Criteria 

 The inclusion criteria for the review was as follows. Papers had to be empirical, 

published in a peer-reviewed journal, written in English, and recruit an adult (18-64 years) 

sample. Studies had to employ an experimental design exploring the effect of anxiety 

(including worry) on WM, involve an anxiety-induction procedure, and a quantitative 

measure of WM or its components (e.g. visuospatial WM, verbal WM).  

 The exclusion criteria included studies with animals, clinical populations (e.g. 

medical, neurological, or psychiatric patients), or investigations of specific anxiety subtypes 

(e.g. social anxiety, maths anxiety). Also excluded were studies which did not explicitly 

mention anxiety or WM as the focus of the study, such as those investigating stress or 

attention. Research examining the influence of emotional faces or emotion-laden stimuli 

(e.g. Emotional Stroop Test) that did not elicit significant affect were classified as studies of 

emotion perception and excluded. Finally, studies of the episodic buffer (part of the MCM; 

Baddeley, 2000) were not included in this review. This is related to the current lack of 

methodological agreement on how it should be measured resulting in conceptual 

difficulties and theoretical modifications in the past few years (see Nobre et al., 2013 for a 

review).  

Following the selection process (see Figure 1) 26 papers were included in the review 

incorporating 28 studies. 
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Figure 1. Flowchart of study selection process
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1.3 Results 

A summary of the papers included in the review (n=26) are detailed in Table 1. Data 

extracted from these papers included descriptive characteristics of the study, measures of 

anxiety and WM, anxiety-induction procedures, the effect of anxiety on components of 

WM, moderating and mediating factors in the anxiety-cognition relationship, proposed 

neurocognitive mechanisms, and methodological considerations. Three papers reported 

multiple studies which were included if the inclusion/exclusion criteria were met. This 

resulted in 28 studies being included in the review. 

1.3.1 Descriptive Characteristics of Studies 

The number of studies investigating the relationship between induced-anxiety and 

WM has increased dramatically over the last decade. Although only a single paper met the 

inclusion/exclusion criteria for the review before 1990, there were 9 papers included 

between 2011 and 2015 alone. Most studies were conducted in the United States of 

America (n=13) and United Kingdom (n=8), followed by Australia (n=3). Individual studies 

were also undertaken in Brazil, Germany, Japan, and Romania. Most studies recruited a 

student sample (n=15). However, healthy volunteers (including university staff) were also 

recruited (n=5), as well as combinations of students and healthy volunteers (n=6). Four 

studies also targeted specific populations which were sports parachutists, sea survival 

training recruits, and table tennis players. The reported mean age of participants ranged 

from 19 to 41 years with a mean of 26 years (SD=6).  

Sample sizes varied greatly between studies, ranging from 10 to 366 participants 

(M=63, SD=66.8). However, only 2 studies recruited over 100 participants (Giron & de 

Almeida, 2010; Experiment 2 from Gray, 2001), which skewed the mean. If these outliers 

were not included, the mean sample size would be 48 participants (SD=27.5). Sample sizes 

also varied by experimental design. Most studies employed a mixed-factorial design (n=12), 

recruiting a mean sample size of 55.3 participants (SD=33.8). Studies using a between-

subjects design (n=9) had a mean sample size of 100.8 participants, but this differed greatly 

(SD=102.1). Within-subjects designs (n=7) recruited fewer participants (M=26) which varied 

less between studies (SD=15.4). Neuroimaging techniques were used in 2 mixed-factorial 
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designs (both using fMRI) and 2 within-subjects studies (fMRI and 

Magnetoencephalography). Graphs and figures displaying descriptive characteristics of the 

included studies can be found in Appendix B. 

1.3.2 Methodological Considerations  

 Many studies used between-subjects designs (or factors) which can be problematic 

when studying constructs such as WM. WM abilities vary greatly between individuals and 

across the lifespan resulting in variable performance (Daily, Lovett & Reder, 2001; Mella et 

al., 2016). Furthermore, individual differences (e.g. personality traits, recent life events) 

have been found to influence participant’s susceptibility to mood inductions (Gomez, 

Cooper & Gomez, 2000; Scherrer & Dobson, 2009). Therefore, using within-subjects 

designs allowed WM deficits to be attributed to experimental manipulations, as 

participants serve as their own controls and anxious states can be isolated without being 

confounded by individual variability (Vytal et al., 2013).  

Most sample sizes were relatively small with over half of the studies (n=15) 

recruiting less than 50 participants. However, this appeared to reflect differences in 

experimental designs with between-subjects designs recruiting greater numbers than 

repeated-measures. Many studies did not report detailed descriptive statistics for 

participant characteristics (e.g. age, gender) making it difficult to make inferences about 

their sample. Finally, it was noted that 21 studies used a control condition in which anxiety 

or worry was not induced. Studies without a no-anxiety control group may be limited in 

their ability to distinguish between individual differences and experimental effects. Further 

methodological considerations of included studies will be discussed under relevant 

sections. 
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Table 1 

Characteristics of Studies Included in the Review 

Study Country Sample 
Size 

Mean 
Age and 

SD 

Participants Design Anxiety 
Induction 

Anxiety 
Measures 

WM Measure 
(and WM 

component) 

Key Findings 

Bertrams et 
al. (2013)1 

Germany 96 M=23.1, 
SD=4.27 

Students Experimental 
between-
subjects  

Anxiety-
provoking 

instructions 

STAI (state 
form) 

Mental 
arithmetic 
(VeWM) 

Anxiety impaired WM when 
self-regulatory resources 

were depleted, but had little 
impact when self-control was 
intact. The role of worry was 

also implicated. 
 

Cornwell et 
al. (2012) 

USA 17 M=27, 
SD=NS 

Healthy 
volunteers 

Experimental 
within-

subjects with 
MEG 

Threat of 
shock 

ACM & 
heart rate,  

Mixed-saccade 
task (CEX) 

Anxiety impaired flexible 
responding, but enhanced 
stimulus-driven responding 

Therefore, anxiety may 
impair CEX inhibition, but 

performance on habitual or 
environmental monitoring 
tasks are likely to improve. 

 

Coy et al. 
(2011) 

USA 88 NS Students Experimental 
between-
subjects 

Anxiety-
provoking 

instructions 

RTA & 
heart rate 

Digit span 
(VeWM), spatial 
span (VSWM), & 

Stroop test 
(CEX) 

Induced-anxiety appeared to 
trigger negative off-task self-

dialogue which was related to 
impaired VeWM 

performance. No effect was 
found for VSWM or CEX. 

 

Fales et al. 
(2008)2 

USA 40 M=22.2, 
SD=4.9 

Students and 
healthy 

volunteers 

Experimental 
mixed 

factorial with 
fMRI 

Anxiety-
provoking 

video 

TMAS, 
PSWQ & 

POMS 

n-back task 
(VeWM) 

Higher anxiety reduces 
cognitive efficiency by 

impairing the ability to utilise 
WM regions. High and low 
anxious individuals seem to 

recruit different default-
network circuitry during 

cognitive tasks. 
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Study Country Sample 
Size 

Mean 
Age and 

SD 

Participants Design Anxiety 
Induction 

Anxiety 
Measures 

WM Measure 
(and WM 

component) 

Key Findings 

Giron & de 
Almeida 
(2010) 

Brazil 366 M=24.4, 
SD=4.46 

Students Experimental 
between-
subjects 

Anxiety-
provoking 

video 

STAI (state 
form) 

Personal 
Selection 

Testing subtest 
for Memory 

(NS) 

Working memory 
performance declined for 

participants reporting higher 
anxiety following an anxiety-

provoking video.  
 

Gray (2001)*3 USA 24 & 128 M=19.4, 
SD=NS 

Students Experimental 
mixed 

factorial 
design 

Anxiety-
provoking 

video 

ACM & 
STAI (state 

& trait 
forms) 

n-back task 
(VeWM & 

VSWM) 

Spatial WM was enhanced by 
induction into an anxious 
state and impaired by an 
amused state, with the 

opposite effect for verbal 
WM (double dissociation).  

 

Gray et al. 
(2002)*4 

USA 66 M=22.5 
SD=NS 

Healthy 
volunteers 

Experimental 
mixed 

factorial 
design with 

fMRI 

Anxiety-
provoking 

video 

ACM n-back task 
(VeWM & 

VSWM) 

Emotion-cognition 
interactions appear to occur 

in the lateral PFC. Anxiety 
reduced the psychological 

load on the right hemisphere, 
facilitating spatial WM. The 

opposite pattern occurred for 
pleasant mood inductions. 

 

Hallion et al. 
(2014) 

USA 100 NS Students Experimental 
mixed 

factorial 
design 

Engaging in 
a personally-

relevant 
worry 

PSWQ & 
ACM 

WMIT adapted 
from n-back 
(VeWM) & 
Response 

Inhibition Task 
(namely CEX) 

Worrying and trying to 
control worry reduced WM 

and CEX inhibition 
performance, which was not 

associated with reported 
levels of state anxiety. 

 

Hayes et al. 
(2008) 

UK 36 M=26.7, 
SD=10.9 

Students and 
staff 

Experimental 
mixed 

factorial 
design 

Engaging in 
a personally-

relevant 
worry 

PSWQ, 
WDQ-SF & 

ACM 

Random Key-
Pressing Task 
adapted from 

Dual Task 
Method 

(namely CEX) 

Worry, relative to positive 
thought, leads to a reduction 
in WM capacity, specifically in 
those who are worry prone. 
This appears related to the 

worry component of anxiety, 
rather than state anxiety. 
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Study Country Sample 
Size 

Mean 
Age and 

SD 

Participants Design Anxiety 
Induction 

Anxiety 
Measures 

WM Measure 
(and WM 

component) 

Key Findings 

Ikeda et al. 
(1996)*5 

Japan 36 M=19.5, 
SD=NS 

Students Experimental 
between-
subjects 

Anxiety-
provoking 

instructions 
& being 

video 
recorded 

ACM Word 
recognition task 

(VeWM) & 
drawing 

recognition task 
(VSWM) 

The high anxiety group 
reported greater worry and 

cognitive self-concern, 
displaying delayed reaction 
times for the VeWM task. 

However, task accuracy and 
performance on the VSWM 

task was unaffected.  
 
 

Kalisch et al. 
(2006)* 

UK 14  M=30, 
SD=NS 

Healthy 
volunteers 

Experimental 
within-

subjects with 
fMRI 

Threat of 
shock 

STAI (state 
& trait 
forms), 
ACM, 

heart rate 

n-back task 
(VeWM) 

The DLPFC/ACC is related to 
the modulation of anxiety 
with reductions in anxiety-

related activity during high vs. 
low cognitive load. Anxiety 

did not influence WM 
performance.  

 
 

Lavric et al. 
(2003) 

UK 36 M=20, 
SD=1.76 

Students Experimental 
within-
subjects 

Threat of 
shock 

ACM & 
heart rate 

Verbal (VeWM) 
& spatial 

(VSWM) n-back 
tasks   

Performance on spatial but 
not verbal n-back tasks were 
impaired for participants in 

the threat condition, who had 
higher heart rates and 

reported greater anxiety. 
 

 

Leach & 
Griffith 
(2008)*5 

UK 40 M=36.5, 
SD=NS 

Sport 
Parachutists 

Experimental 
mixed 

factorial 
design 

Exposure to  
an acute 

naturalistic 
stressor 

Heart rate Operation-word 
span (VeWM) 

The experimental group had 
higher heart rate and worse 

WM performance before 
exposure to the stressor 
compared to the control 

group. Deficits in the storage 
component of VeWM were 

implicated. 
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Study Country Sample 
Size 

Mean 
Age and 

SD 

Participants Design Anxiety 
Induction 

Anxiety 
Measures 

WM Measure 
(and WM 

component) 

Key Findings 

Lee (1999) USA 83 NS Students Experimental 
mixed 

factorial 
design 

Anxiety-
provoking 

instructions 

TAI Rhyming-
judgement 
(VeWM), 

verbal-analogies 
(CEX), symbol-

rotation 
(VSWM) & 

paper-form-
board tasks 

(VSWM) 
 

Anxiety affected VeWM 
under high load suggesting 
the CEX was influenced by 

anxiety. A significant decline 
in performance on a VSWM 

task was also found for highly 
anxious individuals, but only 

when time-limits were 
imposed. 

 

Leigh & 
Hirsch (2011)6 

UK 48 M=25.6  
SD=10.4 

&  
M=27.7 
SD=10.9 

Students and 
staff 

Experimental 
mixed 

factorial 
design 

Engaging in 
a personally-

relevant 
worry in 
verbal or 

visual form 

STAI (trait 
form), 
PSWQ, 

GAD-Q-IV 
& ACM 

Random 
Interval 

Generation task 
adapted from 

Dual Task 
Method 

(namely CEX) 

High-worriers have less 
residual WM capacity when 

worrying in verbal form 
compared to imagery, 

reporting higher anxiety and 
more negative thoughts 

compared to low-worriers. 
 

Leininger & 
Skeel (2012) 

USA 58 M=20.5, 
SD=3.44 

Students Experimental 
mixed 

factorial 
design 

Anxiety-
provoking 

instructions 

STAI & 
salivary 
cortisol 

Colour-Word 
Interference 

Test (CEX), Trail-
Making (CEX), 
Letter-Number 

Sequencing 
(VeWM) & 

PASAT (VeWM) 

The experimental group 
reported higher state anxiety 
and performed significantly 

worse on measures of VeWM 
as well as learning and 
memory. However, CEX 
measures did not differ 

between groups.  
 

Markham & 
Darke 
(1991)* 

Australia 36 NS Students Experimental 
between-
subjects 

Anxiety-
provoking 

instructions 

TAS Verbal  
reasoning task 

(CEX), digit span 
(VeWM), Corsi 
Block & paper-

form-board task 
(VSWM) 

 

Highly anxious participants 
took significantly longer to 

integrate verbal information 
under difficult trials 

suggesting that anxiety 
impaired verbal CEX abilities.  
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Study Country Sample 
Size 

Mean 
Age and 

SD 

Participants Design Anxiety 
Induction 

Anxiety 
Measures 

WM Measure 
(and WM 

component) 

Key Findings 

Martin & 
Franzen 
(1989)* 

USA 60 M=19, 
SD=NS 

Students Experimental 
between-
subjects 

Anxiety-
provoking 

instructions 
& contextual 

cues (e.g. 
researchers 

with  
 lab coats)  

STAI (state 
& trait 
forms) 

Stroop test 
(CEX) 

Anxiety impaired 
performance for males only 

on all conditions of the 
Stroop test suggesting 

impairments in performing 
overlearned responses (e.g. 
reading) as well as the more 

complex inhibition task.  
 

Rapee (1993)6  
 

Australia 68 M=19, 
SD=2.4 & 
M=21.4, 
SD=5.4 

Students Experimental 
between-
subjects 

Engaging in 
a personally-

relevant 
worry 

STAI (trait 
form only) 
& PSWQ 

Articulatory 
suppression 

task (VeWM), 
visuospatial 

ACM (VSWM) & 
random-letter 

generation 
(CEX) 

 

Tasks which require verbal 
CEX were the most effective 
in reducing worry suggesting 
worry is principally a verbal 
rather than visual behaviour 

which utilises these 
components of WM.  

 

Robinson et 
al. (2008)7 

UK  20 & 20 M=35, 
SD=NS & 

M=41, 
SD=NS 

Sea survival 
training 

recruits & 
staff and 
students 
(control) 

Experimental 
mixed 

factorial 
design 

Anticipation 
vs. exposure 
to an acute 
naturalistic 

stressor 

STAI (state 
and trait 
forms) & 
salivary 
cortisol 

Computerised 
operation-word 
span (VeWM) &  

non-
computerised 
serial sevens 
task (VeWM) 

WM performance was 
impaired following exposure 
to an acute stressor, but not 
during anticipation. Poorer 

WM performance was related 
to reports of higher state 
anxiety, but not levels of 

cortisol. 
 

Shackman et 
al. (2006)8 

USA 55  NS Students Experimental 
within-
subjects 

Threat of 
shock 

EMG 
activity, 
acoustic 
startle 

reflex & 
ACM 

Verbal (VeWM) 
& spatial 

(VSWM) n-back 
tasks  

Threat-induced anxiety 
selectively attenuated the 
accuracy of VSWM but not 
VeWM performance with 
measures of physiological 

anxiety mediating the degree 
to which VSWM was 

disrupted.  
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Study Country Sample 
Size 

Mean 
Age and 

SD 

Participants Design Anxiety 
Induction 

Anxiety 
Measures 

WM Measure 
(and WM 

component) 

Key Findings 

Visu-Petra et 
al. (2013) 

Romania 97 M=22.5, 
SD=4.18 

Students Experimental 
between-
subjects 

Anxiety-
provoking 

instructions 

EMAS CAS-Stroop Test 
(CEX) & CAS-

Letter-Number 
Sequencing 

(VeWM), 
shifting task 
(CEX) & Mr X 
from AWMAB 
(VSWM/CEX) 

 

State anxiety in the form of 
cognitive-worry appears to 

impact VeWM and executive 
processes such as shifting 
efficiency and inhibition 

efficiency with regards to 
negative priming.  

 

Vytal et al. 
(2012) 

USA 26 M=29.2, 
SD=NS 

Healthy 
volunteers 

Experimental 
within-
subjects 

Threat of 
shock 

Acoustic 
startle 

reflex & 
ACM 

Verbal n-back 
tasks of varying 

difficulty 
(VeWM) 

Induced-anxiety impaired 
VeWM under low but not 
high load with increasing 

cognitive load linearly 
reducing anxiety. 

 

Vytal et al. 
(2013) 

USA 24 M=29.5, 
SD=NS 

Healthy 
volunteers 

Experimental 
within-
subjects 

Threat of 
shock 

STAI (state 
& trait 

forms) & 
Acoustic 
startle 
reflex 

Verbal (VeWM) 
& spatial 

(VSWM) n-back 
tasks of varying 

difficulty 

Induced-anxiety disrupts both 
VSWM and VeWM, but this 
disruption is only present in 
low-medium load tasks for 

VeWM and present in VSWM 
regardless of task difficulty. 

 

Walkenhorst 
& Crowe 
(2009)9 

Australia 60 M=26, 
SD=8.92 

Students and 
healthy 

volunteers 

Experimental 
between-
subjects 

Engaging in 
a personally-

relevant 
worry 

STAI (trait 
form) 

Digit and Spatial 
Span (VeWM, 

VSWM), paired 
associates task 
(VeWM), verbal 
& spatial n-back 
tasks (VeWM, 
VSWM), visual 
patterns test 

(VSWM) & dual 
task (CEX) 

The high-trait anxiety group 
under high-state anxiety had 

shorter response latencies 
than the low-trait group for 

both VeWM and VSWM. 
Therefore, higher worry may 

be adaptive by motivating 
and facilitating cognitive 

functioning. 
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Study Country Sample 
Size 

Mean 
Age and 

SD 

Participants Design Anxiety 
Induction 

Anxiety 
Measures 

WM Measure 
(and WM 

component) 

Key Findings 

Williams et al. 
(2002) 

UK 10 M=28.9, 
SD=8.2 

Healthy table 
tennis players 

Experimental 
within-
subjects 

Anxiety-
provoking 

instructions 

CSAI-2 Returning a 
table tennis ball 
towards various  

targets using 
simple vs. 
complex 

strategies (CEX 
& VSWM) 

High anxiety negatively 
impacted performance 

efficiency and effectiveness in 
both low- and high-demand 
WM tasks. The decrement in 
performance efficiency from 

higher anxiety was more 
pronounced for the high WM 
task which related to reports 
of increased mental effort.  

 

Notes: *Identified by hand search. 1This paper contains three studies, but only study 2 met the inclusion criteria for the review and was included. 2This paper divided 
the original sample (n=96) into two smaller groups based upon high (n=20) and low (n=20) trait anxiety. These high/low anxiety groups were used for testing the study 
hypothesis. The M age reported was for the original sample. 3This paper reported three experiments in which participants were recruited for Experiment 1 (n=24) and 
Experiment 2 (n=128), but Experiment 3 reported secondary analysis on data collected from experiment 2. The participant demographics reported reflect the total 
number of participants across all experiments (n=152). Only Experiment 1 and 2 were included in the review. 4This study used a subset (n=14) of the whole sample 
(n=66) for the fMRI component of the study. Only the age range was provided. Therefore, the median for this range was used to provide an estimated M age. 5This 
paper only reported the age range of the sample. Therefore, the median for this range was used to provide an estimated M age. 6Mean age and SD was provided for 
each experimental group (high worriers vs. low worriers respectively) rather than overall sample. 7This paper reported two experiments investigating the effect of 
anticipation of threat (n=20) and actual stressor (N=20) on WM. Both experiments were included. 8This paper reported two experiments, but only experiment 1 involved 
an anxiety induction and was included in the review. 9This paper described a study with two phases involving the same 60 participants in each phase, but different 
measures of WM.  
Abbreviations: ACC=Angular Cingulate Cortex, ACM=Author-Constructed Measure, AWMAB=Automatic Working Memory Assessment Battery, CAS=Cognitrom 
Assessment System, CEX=Central Executive, CSAI-2=Competitive State Anxiety Inventory-2, EMAS=Endler Multidimensional Anxiety Scale, EMG=Electromyography, 
fMRI=Functional Magnetic Resonance Imaging, GAD-Q-IV=Generalised Anxiety Disorder Questionnaire-IV, MEG=Magnetoencephalography, NS=Not Specified, 
PASAT=Paced Auditory Serial Addition Test, POMS=Profile of Moods State, PSWQ=Penn State Worry Questionnaire, RTA=Revised-Test Anxiety Scale, STAI=State Trait 
Anxiety Inventory, TAI=Test Anxiety Inventory, TAS=Test Anxiety Scale, TMAS=Taylor Manifest Anxiety Scale, UK=United Kingdom, USA=United States of America, 
VeWM=Verbal Working Memory, VSWM=Visuospatial Working Memory, VLPFC=Ventrolateral Prefrontal Cortex, WDQ-SF=Worry Domains Questionnaire-Short Form, 
WM=Working Memory, WMIT=Working Memory and Inhibition Task. 
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1.3.3 Psychological and Physiological Measures of Anxiety  

 Seventeen different measures of anxiety were used across studies consisting of 

psychological (n=13) and physiological (n=4) measures. Sixteen studies used multiple 

measures with 10 using a combination of psychological and physiological. The frequency of 

each measure is shown in Figure 2.  

 1.3.3.1 Psychological Measures. 

 Psychological measures involved self-reports of anxiogenic symptomology for 

either state or trait anxiety. State measures were frequently used as a manipulation check 

for anxiety-inductions, whereas trait measures were used to divide participants into high- 

and low-anxiety groups. Author-constructed measures (n=12) were the most common 

psychological approach, using variations of visual analogue scales to assess state anxiety. 

The most frequently used validated questionnaire was the state (n=9) and trait forms (n=9) 

of the State-Trait Anxiety Inventory (Spielberger, Gorsuch, Lushene, Vagg & Jacobs, 1983). 

This was followed by the Penn State Worry Questionnaire (n=5; Meyer, Miller, Metzger & 

Borkovec, 1990), which provides a trait measure of worry.  

Other measures were used in single studies which included measures of state 

anxiety; the Competitive State Anxiety Inventory-2 (Martens, Burton, Vealey, Bump & 

Smith, 1990), Endler Multidimensional Anxiety Scale (Endler, Edwards, Vitelli & Parker, 

1989), Profile of Mood State (McNair, Lorr & Droppleman, 1992), Revised-Test Anxiety 

Scale (reworded to measure state anxiety; Benson, Moulin-Julian, Schwarzer, Seipp & El-

Zahhar, 1992) and measures of trait anxiety; the Generalised Anxiety Disorder-

Questionnaire-IV (Newman et al., 2002), Test Anxiety Inventory (Spielberger, 1980), Test 

Anxiety Scale (Sarason, 1972), Taylor Manifest Anxiety Scale (Taylor, 1953), and the Worry 

Domain Questionnaire-Short Form (Stober & Joorman, 2001). There were 4 studies which 

did not use a measure of state anxiety (Lee, 1999; Markham & Darke, 1991; Rapee, 1993; 

Walkenhorst & Crowe, 2009) and a single study which used physiological measures only 

(Leach & Griffith, 2008).  
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Figure 2. Frequency of psychological and physiological measures of anxiety across studies.  

1.3.3.2 Physiological Measures. 

 Physiological measures captured changes in arousal following an anxiety-induction. 

Heart rate was most frequently used (n=5), followed by the acoustic startle reflex (n=3) 

with a larger startle reflex being linked to greater state anxiety (e.g. Poli & Angrilli, 2015). 

Salivary cortisol was also measured in 2 studies due to its association with emotional 

distress (e.g. Vedhara et al., 2003), as well as electromyography activity measuring muscle 

tension in a single experiment (Shackman et al., 2006). 

 1.3.3.3. Methodological Considerations. 

Although parallel increases in physiological and psychological measures of anxiety 

were reported (Coy et al., 2011; Kalisch, Wiech, Critchley & Dolan, 2006; Shackman et al., 

2006; Vytal et al., 2012; Vytal et al., 2013), discrepancies were also found in which self-

report measures did not correspond with heart rate (Lavric et al., 2003) or levels of salivary 

cortisol (Leininger & Skeel, 2012; Robinson, Sünram-Lea, Leach & Owen-Lynch, 2008). 

Consequently, the effectiveness of the anxiety-induction procedure or method of 

measurement may be questionable.  

Many studies did not use validated measures of state anxiety to perform a mood 

manipulation check. This can be problematic as mood induction procedures have been 
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reported to be successful in 50-75% of cases (Martin, 1990), highlighting the need to verify 

any changes in mood from pre- to post-induction. The reliance on author-constructed 

measures which have not been psychometrically validated may also fail to reliably detect 

the intended construct, or result in a type I error. However, the sole use of self-report 

measures could result in demand characteristics, or be insensitive to the intensity of affect 

experienced during a cognitive task if the mood induction had occurred before (Lavric et 

al., 2003; Shackman et al., 2006). Therefore, studies combining psychological and 

physiological measures appear to be well-suited to quantitatively determine whether a 

change in affect has occurred. 

1.3.4 Neuropsychological Measures of Working Memory 

 Across the 28 studies, 30 distinct measures of WM were administered with 15 

studies measuring more than one component of WM (see table in Appendix C). This 

resulted in a total of 58 WM measurements. Most measures were author-adapted 

variations of common WM paradigms (n=31) such as the mixed saccade task (Cornwell et 

al., 2012) and dual-task method (Hayes et al., 2008). Standardised measures of WM (i.e. 

psychometrically tested measures which follow normalised procedures regarding 

administration, use of materials, and scoring; Barr, 2001) were also reported (n=20) as well 

as author-constructed WM measures (n=7).  

Isolating specific WM components can be problematic as few measures (if any) are 

considered ‘process-pure’ assessments due to usually involving an executive component 

(Baddeley, 2012). Consequently, WM measures were classified primarily by their modality 

(e.g. verbal), reliance on principal functions of the central executive (i.e. shifting, inhibition, 

updating; Miyake et al., 2000), or guided by the author’s reported use to address their 

hypotheses. As a result, different measures of verbal (n=11), visuospatial (n=9) and central 

executive (n=9) WM abilities were administered across studies with some measures being 

used more than once. The frequency of these WM measures are displayed in Figure 3.  
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Figure 3. Frequency of WM measures reported across studies by WM component and 

source of measure. 

1.3.4.1 Verbal Working Memory Measures. 

Measures of verbal WM were the most frequently used across studies (n=24) with 

the most common being the verbal n-back task (n=10; Fales et al., 2008; Gray, 2001; Gray, 

Braver & Raichle, 2002; Hallion, Ruscio & Jha, 2014; Kalisch et al., 2006; Lavric et al., 2003; 

Shackman et al., 2006; Vytal et al., 2012; Vytal et al., 2013; Walkenhorst & Crowe, 2009). 

This was followed by Digit Span (Wechsler, 1981; 1987; 1997a) reported in 3 studies (Coy 

et al., 2011; Markham & Darke, 1991; Walkenhorst & Crowe, 2009), Letter-Number 

Sequencing (Miclea, Porumb, Cotârlea & Albu, 2009; Wechsler, 2008) in 2 studies (Leininger 

& Skeel, 2012; Visu-Petra, Miclea & Visu-Petra, 2013), and operation-word span (Turner & 

Engle, 1989) also reported in 2 studies (Leach & Griffith, 2008; Robinson et al., 2008).  

All other verbal WM measures were only used once in single studies. Author-

adapted measures were used in 16 studies (e.g. n-back and operation-word span), with 7 

reporting the use of standardised measures (e.g. Paced Auditory Serial Addition Task; 

Gronwall & Sampson, 1974) and 1 author-constructed measure (word recognition task; 

Ikeda, Iwanaga & Seiwa, 1996).   



24 
 

1.3.4.2 Visuospatial Working Memory Measures. 

Visuospatial WM measures were administered in 17 studies with the spatial n-back 

task being the most frequently reported (n=7; Gray, 2001; Gray et al., 2002; Lavric et al., 

2003; Shackman et al., 2006; Vytal et al., 2013; Walkenhorst & Crowe, 2009). Spatial Span 

(Wechsler, 1987; 1997b) was reported in 2 studies (Coy et al., 2011; Walkenhorst & Crowe, 

2009) and the Revised-Minnesota Paper Board Form Test (Likert & Quasha, 1970) was also 

reported in 2 studies (Lee, 1999; Markham & Darke, 1991).  

All other visuospatial WM measures were used once in single studies. Author-

adapted measures were used in 8 studies (e.g. n-back task, Corsi block test), standardised 

measures were used in 5 studies (e.g. Visual Patterns Test; Della Sala et al., 1999), and 

author-constructed measures were used in 4 studies (e.g. table tennis paradigm; Williams, 

Vickers & Rodrigues, 2002).  

1.3.4.3 Central Executive Measures. 

Measures of the central executive were administered on 17 occasions across 

studies. Two tasks were the most frequently reported. Four ‘randomisation’ tasks were 

administered across 3 studies which involved random key pressing or letter generation 

(Hayes et al., 2008; Leigh & Hirsch, 2011; Rapee, 1993). The Stroop Test (Delis, Kaplan & 

Kramer, 2001; Golden, 1978; Miclea et al., 2009) was also reported in 4 studies (Coy et al., 

2011; Leininger & Skeel, 2012; Martin & Franzen, 1989; Visu-Petra et al., 2013).  

Other executive measures were used only once in single experiments. There were 

7 reports of standardised executive measures (e.g. Stroop Test; Golden, 1978), 7 uses of 

author-adapted measures (e.g. mixed saccade task), and 2 reports of author-constructed 

measures (e.g. verbal-reasoning task; Markham & Darke, 1991).  

 1.3.4.4. Methodological Considerations. 

There was considerable variability in WM measures across studies. The majority of 

WM tasks were either author-constructed or author-adapted variations of known WM 

measures. Consequently, most lacked psychometric validation in which it was uncertain 

whether they were truly assessing WM (i.e. construct validity) and whether detection of 

any changes were reliable or meaningful (Cook & Beckman, 2006). For example, the ‘verbal 

analogies’ test (Lee, 1999) appeared more related to verbal reasoning abilities than verbal 
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WM, whereas no information was provided for the visual and verbal recognition tasks 

constructed by Ikeda et al. (1996). These tests exemplify comments from other researchers 

that the use of cognitive tools in studies of emotion and cognition are often complex, poorly 

understood and lack verification of their psychometric properties (Coy et al., 2011; 

Shackman et al., 2006). 

WM measures were also used inconsistently to assess different components of 

WM. For example, whereas the n-back task was described as varying in ‘cognitive load’ 

when the target stimuli changed (Vytal et al., 2013), other researchers described this as 

placing more demands on central executive components (Walkenhorst & Crowe, 2009). 

Such conceptual issues could influence whether a task is considered to be a more difficult 

measure of verbal WM, or a measure of the central executive. Finally, for one WM measure 

reported in a single study (Personal Selection Testing subtest for Memory; Giron & de 

Almeida, 2010), it was not possible to classify the measure or verify its standardisation due 

to a lack of available information. 

1.3.5 Anxiety-Induction Procedures  

The review identified variants of 6 anxiety-induction procedures being used across 

the 28 studies. To explore these further, techniques were classified into those inducing 

anxious-apprehension or anxious-arousal. A summary of anxiety-induction procedures for 

each study are provided in Appendix D.  

1.3.5.1 Anxious-Apprehension Induction Procedures. 

 Anxious-apprehension induction techniques were used in 15 studies with anxiety-

provoking instructions (n=9) being most frequently used. These typically involved informing 

participants that they will be “evaluated” on tests which measure “intelligence” with their 

results being compared or shown to others. Another technique involved instructing 

participants to engage in a personally-relevant or current worry (n=5). A single study 

(Robinson et al., 2008; Experiment 1) used anticipation of an acute naturalistic stressor 

(participating in helicopter underwater evacuation training) to induce anxiety.  
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1.3.5.2 Anxious-Arousal Induction Procedures. 

 Anxious-arousal induction techniques were employed in 13 studies with ‘threat-of-

shock’ being the most frequently used (n=6). This involved informing participants that 

during ‘threat’ trials they may receive a shock (anxiety condition), but during ‘safe’ trials 

they would not (control condition). Anxiety-provoking videos were used in 5 studies which 

involved showing participants short affect-laden clips (e.g. horror films). These video clips 

were classified as anxious-arousal as due to their content, they would be more likely to 

provoke a fear response accompanied by physiological arousal (Tamborini, 1991). Two 

studies reported using exposure to an acute naturalistic stressor which involved individuals 

undertaking helicopter underwater evacuation training (Robinson et al., 2008) and 

parachutists jumping out of an aircraft (Leach & Griffith, 2008).  

1.3.5.3 Methodological Considerations.  

 Many studies excluded large numbers of participants due to limited evidence of 

induced-anxiety or adequate worry (e.g. 38.5% in Leigh & Hirsch, 2011; 33.3% in Lavric et 

al., 2003; 16.6% in Shackman et al., 2006). Overall, 20 studies reported a successful mood 

induction, whereas for the others it was either not completely successful or not reported 

(see Appendix D). Therefore, there appears to be a substantial difference in participant’s 

responsiveness to anxiety-induction procedures. As previously mentioned, many did not 

perform mood manipulation checks which could suggest these figures are under-

representative. Some studies were also very selective during recruitment which may have 

influenced susceptibility to the mood induction. For example, Ikeda et al. (1996) initially 

screened 302 students in order to arrive at their sample of 17 high-anxious and 19 low-

anxious individuals.  

 Despite studies using the same anxiety-induction procedures, they differed in their 

methodology. For threat-of-shock studies, some authors reported actually administering 

shocks to participants (Cornwell et al., 2012) whereas others did not (Lavric et al., 2003). 

Although most shock administering studies excluded the trials during shocks (Kalisch et al., 

2006; Shackman et al., 2006) or balanced the order to reduce potential effects (Vytal et al., 

2012; 2013), it may be difficult to eliminate any residual effects from receiving a shock on 

cognition which could confound results (Lavric et al., 2003). However, threat-of-shock 
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studies appeared effective in inducing an anxious state of a longer duration which spanned 

the length of the cognitive task (Schmitz & Grillon, 2012), whereas other techniques (e.g. 

viewing a film clip) may temporally lose their affect.  

Other techniques varied such as the use of anxiety-provoking videos in which some 

authors used clips lasting 9-10 minutes (e.g. Gray, 2001), whereas others used clips of only 

1 minute (Giron & de Almeida, 2010). These inductions can also be confounded by 

attributes of the clip (e.g. complexity, number of human figures), individual differences (e.g. 

gender, culture) and previous exposure to the film (Rottenberg, Ray & Gross, 2007; 

Shackman et al., 2006). Considering few studies used standardised measures of state 

anxiety, it is difficult to determine whether levels of elicited affect were comparable across 

anxiety-induction procedures. In addition, many authors did not report descriptive 

statistics for reported anxiety (e.g. Walkenhorst & Crowe, 2009) which further limits 

comparisons between studies.  

 Finally, it may be difficult to ascertain whether an anxiety-induction procedure 

elicited states of anxious-apprehension or anxious arousal. It has been suggested that high 

levels of apprehension (such as worry) may trigger physiological arousal (Nitschke, Heller, 

Palmieri & Miller, 1999). This seemed consistent with one study which found significant 

increases in heart rate following anxiety-provoking instructions (Coy et al., 2011). In the 

studies by Gray and colleagues (2001; 2002), there were no significant elevations in self-

reported arousal which may suggest anxious-arousal was not elicited. Although it is difficult 

to confirm this notion as physiological measures were not used, Shackman et al. (2006) 

critiqued Gray’s use of mood induction via film clips for not producing sufficient levels of 

anxiety to make them comparable to threat-of-shock studies.  

1.3.6 Anxiety and Working Memory Performance 

 The results of studies were grouped by WM component (i.e. verbal, visuospatial and 

central executive) and anxiety-induction procedure (anxious-apprehension vs. anxious-

arousal). One study did not specify which component of WM was being tested, or provide 

sufficient details to infer this (Giron & de Almeida, 2010). However, they reported that WM 

performance decreased when participants were induced into a state of anxiety following 

an anxiety-provoking video.  
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1.3.6.1 Verbal Working Memory Performance. 

1.3.6.1.1 Anxious-Apprehension. Impairments in verbal WM were found in 6 studies 

(Bertrams et al., 2013; Coy et al., 2011; Hallion et al., 2014, Ikeda et al., 1996; Leininger & 

Skeel, 2012; Visu-Petra et al., 2013). Of these studies, 5 implicated the role of worry or task-

irrelevant thoughts in some way (excluding Leininger & Skeel, 2012). Two studies reported 

no effect of anxiety on verbal WM (Lee, 1999; Robinson et al., 2008) and 1 study noted 

enhanced verbal WM performance for individuals reporting higher worry (Walkenhorst & 

Crowe, 2009).  

1.3.6.1.2 Anxious-Arousal. Seven studies found verbal WM deficits using these 

induction procedures (Gray, 2001; Gray et al., 2002; Leach & Griffith, 2008; Robinson et al., 

2008; Vytal et al., 2012; 2013). Four of these used a 2-back task as a WM measure. 

However, in the studies by Vytal and colleagues (2012; 2013), when the cognitive load was 

increased to a 3-back task, these impairments were no longer apparent. Four studies 

reported no differences in verbal WM under induced-anxiety (Fales et al., 2008; Kalisch et 

al., 2006; Lavric et al., 2003; Shackman et al., 2006). Interestingly, 3 of these studies used 

3-back tasks with the exception of Kalisch and colleagues (2006) who used a 2-back task.  

1.3.6.2 Visuospatial Working Memory Performance. 

1.3.6.2.1 Anxious-Apprehension. Only a single study found impairments in 

visuospatial WM using this anxiety-induction method (Williams et al., 2002). Although, the 

authors noted that this measure may also involve executive processes which could be the 

source of impairment. Three studies reported no effect from anxiety (Coy et al., 2011; Ikeda 

et al., 1996; Lee, 1999) with one study reporting enhanced visuospatial performance for 

high worriers (Walkenhorst & Crowe, 2009).  

1.3.6.2.2 Anxious-Arousal. All of these studies used the same visuospatial WM 

measures (spatial n-back tasks). Three studies using threat-of-shock inductions found 

deficits in visuospatial WM (Lavric et al., 2003; Vytal et al., 2012; 2013). However, 3 

experiments using anxiety-provoking videos found enhanced visuospatial performance 

(Gray, 2001; Gray et al., 2002) which could reflect differences in anxiety-induction 

procedures.  
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1.3.6.3 Central Executive Performance. 

1.3.6.3.1 Anxious-Apprehension. Eight studies reported central executive deficits in 

relation to induced-anxiety. Six of these executive measures involved a verbal element such 

as the use of verbal analogies/reasoning (Lee, 1999; Markham & Darke, 1991), the use of 

letters (Hallion et al., 2014; Hayes et al., 2008), and reading/naming aloud colours (Martin 

& Freeman, 1991; Visu-Petra et al,. 2013). In the Martin and Freeman (1991) study, this 

deficit was only found in male participants. A single study also reported that engaging in a 

verbal executive task (random letter generation) reduced the ability to worry (Rappe, 

1993). Although it is not possible to infer that worry may in turn have interfered with 

executive abilities, this would fit with the findings of the previous studies.  

The 2 other reports of deficits involved non-verbal executive measures, which 

appeared specifically related to the shifting function of the central executive (Leigh & 

Hirsch, 2011; Visu-Petra et al., 2013). Three studies found no effect of anxiety on central 

executive abilities (Coy et al., 2011; Leininger & Skeel, 2012; Walkenhorst & Crowe, 2009). 

This is surprising as 2 of these studies used the same executive measure (Stroop Test) and 

similar anxiety-induction procedures as those who found an effect (Martin & Freeman, 

1991; Visu-Petra et al., 2013). Therefore, despite using standardised variants of the same 

test, there may be administrative or material differences in their construction which 

influence cognitive performance under anxiety. 

1.3.6.3.2 Anxious-Arousal. A single study used executive measures under anxious-

arousal conditions. Cornwell et al. (2012) found that under threat conditions, flexible 

responding during anti-saccades (related to the inhibition function of the central executive; 

Ansari & Derakshan, 2011) was impaired on a mixed saccade task, but stimulus-driven 

responding was enhanced. 

1.3.6.4. Methodological Considerations. 

The results outlined above appear to show some emerging patterns in the findings, 

but also highlight some studies with conflicting results. For instance, Gray and colleagues 

(2001; 2002) found enhancement rather than impairment of visuospatial WM. However as 

previously noted, these studies did not show evidence of inducing anxious-arousal and 

were critiqued for reporting lower levels of anxiety compared to threat-of-shock studies 
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(Shackman et al., 2006). It was even acknowledged in a paper co-authored by Gray (Lavric 

et al., 2003) that the use of threat-of-shock was a methodologically improved paradigm 

addressing many limitations of these earlier studies. This included confounding effects 

from individual differences in learning history as well as allowing concurrent cognitive 

performance and affect induction.  

Interestingly, studies which found an enhancement in WM under anxious 

conditions appeared to have questionable success with their mood induction. This included 

the studies previously discussed (Gray, 2001; Gray et al., 2002) as well as another which did 

not report a mood manipulation check and also acknowledged the effects of the worry 

induction may have not persisted for the duration of cognitive testing (Walkenhorst & 

Crowe, 2009). If sufficient levels of anxiety were not induced, it could result in participants 

successfully applying greater effort to compensate for any effects from mild anxiety as 

suggested by ACT (Eysenck et al., 2007). Shackman et al. (2006) also suggested that such 

findings may reflect an inverted-U function in the emotion-cognition interaction, with 

lower levels of anxiety actually enhancing performance.  

Further discrepancies may reflect conceptual issues when comparing WM measures 

across similar modalities. For instance, the verbal n-back task involved letters being visually 

displayed on a screen, following the theoretical notion that these visual-letters will be 

transformed into a phonological format and rehearsed in verbal WM (Crottaz-Herbette et 

al., 2004). However, studies using measures reliant upon auditory stimuli (e.g. Digit Span) 

may not be comparable. Although many neural pathways are shared (e.g. DLPFC, VLPFC), 

auditory-verbal WM has been linked to greater activation in the left DLPFC (Crottaz-

Herbette et al., 2004), an area also associated with anxiety (Okon-Singer et al., 2015). 

Impairments were noted in 2 out of 3 studies using auditory-verbal WM measures (the null 

finding came from the methodologically limited study by Walkenhorst & Crowe, 2009). 

Therefore, this could suggest that auditory-verbal WM may be more vulnerable to the 

effects of anxiety. However, this claim would need further investigation.  

Similar issues arose for visuospatial WM. For instance, studies employing the n-back 

task used the location of a box of letters as the target stimulus, thus testing spatial WM. 

However, Gray et al. (2002) used a version of the n-back task which involved correctly 

identifying unfamiliar faces, which appeared to recruit visual WM. These different 

measures may not be comparable as neuropsychological evidence has implicated a 
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functional double dissociation between visual and spatial WM (Della Sala et al., 1999). 

Furthermore, the use of faces as the target stimuli may add an additional confound due to 

the specificity of facial processing (e.g. recruiting the fusiform gyrus) in contrast to other 

cognitive functions (Kanwisher & Yovel, 2006). Considering only 2 studies used visual WM 

measures (Gray et al., 2002; Ikeda et al., 1996) which both had limitations, there is a need 

for further research into the effects of anxiety on this modality of WM. 

Collectively, a clearer pattern of results emerged when studies with methodological 

limitations and questionable anxiety-inductions were disregarded (see Table 2). 

Accordingly, this suggested that anxious-apprehension predominantly impacts verbal WM 

and central executive abilities (particularly those drawing on verbal stimuli), whereas 

anxious-arousal appears to result in deficits in spatial WM and some deficits in verbal WM 

under low-moderate but not high cognitive load. The role of cognitive load will be 

considered further amongst other mediating and moderating factors which may further 

explain some of the patterns in results.  
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Table 2 
Summary of Results Across WM Modality with Methodologically Limited Studies Removed 

Authors Anxiety 
Type 

Verbal 
WM 

Auditory 
WM 

Spatial 
WM 

Visual 
WM 

Central 
Executive 

Working Memory Measure                                                                           
(*Impaired performance) 

Coy et al. (2011) Apprehension - -1 0 - 0 *Digit span + Spatial span + Stroop test 

Hallion et al. (2014) Apprehension -1 - - - -1 *Verbal 2-back + *Response inhibition task (using letters) 

Hayes et al. (2008) Apprehension - - - - -1 *Random key pressing task (using letters) 

Ikeda et al. (1996) Apprehension -1 - - 0 - *Word recognition task + Drawing recognition task 

Leigh & Hirsch (2011) Apprehension - - - - -1 *Random interval generation task 

Leininger & Skeel (2012) Apprehension - -1 - - 0 *Letter-number sequence+*PASAT+ Stroop+ Trail-Making 

Robinson et al. (2008)a Apprehension 0 - - - - *Operation-word span 

Visu-Petra et al. (2013) Apprehension -1 - - - -1 *Letter-number sequencing + *Stroop + *Shifting test 

Williams et al. (2002) Apprehension - - -1 -  *Table tennis paradigm (low and high load) 

Cornwell et al. (2012) Arousal - - - - -1 *Mixed-Antisaccade 

Fales et al. (2008) Arousal 0 - - - - Verbal 3-back 

Kalisch et al. (2006) Arousal 0 - - - - Verbal 2-back 

Lavric et al. (2003) Arousal 0 - -1 - - Verbal 3-back + *Spatial 3-back 

Leach & Griffith (2008) Arousal -1 - - - - *Operation-word span 

Robinson et al. (2008)b Arousal -1 - - - - *Operation-word span 

Shackman et al. (2006) Arousal 0 - -1 - - Verbal 3-back + *Spatial 3-back 

Vytal et al. (2012) Arousal -1 - - - - Verbal *1-back, *2-back, 3-back 

Vytal et al. (2013) Arousal 
-1 - -1 - - 

Verbal *1-back, *2-back, 3-back + Spatial *1-back, *2-back, 
*3-back 

Note: This table is for descriptive purposes to provide a simplistic visual representation of the results from the review with methodologically limited studies removed. There 
are many caveats which need to be considered when interpretation these findings which are outlined under the Results section (1.3) of the review. For each component of 
working memory the numbers refer to the following: 1=Enhanced performance, 0=No effect, -1=Impaired performance. 
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1.3.7 Mediating and Moderating Factors 

 A variety of studies explored moderating and mediating factors which may be 

implicated in the relationship between anxiety and WM. They may also help account for 

some of the variation in research. 

 1.3.7.1 Self-Control. 

Bertrams et al. (2013) depleted self-control resources in a subset of participants to 

explore the effect on anxiety and WM. It was revealed that depletion of self-control 

moderated the impact of state anxiety on WM performance suggesting that without 

adequate self-regulatory resources, worrisome thoughts detracted from the ability to 

complete the cognitive task. In a related study, Hallion et al. (2014) found participants 

performed more poorly on measures of verbal WM and executive abilities when actively 

trying to control their worry compared to neutral thoughts. However, cognitive 

performance after the worrying phase did not differ between participants given no 

instructions to those told to control their worry. This raised the possibility that worry itself, 

rather than cognitive attempts to control it, impaired WM.  

1.3.7.2 Task-Irrelevant Thoughts. 

Coy et al. (2011) examined negative task-irrelevant thoughts (e.g. thinking about 

another activity) and task-relevant worries (e.g. I am doing poorly) with regards to anxiety 

and WM performance. They found participants receiving anxiety-provoking instructions 

reported a greater frequency of negative off-task self-dialogue which mediated 

approximately 41% of the variance between evaluation-related anxiety and verbal WM. 

Therefore, anxiety appeared to trigger negative thoughts which, being a verbal-linguistic 

form of cognition, interfered with verbal WM processes.  

 1.3.7.3 Verbal and Imagery-Based Worry. 

 The modality of worry was investigated by Leigh and Hirsch (2011) to determine 

whether verbal worry depletes WM more than imagery-based worry. They found high-

worriers had less available WM capacity when worrying verbally compared to imagery-

based forms. High- and low-worriers showed no difference in WM performance when not 
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engaged in worry, suggesting that it was mentation type which impacted WM. 

Furthermore, the WM measure chosen (random interval generation) was proposed to draw 

upon central executive resources with minimal loading on verbal or visuospatial WM, which 

eliminates any modality-effects.  

1.3.7.4 Salivary Cortisol. 

Leininger and Skeel (2012) found no differences in cortisol levels between 

participants randomised to receive anxiety-provoking instructions and a control group. 

Furthermore, no significant associations were found between cortisol levels and state 

anxiety, or cortisol and WM performance. Similarly, Robinson et al. (2008) explored cortisol 

in relation to state anxiety and WM performance in anticipation of an acute naturalistic 

stressor and after exposure to it. They found significant elevations in cortisol only 25 

minutes after actual exposure to the stressor, but not during anticipation or immediately 

after. As WM deficits were only found immediately following the stressor, this might 

suggest that elevations in state anxiety mediated this relationship rather than cortisol 

levels.  

1.3.7.5 Cognitive Load. 

 Vytal et al. (2012; 2013) manipulated cognitive load for verbal and visuospatial WM 

tasks. They found that under low- to moderate-load, verbal WM was more susceptible to 

disruption from anxiety, whereas visuospatial WM was disrupted regardless of cognitive 

load. These findings were explained in relation to the Two-Component Theory (Vytal et al., 

2012; 2013) outlined in section 1.1.3.5. This also fit with the pattern of results from other 

studies which found no effect from anxious-arousal on high-load verbal WM tasks (Fales et 

al., 2008; Lavric et al., 2003; Shackman et al., 2006), but disruption did occur during 

moderate-load verbal tasks (Gray, 2001). Williams et al. (2002) also found disruption to 

visuospatial WM at both high and low cognitive load. However, contrary findings were 

found by Gray et al. (2002) and Kalisch et al. (2006).  

1.3.7.6 Mental Effort. 

 Following PET/ACT, Williams et al. (2002) explored ratings of mental effort in 

relation to WM performance. Participants reported significantly more mental effort during 
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the high-anxiety condition and high-load WM task compared to low-anxiety and low-load 

tasks. Similarly, Kalisch et al. (2006) found participants reported greater effort under high-

load WM tasks and high-anxiety conditions relative to low-anxiety and load. A variety of 

other studies also referred to mental effort with suggestions that anxiety or worry may 

have resulted in increased effort which enhanced task performance (Visu-Petra et al., 2013; 

Walkenhorst & Crowe, 2009). However, these studies did not directly measure mental 

effort which did not allow inferences between effort and performance to be drawn. 

1.3.8. Neurocognitive Mechanisms 

 Four studies included neuroimaging techniques to explore the neurocognitive 

mechanisms involved in interactions between anxiety and WM. Cornwell et al. (2012) used 

magnetoencephalography during a mixed saccade task under anxious-arousal. They found 

successful initiation of anti-saccades, which involves central executive inhibition, were 

related to increased activity in the right VLPFC. As a result, this increased activity might 

delay stimulus-driven processes to allow an inhibitory response. Furthermore, differential 

activation in inferior parietal regions suggested a greater readiness to executive inhibitory 

responses during control conditions, and stimulus-driven responding during anxiety-

inducing conditions. This suggested anxiety impaired flexible responding, but enhanced 

stimulus-driven responding which was more habitual and reflexive when in a threat state.  

Fales et al. (2008) used fMRI to explore changes in cognitive efficiency under 

anxiety-inducing and control conditions. Highly-anxious individuals showed reduced 

sustained activity in cognitive control regions (e.g. DLPFC), but increased transient activity 

during tasks compared with the low-anxiety group. These relationships were found in the 

absence of anxiety-related decrements in WM performance, suggesting that higher anxiety 

reduced cognitive efficiency as brain regions had to “work harder” to perform at equivalent 

levels to low-anxious individuals. Therefore it was proposed that anxiety may result in 

reducing proactive (top-down) control and increase reactive (bottom-up) control during 

WM performance.  

 Another fMRI study (Gray et al., 2002) investigated whether anxiety selectively 

influenced neural activity in the PFC during WM tasks. The results implicated the lateral 

PFC as the site of emotion-cognition integration as it was the only brain region showing 
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crossover interaction for changes in emotion and cognitive task demands. Therefore, it was 

suggested activity in the PFC reflected the degree of psychological load in response to 

changing contextual demands, influencing how much top-down regulation is needed to 

maintain behavioural performance. Hemispheric asymmetry was also observed as pleasant 

mood states led to lower load on the left PFC, possibly facilitating verbal performance and 

leading to lower activity.  

Finally, Kalisch et al. (2006) used fMRI to explore differences between low-level 

appraisal (an automatic/effortless response to emotional stimuli) and high-level appraisal 

(involving attentional and WM resources to consciously respond to emotional stimuli) 

during anxious-arousal. They found the dorsal-medial PFC and angular cingulate cortex 

were implicated in high-level appraisal during the modulation of anxiety-related activity. 

These results appear in line with Fales et al. (2008) as despite no decrements in WM 

performance being  found, neurocognitive changes in the DLPFC were identified which 

suggested that top-down processes were employed in order to maintain task performance 

during anxiety.  
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1.4 Discussion 

This systematic review included 28 studies exploring the influence of 

experimentally-induced anxiety on WM performance in non-clinical adult samples. Despite 

methodological limitations, patterns of results informed how anxiety may impact WM. 

1.4.1 Summary of Findings 

 The results of this review found under conditions of induced anxious-apprehension 

(e.g. worry) verbal WM (Coy et al., 2011; Hallion et al., 2014; Ikeda et al., 1996; Leininger & 

Skeel, 2012; Visu-Petra et al., 2013) and the central executive (particularly for verbal tasks; 

Hallion et al., 2014; Hayes et al., 2008; Leigh & Hirsch, 2011; Visu-Petra et al., 2013) were 

disrupted, leaving spatial WM largely intact. This fits with predictions from PET/ACT 

(Eysenck et al., 2007). Also consistent with these theories were findings implicating mental 

effort (Kalisch et al., 2006; Williams et al., 2002) as a possible compensatory mechanism 

for alleviating any adverse effects from anxiety. Neuroimaging evidence further supported 

the notion that in the absence of performance deficits, cognitive efficiency can still be 

reduced (Fales et al., 2008; Kalisch et al., 2006).  

However, ACT/PET does not account for the full pattern of results, whereas Two-

Component Theory (Vytal et al., 2012; 2013) can fill the explanatory gaps. During anxious-

arousal inductions verbal WM was only affected under conditions of low-moderate 

cognitive load (Leach & Griffith, 2008; Robinson et al., 2008; Vytal et al., 2012; 2013), but 

was unaffected when cognitive load was higher (Lavric et al., 2003; Fales et al., 2008; 

Shackman et al., 2006; Vytal et al., 2012; 2013). However, spatial WM was disrupted 

irrelevant of cognitive load (Lavric et al., 2003; Shackman et al., 2006; Vytal et al., 2013).  

This evidence is consistent with the view that distinct neural pathways for anxious-

apprehension (e.g. left PFC) and anxious-arousal (e.g. right PFC; Sharp et al., 2015) result in 

different patterns of deficits depending upon which cognitive functions share the same 

neurocircuitry. Anxious-arousal appears to trigger automatic defensive mechanisms to 

promote survival through the detection of danger, drawing upon visuospatial attention in 

the right PFC leaving limited resources available for spatial WM. This view is also consistent 

with the Hemisphere Asymmetry Hypothesis (Shackman et al., 2006). Under less 
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demanding verbal tasks, competition for neural resources in the left PFC results in verbal 

WM deficits. However, once this cognitive load is increased, neural resources are 

consumed resulting in top-down emotion regulation and a reduction in anxiety.  

 There are some caveats with Two-Component Theory which still need to be 

addressed. Contrary findings were found by Kalisch et al. (2006) who found no evidence of 

verbal WM impairments under moderate cognitive load on a comparable WM task. The 

role of the central executive is also less understood in this theory. Although the term 

‘cognitive load’ appears to have been favoured, more demanding tasks could also be 

described as requiring greater executive resources. For instance, the n-back task relies on 

both temporary storage and active ‘updating’ to perform the task (Schmiedek, Lövdén & 

Lindenberger, 2014). It is therefore less understood whether, according to Two-Component 

Theory, anxiety impacts the storage component or updating function of WM. Furthermore, 

it is unknown whether these theories extend to WM tasks which draw on other executive 

processes (i.e. inhibition and shifting) as Cornwell et al. (2012) found deficits in inhibition 

during induced anxious-arousal.  

1.4.2 Overview of Methodological Considerations  

Studies included in the review revealed multiple methodological limitations. The 

use of between-subjects designs (or factors) were problematic due to individual variability 

in WM ability and responsiveness to anxiety-inductions. Over half of the studies had a 

sample size of less than 50 and many did not provide detailed participant characteristics. 

Control groups were not used in some studies making it difficult to isolate the specific 

effects of anxiety if all participants undertook the anxiety-induction. This was also affected 

by a lack of validated measures of state anxiety, mood manipulation checks not being 

undertaken, and varying administration procedures for similar mood induction techniques. 

Consequently, the success of the anxiety-induction was questionable in a variety of studies 

as well as subsequent cognitive performance. Most WM measures were unstandardized 

and either created or modified by the author. As a result, it was difficult to determine 

whether they were true measures of WM given their lack of psychometric validation. 

Conceptual issues also resulted in similar measures being used to test different 
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components of WM, complicated further by within-modality differences (i.e. auditory vs. 

verbal) being applied interchangeably to measure the same construct. 

Despite these limitations, many studies were well-constructed and designed to 

address the anxiety-cognition interaction. Most used mixed-designs with participants 

acting as their own control across anxious and non-anxious conditions. Induction 

techniques producing a robust and long-lasting affective state which endured during 

cognitive testing seemed most effective (e.g. threat-of-shock). Administering combinations 

of psychological and physiological measures of anxiety were useful for verifying the success 

of anxiety-inductions. The use of well-known, standardised and psychometrically 

equivalent measures ensured that WM as a construct was being assessed, providing results 

which could be contrasted across comparable studies. The use of more than one measure 

also allowed double dissociations to be recognised which can help eliminate the effect of 

possible confounds. A useful set of guidelines for implementing studies of this nature were 

outlined by Shackman et al. (2006).  

1.4.3 Clinical Implications 

 The results from this review have highlighted numerous clinical implications for the 

classification of anxiety disorders, management of anxiety and neuropsychological 

assessments. 

1.4.3.1 Classification of Anxiety Disorders. 

 The results from this review support the distinction between anxious-apprehension 

(e.g. worry, rumination) and anxious-arousal (i.e. physiological and somatic experiences) 

which differentially impact cognition. This framework could also be applied 

transdiagnostically to characterise different clinical presentations of anxiety. For instance, 

Generalised Anxiety Disorder and Obsessive Compulsive Disorder are both characterised 

by excessive worry and rumination, but less so with physiological symptoms (Dar & Iqbal, 

2015). This would fit with descriptions of anxious-apprehension. In contrast, Panic Disorder 

is characterised by intense physiological arousal and somatic symptoms (e.g. shortness of 

breath), which may be likened to anxious-arousal (Nitschke et al., 1999). Anxious-

apprehension may also be triggered due to fears of reoccurring panic attacks which 
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maintain a state of anxiety (Melzig, Weike, Zimmermann & Hamm, 2007). These 

distinctions are useful as they can span diagnostic categories and provide clear 

recommendations for anxiety management strategies with regards to associated cognitive 

deficits.  

1.4.3.2 Management of Anxiety. 

 Visual approaches may be less useful for individuals experiencing anxious-arousal, 

as visuospatial WM is likely to be disrupted. Therefore, using concrete arousal management 

strategies (e.g. diaphragmatic breathing and relaxation techniques; Varvogli & Darviri, 

2011) could be beneficial for reducing somatic experiences. Secondly, if anxious-arousal is 

accompanied by elements of anxious-apprehension, using cognitive strategies which place 

a high demand on verbal WM (e.g. mental arithmetic) will overload WM resources resulting 

in top-down emotion regulation and short-term distraction.  

If someone is experiencing anxious-apprehension without somatic symptoms (such 

as worry), this is likely to disrupt executive and verbal processes but leave visuospatial WM 

intact. Therefore, imagery-based techniques (e.g. guided imagery) may be useful for 

regulating affect (Leigh & Hirsch, 2011). It is also proposed that mindfulness could be a 

useful strategy as practices can be undertaken in verbal or visual modalities and have been 

found to improve visuospatial processing, WM and executive functions (Zeidan, Johnson, 

Diamond, David & Goolkasian, 2010).  

1.4.3.3 Neuropsychological Assessment.  

 The deleterious impact of anxiety on tests of WM may have important 

consequences for neuropsychological testing in clinical settings. Some studies which found 

WM impairments under induced-anxiety used clinical measures of WM (e.g. Coy et al., 

2011; Leininger & Skeel, 2012). Furthermore, these mood inductions typically involved 

instructions using terms such as “evaluation”, “intelligence tests” and “feedback”, all of 

which are synonymous with neuropsychological testing. Considering WM tests are often 

undertaken to assess for possible deficits or for diagnostic purposes (e.g. learning 

disabilities or brain injury; Egeland, 2015), it would be understandable that individuals may 

enter testing situations in a state of anxiety.  
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Measures of WM are also part of a widely used cognitive assessment battery 

(Wechsler Adult Intelligence Scale; Wechsler, 2008) with results contributing towards an 

estimate of full scale IQ. Therefore, results from these tests have important consequences 

making it imperative that any unexplained variance in the results is accounted for. With 

this in mind, it is recommended that a validated measure of state anxiety is administered 

at the time of testing to ensure an individual’s affective state does not significantly impact 

the accuracy of their cognitive performance.  

1.4.4 Recommendations for Future Research 

 Future research should seek to verify the claims of the Two-Component Theory 

using different anxiety-induction techniques which are able to induce a long-lasting 

affective state which is not influenced by individual differences. It is proposed that clinical 

neuropsychological assessments may be useful for exploring different aspects of WM as 

they have been rigorously validated with well-established psychometric properties, offer 

standardised administration procedures, and would provide findings directly applicable to 

clinical settings. Using combinations of psychological and physiological measures will also 

help determine whether a state of anxiety was induced. Other mediating factors have been 

suggested which may warrant further research. This includes the role of mental effort as a 

compensatory mechanism, measure of cognitive efficiency, and an indicator of cognitive 

load. Few studies have considered varying the cognitive load of WM tasks which should be 

investigated further. Finally, exploring differences between modality-related WM 

measures (e.g. auditory vs. verbal) may highlight more specific patterns of impairment.  

1.4.5 Limitations of the Review 

 There are several limitations to this review which need to be considered.  First, the 

model of anxiety proposed by Heller and colleagues (1995) was used to classify anxiety-

induction procedures and guide interpretation. These concepts were also drawn upon by 

Vytal et al. (2012) to develop the Two-Component Theory of anxiety and WM. Therefore, 

this may have influenced subsequent conclusions from this review. Second, WM measures 

are complex and can be interpreted differently amongst researchers. This may result in 

different classifications being used for these measures. However, it was hoped that being 

transparent about how this process was approached would help prevent ambiguity. Third, 
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the search criteria aimed to capture studies referencing anxiety or anxiety-related 

symptomology. However, due to definitional issues and the interchangeable use of certain 

terms (e.g. stress, fear, threat), this may have resulted in some papers being overlooked. 

Fourth, studies using measures which utilise a component of WM, but did not explicitly 

state this as its purpose, may have been overlooked (e.g. antisaccade task). Fifth, only 

studies which explicitly manipulated anxiety were included. However, studies of state 

anxiety and WM with no anxiety-induction (e.g. Chuderski, 2015) may have been useful in 

the absence of threshold ‘floor’ effects. Finally, studies of the episodic buffer of WM were 

not included in this review, for reasons already outlined under section 1.2.2.  

1.4.6 Conclusion 

In conclusion, this review found the Two-Component Theory to be the most 

comprehensive explanation for the effect of anxiety on WM. Support for a variety of other 

theories was also found including PET, ACT, as well as the Hemisphere Asymmetry 

Hypothesis. However, these were not able to account for the complex pattern of results 

emerging from the literature. States of anxious-apprehension appeared more likely to 

disrupt verbal WM and the central executive, whereas anxious arousal was more likely to 

affect verbal WM only under low-moderate cognitive load, but not under high load. 

However, spatial WM was disrupted regardless due to competition for resources between 

anxiety and visuospatial processes in shared neural regions (e.g. right DLPFC). Despite the 

evidence-base being subject to methodological limitations, a number of well-designed 

studies provided a clearer picture of how experimentally-induced anxiety impacts WM. 

Future research should look to test these theories using other anxiety-induction techniques 

capable of inducing prolonged affective states with standardised measures of anxiety and 

WM.  
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Chapter 2: Anxiety and Working Memory: 

Investigating Neuropsychological Test Performance 

during the Inhalation of 7.5% Carbon Dioxide 

 

“Anxiety is a thin stream of fear trickling through the mind. If encouraged, it cuts a 

channel into which all other thoughts are drained” 

-Arthur Somers Roche 

2.1 Introduction 

 Cognitive impairments have been observed throughout human history with early 

reports of language deficits following brain injury being noted in Ancient Egypt (3500 BC) 

in the Edwin Smith papyrus (McCarthy & Warrington, 1990). During the World Wars, 

cognitive deficits were formally assessed using standardised neuropsychological 

assessments which informed rehabilitation for injured soldiers (Witsken, D’Amato & 

Hartlage, 2008). Since this time, the application of neuropsychological skills has broadened 

to include the assessment of learning disabilities, presence of neurodegenerative 

conditions (e.g. dementia) in older adults, malingering in forensic and mental health 

populations, and more traditional assessments of cognitive functioning in neurological 

patients (Goldstein & McNeil, 2013). The recommendations from such tests can have 

profound consequences for the everyday lives of individuals, emphasising the importance 

of accurate, reliable and valid results (Chaytor & Schmitter-Edgecombe, 2003).  

 Factors affecting cognitive functioning can be broadly classed into ‘primary’ and 

‘secondary’ influences (Arnett, 2013). Primary (i.e. organic) influences are the direct result 

of damage to the brain (e.g. a left hemisphere stroke affecting speech production). In 

contrast, secondary (i.e. functional) influences are cognitive impairments unrelated to the 

brain injury such as fatigue, the experience of pain and mood states. Interest in the impact 

of anxiety on cognitive functioning has grown in recent years with many theories 

identifying WM as particularly vulnerable to the effects of anxiety (Eysenck et al., 2007; 

Shackman et al., 2006; Vytal et al., 2013). This has significant implications as WM is critical 
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for many other cognitive abilities including reasoning, language comprehension, and 

visuospatial processing (D’Esposito, 2007).  

It would be understandable for individuals to feel anxious during 

neuropsychological testing considering the potential implications of their performance 

(e.g. identifying a cognitive deficit). However, there is paucity of research examining how 

anxiety-related biases might be associated with clinically administered neuropsychological 

assessments (Clarke & MacLeod, 2013). This study aimed to address this dearth by 

exploring the effect of experimentally-induced anxiety on clinical measures of WM.  

2.1.1 Anxiety 

Clinical anxiety is a worldwide health problem with a global prevalence of 7.3% for 

all anxiety subtypes (Baxter et al., 2013). Anxiety is often divided into ‘state’ anxiety 

referring to fluctuations in emotional arousal in any given moment, and ‘trait’ anxiety which 

is a stable personality dimension relating to the tendency to perceive environmental stimuli 

as threatening (Spielberger, 1966). The neurocognitive mechanisms of anxiety involve both 

top-down and bottom up processes which facilitate the allocation of attentional resources 

for threat detection (Rolls, 2013). When a perceived threat is encountered, the amygdala 

reacts quickly with threat-focused attention which is consistent with a stimulus-driven 

(bottom-up) response (Davis & Whalen, 2001). When attention needs to remain task-

focused in the presence of emotional distractors, the DLPFC reduces the potency of the 

amygdala’s response to facilitate goal-directed (top-down) processing (Okon-Singer et al., 

2015). The role of the PFC in regulating emotions and directing behaviour is important, as 

similar neurocognitive structures are involved in WM processes.  

2.1.2 Working Memory 

 WM is critical for goal-directed activities relying upon the active maintenance and 

manipulation of recently attended information in multitasking situations (Redick & Lindsey, 

2013). The MCM suggests WM consists of verbal (Phonological Loop) and visual 

(Visuospatial Sketchpad) storage components and a central executive for manipulation of 

information (Baddeley; 2000; Baddeley & Hitch, 1974; see section 1.1.2.1). A ‘component 

processes’ account suggests WM is dispersed across various brain regions, recruiting 
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structures which corresponds with the modality or function of the task being undertaken 

(Eriksson et al., 2015). The DLPFC has been implicated in enhancing internal 

representations of relevant sensory input in these different regions (Curtis & D’Esposito, 

2003). Meta-analysis also suggested the DLPFC was more sensitive to spatial information, 

whereas the left VLPFC showed greater sensitivity to non-spatial (verbal) content (Nee et 

al., 2013). 

Evidence to date implicates the PFC (particularly the DLPFC) in both the regulation 

of anxiety, as well as enhancing the salience of WM representations dispersed throughout 

the brain. Consequently, competition for neural resources in these regions may result in 

WM processes being impacted as more intrinsic stimulus-driven responses (relating to 

anxiety) may take precedent over top-down cognitive processes (Shackman et al., 2006).  

2.1.3 Psychological Theories of Anxiety and Working Memory 

Many studies have reported cognitive impairments in clinical anxiety disorders (e.g. 

Airaksinen et al., 2005; Casteneda et al., 2011; Sylvester et al., 2012). These deficits have 

been proposed to contribute towards the anxiety-related difficulties in social and 

occupational functioning (Robinson et al., 2013). WM was proposed to account for these 

anxiety-related cognitive deficits (Eysenck, 1979; 1982), which resulted in numerous 

studies and several theoretical accounts. Due to the heterogeneous nature of clinical 

populations, researchers have predominantly recruited healthy volunteers to examine the 

effect of anxiety on cognition under experimental conditions, allowing cause-effect 

relationships to be inferred (Robinson et al., 2013). An overview of theories of anxiety-WM 

interactions can be found in section 1.1.3.  

Research supporting these theories have been subject to various methodological 

limitations (see section 1.4.2). In addition to correlational approaches, many used 

between-subjects designs which were problematic due to individual variability in WM 

ability (Daily et al., 2001; Mella et al., 2016) and susceptibility to anxiety-induction 

procedures (Gomez et al., 2000; Scherrer & Dobson, 2009). There were also a lack of 

validated measures of state anxiety, mood manipulation checks not being undertaken, and 

varying administration procedures for similar anxiety-induction techniques. Consequently, 
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the success of the induction was questionable in a variety of studies as well as subsequent 

cognitive performance.  

2.1.4 Anxiety and Clinical Neuropsychological Assessments 

 Many studies used WM measures developed or modified by researchers in lab-

based experiments (see section 1.3.4.4). Therefore, most lacked validation of their 

psychometric properties (e.g. construct validity, internal reliability) which limit the 

interpretation of findings and comparisons across similar studies (Shackman et al., 2006). 

For this reason, the use of clinical neuropsychological assessments were proposed as they 

have been robustly standardised with their psychometric qualities well-documented in the 

literature (Coy et al., 2011). However, research using these measures to explore anxiety 

and cognition in healthy samples have found mixed results. This could be related to 

methodological differences such as those examining trait anxiety only (e.g. Gass & Curiel, 

2011; Kizilbash, Vanderploeg & Curtiss, 2002; Misdraji & Gass, 2010), state anxiety without 

a mood induction (e.g. Hopko, Crittendon, Grant & Wilson, 2005; Waldstein et al., 1997), 

and those using anxiety-induction procedures to assess state anxiety (Coy et al., 2011; 

Leininger & Skeel, 2012).  

Investigating trait anxiety does not eliminate the possibility that group differences 

resulted from other dispositional characteristics, or allow direct inferences to be drawn 

regarding changes in cognitive performance in relation to corresponding affective states 

(Cornwell et al., 2012). This is confounded further due to many trait anxiety studies 

employing correlational designs and not using low-anxiety control groups (Coy et al., 2011). 

Researching state anxiety without a mood induction may result in threshold ‘floor’ effects, 

which fail to elicit significant levels of anxiety to influence neuropsychological performance 

(e.g. Waldstein et al., 1997). Due to these limitations, studies utilising anxiety-induction 

procedures appear to be useful for experimentally investigating the relationship between 

anxiety and WM. Even so, the choice of induction technique can impact the intensity, 

subtype and duration of affect, which can subsequently influence the measured effects on 

cognitive performance. Therefore, it has been recommended that research examining 

affect-cognition interactions must elicit affective states which endure for the length of the 

cognitive task (Lavric et al., 2003; Shackman et al., 2006).  
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2.1.5 Carbon Dioxide Experimental Model of Anxiety 

 The inhalation of air enriched with 7.5% carbon dioxide (CO2) has been utilised as a 

novel anxiety-induction procedure to explore the neurobiology and treatment of anxiety 

disorders (Bailey, Argyropoulos, Kendrick & Nutt, 2005). Studies using this approach have 

found increased reports of anxiety and worry as well as increases in physiological arousal 

such as heart rate, blood pressure and respiratory rate (Bailey et al., 2005; 2011; Pinkney, 

Wickens, Bamford, Baldwin & Garner, 2014; Poma et al., 2005). This model of anxiety is 

further validated by evidence of reductions in CO2-related anxiety following anxiolytic 

medication (Bailey, Kendrick, Diaper, Potokar & Nutt, 2007; Bailey, Papadopoulos, Seddon 

& Nutt, 2009). Ainsworth and colleagues (2015) have also found reductions in CO2-induced 

anxiety following psychological interventions (i.e. mindfulness practice).  

 Increased levels of CO2 are detected by central and peripheral chemoreceptors 

which increase respiration (Li et al., 2006) and have secondary effects such as elevated 

heart rate (Pöyhönen, Syläoja, Hartikainen, Ruokonen & Takala, 2004). It has been 

proposed that individuals with panic disorder may have hypersensitive chemoreceptors, 

triggering suffocation-based alarms resulting in intense anxiety and panic (Klein, 1993). 

Whereas the single vital capacity inhalation of 35% CO2 appears to induce a state more akin 

to panic, the 7.5% CO2 model appears more consistent with symptomology seen in 

Generalised Anxiety Disorder, such as anxiety, worry and physiological arousal (Bailey et 

al., 2011).  

 An advantage of this procedure is that it induces a stable, chronic state of anxiety 

when inhaled for 20 minutes, allowing performance measures (e.g. cognitive tasks) to be 

completed simultaneously during peak effects (Bailey et al., 2005). This has allowed 

neurocognitive studies of threat processing (Cooper et al., 2013; Garner, Attwood, Baldwin, 

James & Munafò, 2011), attention (Cooper et al., 2011; Garner, Attwood, Baldwin & 

Munafò, 2012), and face memory (Attwood, Catling, Kwong & Munafò, 2015) to be 

investigated. However at present, this model has not been used to directly explore the 

relationship between anxiety and WM, or the utility of clinical neuropsychological 

measures during such affective states.  
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2.1.6 Mediating and Moderating Factors 

 Within the literature, various mediating and moderating factors have been 

proposed (see section 1.3.7). Measures of cognitive interference have been used (e.g. Coy 

et al., 2011), which capture task-relevant and task-irrelevant thoughts whilst undertaking 

cognitive tests during induced-anxiety. Similarly, high worry has been implicated in 

affecting verbal WM due to being a verbal-linguistic process (Hallion et al., 2014; Leigh & 

Hirsch, 2011). In response to increased worry, PET/ACT suggests individuals attempt to 

compensate for any adverse effects by investing greater cognitive resources (Eysenck et 

al., 2007). This frequently involved measuring reaction times (e.g. Derakshan, Ansari, 

Hansard, Shoker & Eysenck, 2009), but there has been a growing interest in measuring 

mental effort which appears to be higher under anxious conditions (Kalisch et al., 2006; 

Edwards, Edwards & Lyver, 2015; 2016; Hadwin, Brogan & Stevenson, 2005). This may be 

indicative of anxiety-related reductions in processing efficiency.  

Cognitive load has also been found to interact with WM modality (e.g. Vytal et al., 

2012; 2013). This could be related to individual differences in visual-verbal cognitive style. 

Research has suggested that when processing a stimuli in a non-preferred modality, it is 

mentally converted to the preferred modality to facilitate processing and later recall 

(Kraemer, Rosenberg & Thompson-Schill, 2009). Therefore, it may be useful to consider 

differences in cognitive style in relation to WM and whether there is a cost under anxiety. 

Finally, many studies used ego-threatening instructions to induce anxiety, typically 

mentioning terms such as “evaluation” and “feedback” (e.g. Ikeda et al., 1996; Leininger & 

Skeel, 2012). This could have important implications for neuropsychological testing where 

such terms may arise. Therefore, it is useful to examine individual differences in fear of 

negative social evaluation and whether this concurrently influences anxiety and WM during 

neuropsychological assessments. 

2.1.7 The Present Study 

The present study investigated the effects of 7.5% CO2 induced-anxiety on WM 

performance using standardised clinical neuropsychological assessments. The use of a CO2 

anxiety-induction allows within-subjects comparisons (Cooper et al., 2011) which control 

for individual trait variability. It also reduces floor effects and induces higher states of 
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anxiety more representative of the ‘high-stakes’ conditions during clinical 

neuropsychological testing. A combination of validated psychological and physiological 

measures were administered to verify successful mood manipulation. Neuropsychological 

assessments included measures of auditory-verbal (Digit Span) and spatial (Spatial Span) 

WM selected due to their common use in clinical practice (Camera, Nathan & Puente, 2000; 

Rabin, Barr & Burton, 2005). These measures also vary in cognitive load from simple storage 

tasks to more complex manipulations of information. Variability in cognitive load between 

WM tasks will be verified using performance and effort measures.   

To measure the central executive, a set-shifting task was included (Trail-Making) 

due to evidence the shifting function of WM is impaired during anxiety (Eysenck & 

Derakshan, 2011) and the common use of this measure in clinical practice (Rabin et al., 

2005). Following research outlined in the previous section, additional measures explored 

the effects of mental effort, worry, fear of negative social evaluation, cognitive style 

(verbal-visual), and task-relevant/irrelevant thoughts and imagery during the cognitive 

tasks. Previous research has operationalised WM in a multitude of ways which has made 

comparisons across studies problematic. Therefore, this study analysed the effects of 

anxiety on WM performance (i.e. total score for each measure), capacity (i.e. longest span), 

and efficiency (i.e. the relationship between performance and invested mental effort).  

The aims of the present study were twofold. Firstly, to investigate the effects of 

induced-anxiety on clinical neuropsychological measures of WM to inform whether anxiety 

influences cognitive performance. Secondly, to explore how anxiety influences WM with 

regards to previous findings and comparisons with theoretical models of anxiety-cognition 

interactions. Considering anxiety-inductions using CO2 inhalation has resulted in numerous 

reports of increased physiological arousal (e.g. Bailey et al., 2005; 2011), this approach was 

considered more akin to inducing anxious-arousal. As a result, hypotheses were based 

upon findings from research employing similar anxious-arousal inductions (e.g. threat-of-

shock; Shackman et al., 2006; Vytal et al., 2012; 2013).  

2.1.8 Hypotheses  

1.  Participants will report higher levels of anxiety on self-report measures and 

heart rate and blood pressure following CO2 inhalation, compared to normal air.  
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2.  Participant’s performance on spatial WM measures will be significantly 

lower during CO2 inhalation compared to normal air, regardless of cognitive load. 

3. Participants performance on verbal WM measures during CO2 inhalation will 

be significantly lower under low cognitive load (Digit Span Forwards), but not under 

higher load (Digit Span Backwards and Sequencing) compared to normal air. 

4.  Participants will perform significantly worse on the number-letter switching 

executive task during the CO2 inhalation compared to normal air. 

5.  Participants will report greater mental effort during all WM tasks in the CO2 

inhalation compared to normal air, consistent with reduced processing efficiency.  

 

The influence of trait anxiety, worry, negative social evaluation, cognitive style and 

task-irrelevant/relevant thoughts and mental imagery were also explored using 

questionnaire measures to examine whether these constructs were related to reported 

anxiety or cognitive performance.  
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2.2 Method 

2.2.1 Design 

The present study used an experimental mixed multi-factorial design with each 

participant completing two testing sessions. During the first session participants were 

randomly assigned to either the experimental (CO2) or control condition (normal air), 

completing the alternate condition in the following weeks (range 5-30 days, M=10.7, 

SD=5.9). Condition order was counterbalanced (between-subjects factor) to control for 

order and practice effects with participants blind to the condition. This design allowed 

participants performance across conditions to be compared to themselves, increasing the 

potential that group differences result from the experimental manipulation rather than 

individual variability (Vytal et al., 2013). 

 Dependant variables were measures of verbal WM using simple and complex span 

tasks (forwards, backwards and sequencing), measures of spatial WM of a similar format 

(forwards and backwards), a measure of executive set-shifting, self-reports of mental effort 

following each WM task, physiological measures of state anxiety (heart rate and blood 

pressure), questionnaire measures of state anxiety, and questionnaires for task-relevant 

and task-irrelevant thoughts and imagery. Additional measures for visual searching, 

sequencing and motor speed were administered from the same executive test battery to 

isolate the source of any effects (see section 2.2.3.1.3).  

Experimental condition (normal air vs. CO2 inhalation) was the within-subjects 

factor and additional independent variables were questionnaire measures of trait anxiety, 

worry, social evaluation and cognitive style (verbal or visual). WM performance and mental 

effort were weighed against each other to produce a score of processing efficiency. 

Demographic information collected from all participants included age, gender, height, 

weight, body mass index and first language. 

2.2.2 Participants 

Sample size calculations (Appendix E) suggested a sample size of 20-24 to replicate 

the effect sizes of previous studies regarding elevated state anxiety and WM performance. 
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A total of 36 healthy participants were recruited into the study. Five participants withdrew 

before completion resulting in their data not being included. One participant’s data was 

excluded due to variable results, attributed to English not being their first language. This 

resulted in a final sample of 30 undergraduate students (25 female) between the ages of 

18-26 years (M=19.8, SD=2.3). An equal number of participants completed CO2 (n=15) or 

normal air (n=15) in their first session. Consistent with previous CO2 studies (e.g. Garner et 

al., 2011; 2012), participants completed a telephone pre-screening interview (Appendix F) 

containing items from the Mini International Neuropsychiatric Interview (Sheehan et al., 

1998) and questions regarding physical health. A summary of exclusion criteria can be 

found in Appendix G.  

2.2.3 Measures  

2.2.3.1 Neuropsychological Assessments. 

 2.2.3.1.1 Digit Span subtest from the Wechsler Adult Intelligence Scale – Forth Edition 

(WAIS-IV; Wechsler, 2008; Copyright). Digit Span measures verbal WM using simple and 

complex numeric span tasks. Strings of digits are recalled forwards (DSF), backwards (DSB) 

and in sequential order (DSS). It has good internal reliability (α=.89 to .90), test re-test 

reliability (r=.80 to .89) and construct validity (Strauss, Sherman & Spreen, 2006; Wechsler, 

2008). Being part of the WAIS-IV, Digit Span is widely used (Camera et al., 2000; Rabin et 

al., 2005) and has been employed to explore anxiety and WM interactions (e.g. Coy et al., 

2011; Gass & Curiel, 2011; Grosdemange et al., 2015). Test administration was 

discontinued after two incorrect responses on the same trial as per standard procedure. 

Scores were calculated for DSF, DSB, DSS and a total score for the total number of 

successfully completed items. 

2.2.3.1.2 Spatial Span subtest from the Wechsler Nonverbal Scale of Ability (Wechsler 

& Naglieri, 2006; Copyright). Spatial Span measures spatial WM and was based on the Corsi 

Block Test (Corsi, 1972). Participants are instructed to replicate a sequence of tapping on 

different blocks (see Appendix H) both forwards (SSF) and backwards (SSB). Factor analysis 

distinguished between Spatial Span and Digit Span suggesting they measure distinct WM 

components (Kessels, van den Berg, Ruis & Brands, 2008). Internal reliability and test re-

test reliability has been reported to be between .70 and .79 (Strauss et al., 2006). Spatial 
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span correlates with other spatial WM measures (concurrent validity) including Spatial 

Addition (r=.58) and Symbol Span (r=.52; Wechsler, 2010). Variations of Spatial Span have 

been used in anxiety and WM studies (e.g. Coy et al., 2011; Grosdemange et al., 2015; 

Markham & Darke, 1991). Testing was discontinued after two incorrect responses on the 

same trial as per standard procedure. Scores were calculated for SSF, SSB, and a total score 

for the total number of successfully completed items. 

  2.2.3.1.3 Trail-Making Test from the Delis-Kaplin Executive Function System (Delis et 

al., 2001; Copyright). This paper-and-pencil task based upon the commonly used Trail-

Making test (Partington & Leiter, 1949) measures executive abilities such as set-shifting. 

Participants connect numbers and letters in an alternating sequence as quickly as possible 

(see Appendix I). Five subtests were administered measuring visual searching, number-

sequencing, letter-sequencing, number-letter switching (main Trail-Making task), and 

motor speed which collectively isolate the cognitive components involved in the Trail-

Making task. Internal reliability varies across age groups (α=.57 to .81; Delis et al., 2001), 

but ecological validity has been found to be good regarding predicting functional deficits 

(Mitchell & Miller, 2008). It has good construct validity with executive functions 

(Arbuthnott & Frank, 2000) and WM abilities (Salthouse, 2011). Trail-Making has been 

widely used in neuropsychological assessments (Rabin et al., 2005) and to explore anxiety 

and executive components of WM (e.g. Airaksinen et al., 2005; Grosdemange et al., 2015; 

Leininger & Skeel, 2012).  

2.2.3.2 Questionnaires. 

2.2.3.2.1 State-Trait Anxiety Inventory (STAI; Spielberger et al., 1983; Copyright). The 

STAI is a 40-item self-report measure with state and trait anxiety subscales. Participants 

respond to items based upon how they feel “at this moment” (STAI-State) and “in general” 

(STAI-Trait). Scores are totalled to produce a subscale total (range 20-80) with higher scores 

representing greater anxiety. The STAI has good convergent and discriminant validity, high 

internal reliability (α=.86 to .95) and varying test re-test reliability (r=.31 to .86) as state 

anxiety is a transient construct (Spielberger et al., 1983). The STAI has been used in many 

studies examining anxiety and WM (e.g. Leininger & Skeel, 2012; Robinson et al., 2008; 

Vytal et al., 2012). 
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2.2.3.2.2 Penn State Worry Questionnaire (PSWQ; Meyer et al., 1990; Appendix J.1). 

The PSWQ is a 16-item questionnaire measuring trait worry. Participant’s rate worry-

related statements from 1 (not at all typical of me) to 5 (very typical of me) which produce 

a total score reflecting trait worry (range 16-80). It has high internal reliability (α=.91 to 

.95), test-retest reliability (r=.92), and good construct and diagnostic validity (Brown, 

Antony & Barlow, 1992; Meyer et al., 1990). The PSWQ was used in studies investigating 

anxiety, worry and WM (Fales et al., 2008; Hallion et al., 2014; Hayes et al., 2008).  

2.2.3.2.3 Generalised Anxiety Disorder-7 (GAD-7-State; Spitzer, Kroenke, Williams & 

Löwe, 2006; Appendix J.2). The GAD-7-State is a 7-item anxiety measure commonly used in 

clinical settings. Participants rate statements relating to worry and somatic tension. This 

adapted-version captures state anxiety and uses a visual analogue scale (range 0-160) for 

each item. This adaptation has been successfully used in other CO2 studies (e.g. Bamford 

et al., 2015) to capture changes in anxiety from baseline to post-inhalation. The original 

GAD-7-State has good internal reliability (α=.92), as well as criterion, construct, factorial 

and procedural validity (Spitzer et al., 2006). The sum of item scores produces a total score 

with higher scores indicative of greater anxiety.  

2.2.3.2.4 Brief Fear of Negative Evaluation Questionnaire – II (BFNE; Carleton, 

Collimore & Asmundson, 2007; Appendix J.3). This revised 12-item questionnaire based upon 

the original BFNE (Leary, 1983) measures fear of negative social evaluation. Participants 

rate statements relating to self-evaluation regarding how characteristic it is of them (1=not 

at all, 5=entirely). The BFNE has high internal reliability (α=.97), good discriminant validity 

and convergent validity with measures of social anxiety (Carleton et al., 2007). It has been 

used to examine social aspects of anxiety and WM performance (e.g. Moriya & Sugiura, 

2012; 2013). Higher scores are indicative of greater fear of negative evaluation.  

2.2.3.2.5 Verbalizer-Visualizer Questionnaire (Richardson, 1977; Appendix J.4). This 15-

item questionnaire measures individual differences in cognitive style (verbal vs. visual). 

Participant’s rate verbal and visual items (true or false) based upon their propensity for 

using that modality. Scores are totalled for verbal (7 items) and visual (8 items) statements 

creating two subscales. Factor analysis has found support for these two factors (Green & 

Schroeder, 1990) as well as moderate convergent validity with similar measures (Leutner 

& Plass, 1998) and variable test re-test reliability (r=.39 to .91) depending on the time 
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interval (Antonietti & Giorgetti, 1996; Richardson, 1977). Although problems with its 

psychometric properties have also been noted (Kirby, Moore & Schofield, 1988), it is 

frequently used for measuring cognitive style (Leutner & Plass, 1998).  

2.2.3.2.6 Cognitive Interference Questionnaire (CIQ; Sarason, Sarason, Keefe, Hayes & 

Shearin, 1986; Sarason & Stoops, 1978; Appendix J.5). The CIQ is a 22-item questionnaire 

measuring the frequency (1=never, 5=very often) of intrusive thoughts during a task, 

divided into task-relevant worries (i.e. worry about their performance) and task-irrelevant 

thoughts (e.g. what they have done that day). Factor analysis supports this structure 

(Sarason et al., 1986). There is adequate internal reliability (α=.71 to .86), test re-test 

reliability (r=.66 to .70), and convergent validity with thought listing techniques (Blankstein, 

Toner & Flett, 1989; Hunsley, 1987; Lachman & Agrigoroaci, 2012). Participants completed 

the CIQ following both testing sessions. Total and subscale scores are produced, with higher 

scores indicative of off-task thoughts. The CIQ has been to explore anxiety and memory 

(e.g. Coy et al., 2011; Lachman & Agrigoroaci, 2012).  

2.2.3.2.7 Cognitive Interference Questionnaire for Mental Imagery (CIQ-MI; Appendix 

J.6). The CIQ-MI is a 21-item adapted-version of the CIQ (Sarason et al., 1986) with 

references to thoughts replaced by terms for mental imagery. This measure was modified 

for the present study to capture task-relevant and task-irrelevant mental imagery during 

tasks. This notion followed evidence that anxious individuals experiencing negative self-

images during feared social situations, reported greater anxiety and poorer perceptions of 

their social performance (Hirsch, Meynen & Clark, 2004). The psychometric properties of 

this questionnaire will be explored as part of the present study.  

2.2.3.2.8 Rating Scale for Mental Effort (RSME; Zijlstra, 1993; Appendix J.7). This scale 

asks participants to rate (0-150) how much mental effort they put in to completing a task. 

It uses 9 anchor points describing invested effort (e.g. extreme effort, almost no effort). 

The RSME has good test re-test reliability (r=.71 to .81) despite effort being a transient 

construct and convergent validity with other effort measures (Hoonakker et al., 2011). 

Participants completed the RSME after each WM task. The RSME has been used in studies 

investigating anxiety and WM (e.g. Edwards et al., 2016; Hadwin et al., 2005; Williams et 

al., 2002). 
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2.2.3.2.9 Qualitative Feedback. Participants provided optional qualitative feedback 

post-inhalation in response to the question “Can you please describe the thoughts, feelings 

and sensations that you experienced during each inhalation period?”. This aimed to 

capture any experiences overlooked by the questionnaires and inform future studies. 

Participants were also asked in the second session whether they thought they were in the 

CO2 or normal air condition during their first session. 

2.2.3.3 Physiological Measures. 

Participant’s heart rate (beats per minute) and blood pressure (systolic and 

diastolic) were recorded at baseline and post-inhalation to measure anxiety-related 

arousal. These physiological indices were sensitive to changes in anxiety in studies 

examining anxiety and cognition (e.g. Cornwell et al., 2012; Garner et al., 2011; Leach & 

Griffith, 2008). 

2.2.4 Apparatus 

 Autonomic arousal (heart rate/blood pressure) was recorded using an Omron-M2 

(Medisave, UK) upper arm-cuff monitor. Participants were screened for alcohol use using a 

Lion 500 Alcolmeter (Lion Laboratories, UK). The gas mixture was 7.5% CO2, 21% oxygen, 

and 71.5% nitrogen (BOC Gases, UK) delivered using an oro-nasal face mask (Hans Rudolph, 

Kansas City, USA) attached to a 500 litre bag. White noise static played during both 

conditions to mask differences between gas and normal air conditions using an iPod Model 

A1446 (Apple Inc, USA) connected to speakers (X-140 Logitech, China).  

2.2.5 Procedure 

Participants were recruited using the university online recruitment website (eFolio) 

and poster advertisements (Appendix K). Interested participants emailed the experimenter 

to request an Information Sheet (Appendix L) and arrange a telephone pre-screening 

interview to confer eligibility before booking their first testing session. If exclusion criteria 

were met (Appendix F), participants were not recruited into the study and received the 

post-screening debrief (Appendix M). A summary flowchart of the recruitment process can 

be found in Appendix N. During testing sessions (approximately 1 hour), eligibility was 

verified by screening participants for recent alcohol use, caffeine, medication, confirming 
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they were not pregnant, and were within accepted limits for heart rate and blood pressure 

(these were also used as baseline measures). Participants reviewed the information sheet 

and signed the consent form (Appendix O). Questionnaires for trait characteristics and 

state anxiety were then completed, before being fitted with the oro-nasal face mask.  

Participants inhaled either CO2 or normal air for a period of no longer than 20 

minutes. During this inhalation, participants completed the neuropsychological 

assessments. All assessments were delivered using standard administration procedures 

from the test manuals by two trained post-graduate clinical psychology students. The order 

of assessments were fixed by modality (executive-verbal-spatial) to reduce any effects of 

verbal demands on inhalation. White noise (mimicking the sound of gas being released) 

was also played across both conditions to mask any sound differences between CO2 and 

normal air.  

Following inhalation, the mask was removed and participant’s heart rate and blood 

pressure were measured. State anxiety measures were then repeated based upon any peak 

effects during the inhalation period. The thoughts (CIQ) and mental imagery (CIQ-MI) 

questionnaires were then completed. Optional qualitative feedback was also collected at 

this point. Participants remained in the lab until any residual effects from the inhalation 

had dissipated and a second testing session was arranged. Participants received a follow-

up call within 24 hours of taking part to confirm they were not experiencing any lasting 

adverse effects.  

The second session took place in the following weeks, depending upon the 

participant’s availability, which aimed to reduce any practice effects on the measures. This 

session followed the same format without trait questionnaires being administered and 

participants undertaking the uncompleted inhalation condition. Additionally, participants 

were asked which condition they thought they were in during the first session, given a 

verbal and written debrief (Appendix P), and an opportunity for questions. Participants 

received another follow-up call within 24 hours of completing the study including those 

who withdrew. A summary of the research protocol with approximate durations of each 

task and measure is provided in Appendix Q.  
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2.2.6 Ethics 

 Ethical approval was granted by the Research Governance Office at the University 

of Southampton (Appendix R & S). All participants provided informed consent, were 

reminded of their right to withdraw, and given a formal debrief. For safety reasons, the gas 

was delivered single-blind resulting in the experimenter being aware of the experimental 

condition. Two researchers were in the lab at all times, with at least one of them being a 

qualified first aider. No participants reported any adverse effects following participation 

during the 24 hour follow-up.  

2.2.7 Data Preparation and Analysis 

 Neuropsychological tests were scored manually following standard procedures 

outlined in test manuals. Raw scores were used for Spatial and Digit Span to allow 

comparisons between individual tasks (e.g. forwards vs. backwards), as normative scores 

are only available for the total score. The total number of successfully repeated number 

strings were used as the measure of WM performance. The longest successful number 

string for Digit Span and longest tapped sequence for Spatial Span were recorded as 

measures of WM capacity. For Trail-Making, completion times were the measure of 

performance. 

To measure the processing efficiency of WM, mental effort ratings and WM 

performance scores were converted to a common metric (T-Scores), based upon 

participants performance across the two conditions (CO2 and normal air). They were then 

weighted against each other to produce an efficiency score, drawing upon the mental 

efficiency formula from Paas and Merriënboer (1993) shown below: 

 

𝑷𝒓𝒐𝒄𝒆𝒔𝒔𝒊𝒏𝒈 𝑬𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 =  
(𝑾𝑴 𝑷𝒆𝒓𝒇𝒐𝒓𝒎𝒂𝒄𝒆 − 𝑴𝒆𝒏𝒕𝒂𝒍 𝑬𝒇𝒇𝒐𝒓𝒕)

√𝟐
 

  

Data analysis was conducted using the software package SPSS. Repeated-measures 

ANOVA and t-tests were used to determine the success of the mood manipulation. 

Repeated-measures multivariate ANOVA (MANOVA) were used for each cognitive domain 
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(spatial WM, verbal WM and central executive) to explore whether these measures 

differed across experimental conditions. The order of conditions was entered as a between-

subjects factor to determine the presence of practice and order effects. Non-parametric 

tests were used to explore WM capacity. 
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2.3 Results 

2.3.1 Descriptive Statistics  

Demographic characteristics of the study sample are displayed in Table 3. Scores of 

trait anxiety (M=35.17, SD=8.00; STAI-Trait) and fear of negative evaluation (M=27.63, 

SD=9.20; BFNE) were comparable to those found in healthy samples (Carleton et al., 2007; 

Spielberger et al., 1983), whereas reports of worry (M=43.47, SD=11.25; PSWQ) were 

slightly below published non-clinical norms (Meyer et al., 1990). Most questionnaires 

displayed high internal reliability with the exception of the Visualizer-Verbaliser 

Questionnaire. As a result, this measure was considered unreliable and not used in further 

analysis. The Task-Irrelevant Interference subscale of the CIQ also reported low internal 

reliability, but only during the normal air condition.  

 Parametric assumptions were explored for all variables across conditions using 

Shapiro-Wilk tests. Within the normal air condition, reasonable normal distribution was 

found for all neuropsychological measures except for the Trail-Making subtests, which was 

addressed using a logarithmic transformation. All questionnaires had reasonable normal 

distribution of scores with the exception of pre-STAI-State, post-GAD-7-State, CIQ and CIQ-

MI. Although the STAI-State, GAD-7-State and CIQ-MI had z-scores for skew and kurtosis 

below the recommended ±1.96 cut-off (Mayers, 2013), the CIQ total showed positive skew 

(z=4.51) and a leptokurtic distribution (z=7.42).  

Within the CO2 condition, Shapiro-Wilk tests found reasonable normal distribution 

for most measures except for DSF, W(30)=.904, p=.011, DSB, W(30)=.865, p=.001 and SSF, 

W(30)=.912, p=.017. Further investigations found only the skew for DSB (z=2.30) to be 

above the ±1.96 cut-off. This variable was still included in parametric tests due to 

reasonable evidence of normal distribution with the caveat that if significant reductions in 

scores were not found during the CO2 condition, it may be attributable to a slightly inflated 

mean. The only questionnaire measure which was not normally distributed was CIQ-MI, 

W(30)=.856, p=.001, which was positively skewed (z=3.64) and had a leptokurtic 

distribution (z=3.11). As a result of similar problems for CIQ and CIQ-MI under normal air 

conditions, logarithmic data transformations were performed for both measures.  
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Table 3 

Demographic Characteristics and Trait Measures 

Variable M SD α 

Age in Years 19.83 2.28 - 

Body Mass Index 21.78 2.76 - 

Days between session 1 and 2  10.70 5.91 - 

STAI-Trait 35.17 8.00 .85 

BFNE 27.63 9.20 .94 

PSWQ 43.47 11.25 .90 

Visualizer-Verbalizer Questionnaire 

Verbalizers 

Visualizers 

Total 

 

4.03 

2.97 

7.00 

 

1.30 

1.45 

1.98 

 

.26 

.42 

.35 

CIQ (Normal Air) 

Task-Relevant Interference 

Task-Irrelevant Interference 

Total 

 

25.43 

13.53 

38.97 

 

11.02 

3.66 

11.85 

 

.47 

.82 

.50 

CIQ (CO2) 

Task-Relevant Interference 

Task-Irrelevant Interference 

Total 

 

26.73 

14.17 

40.90 

 

7.63 

4.31 

9.35 

 

.79 

.82 

.79 

CIQ-MI (Normal Air) 

Task-Relevant Interference 

Task-Irrelevant Interference 

Total 

 

18.27 

13.00 

31.27 

 

6.57 

3.12 

8.62 

 

.90 

.79 

.89 

CIQ-MI (CO2) 

Task-Relevant Interference 

Task-Irrelevant Interference 

Total 

 

21.87 

14.30 

36.17 

 

7.93 

5.90 

11.59 

 

.89 

.89 

.90 

Notes: The CIQ and CIQ-MI were completed following inhalation for both conditions resulting in 

2 sets of results for each participants.  

Abbreviations: BFNE=Brief Fear of Negative Evaluation Scale, CIQ=Cognitive Interference 

Questionnaire, CIQ-MI=Cognitive Interference Questionnaire-Mental Imagery, PSWQ=Penn 

State Worry Questionnaire, STAI-Trait=State-Trait Anxiety Inventory-Trait Form 

 

Pre-inhalation heart rate scores were not normally distributed across conditions, 

which is understandable considering participants had to be below cut-off criteria before 

taking part. However, post-inhalation scores were the primary focus of further analysis 

which met parametric assumptions. Finally, scores from the STAI-Trait, PSWQ, Visualizer-

Verbaliser Questionnaire, and BFNE all had reasonable normal distribution.  
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2.3.2 Mood Manipulation Check 

 Psychological and physiological measures of state anxiety were taken pre- and post-

inhalation to verify the success of the mood manipulation (see Table 4). 

Table 4 

Descriptive Statistics for Psychological and Physiological Measures of State Anxiety. 

 Normal Air Condition CO2 Condition 

 Pre Post Pre Post 

 M SD α M SD α M SD α M SD α 

STAI-

State 

32.40 9.66 .92 37.60 9.36 .89 33.63 8.52 .87 50.37 10.65 .87 

GAD7-

State 

192.00 148.61 .89 199.17 143.66 .93 174.90 112.26 .81 458.70 195.99 .87 

HR 77.77 15.29 - 72.07 9.53 - 76.73 15.62 - 92.93 16.99 - 

sBP 130.40 15.03 - 121.77 12.31 - 130.63 14.21 - 136.10 14.78 - 

dBP 73.40 9.25 - 70.63 8.51 - 76.07 10.65 - 76.33 7.42 - 

Abbreviations: GAD-7-State=Generalised Anxiety Disorder Assessment-7, dBP=Diastolic blood 

pressure, HR=Heart Rate, sBP=Systolic blood pressure, STAI-State=State-Trait Anxiety Inventory-

State Form 

 Using a 2x2 repeated-measures ANOVA, a significant interaction was found 

between time (pre vs. post) and condition (normal air vs. CO2) for state anxiety scores on 

the STAI-State (see Figure 4), F(1,28)=16.651, p<.001, d=.771, and GAD-7-State (see Figure 

5), F(1,28)=43.492, p<.01, d=1.245. Further investigations using related t-tests found 

participants reported significantly higher scores during the CO2 condition (post-inhalation) 

compared to normal air for both the STAI-State, t(30)=4.77, p<.001, d=.87, and GAD-7-

State, t(30)=6.85, p<.001, d=1.25. 
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Figure 4. Increased STAI-State anxiety following CO2 condition compared to normal air.  

 

Figure 5. Increased GAD-7-State anxiety following CO2 condition compared to normal air. 
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A significant interaction was found between time and condition for heart rate (see 

Figure 6), F(1,28)=28.134, p<.001, d=1.00, and systolic blood pressure (see Figure 7), 

F(1,28)=20.698, p<.001, d=.860, but not for diastolic blood pressure, F(1,28)=2.078, p=.161, 

d=.272. Further analysis revealed participants showed significantly higher heart rate, 

t(30)=7.12, p<.001, d=1.30, and systolic blood pressure, t(30)=5.52, p<.001, d=1.01, at post-

inhalation during CO2 compared to normal air. Related t-tests found no significant 

differences in pre-inhalation scores for STAI-State, t(30)=-1.216, p=.234, GAD-7-State, 

t(30)=.678, p=.503, heart rate, t(30)=.319, p=.752, systolic blood pressure, t(30)=-.075, 

p=.941, or diastolic blood pressure, t(30)=-1.584, p=.124. Therefore, participants reported 

comparable levels of anxiety across conditions at pre-inhalation.  

Figure 6. Increased heart rate following CO2 condition compared to a reduction following 

normal air. 

In the normal air condition, significant decreases were found pre- to post-inhalation 

for heart rate, t(30)=2.70, p=.011, d=.49, and systolic blood pressure, t(30)=4.63, p<.001, 

d=.83 as well as an increase in STAI-State anxiety, t(30)=3.68, p=.001, d=.67. In the CO2 

condition, the increase in scores from pre- to post-inhalation were significantly greater for 

both the STAI-State, t(30)=5.64, p<.001, d=.1.61, and GAD-7-State, t(30)=6.98, p<.001, 

d=1.27, as well as heart rate, t(30)=4.57, p<.001, d=.83. A significant correlation was also 
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found between post-inhalation scores for STAI-State and heart rate in the CO2 condition, 

r(30)=.412, p<.05.  

Figure 7. Increased systolic blood pressure following CO2 condition compared to a 

reduction following normal air. 

Order effects were investigated across all anxiety measures by condition order. 

Using mixed-measures ANOVA, no significant interactions were found between order 

(between-subjects factor), time, and condition for STAI-State, F(1,28)=.005, p=.944, d<.001, 

GAD-7-State, F(1,28)=3.200, p=.084, d=.339, heart rate, F(1,28)=3.478, p=.073, d=.352, 

systolic blood pressure, F(1,28)=.126, p=.725, d=.063, or diastolic blood pressure, 

F(1,28)=.508, p=.482, d=.135. Therefore, the order of conditions did not appear to have an 

effect upon subjective nor autonomic measures of anxiety.  

Collectively, these findings support the hypothesis that participants reported higher 

levels of anxiety on psychological and physiological measures following CO2 inhalation 

compared to normal air, indicating the anxiety-induction was successful.   

 

 

 



67 
 

2.3.3 Main Analysis 

2.3.3.1 Anxiety x Working Memory Performance. 

 Repeated-measures MANOVA explored the effect of anxiety on measures of verbal, 

spatial and executive WM performance. All statistical assumptions for MANOVA were met. 

Statistical analysis also confirmed SSF and DSF were measures of lower cognitive load, 

whereas SSB, DSB and DSS were measures of higher load (see Appendix T.1). A summary of 

descriptive statistics can be found in Table 5.  

Table 5  

Descriptive Statistics and Mental Effort Ratings for WM Measures. 

 Normal Air Condition CO2 Condition 

Variable M SD 

RSME 

M 

RSME 

SD M SD 

RSME 

M 

RSME 

SD 

Spatial Span 

Forwards 

9.77 1.94 64.30 24.25 8.17 1.93 73.40 21.94 

Spatial Span 

Backwards 

8.77 2.08 69.60 28.27 7.33 1.81 78.43 23.87 

Spatial Span  

Total 

18.43 3.70 133.90 50.73 15.60 3.19 151.83 42.84 

Digit Span 

Forwards 

10.53 2.00 56.17 19.81 10.00 2.46 68.87 24.90 

Digit Span 

Backwards 

8.70 2.18 66.47 20.15 7.27 1.93 79.77 22.30 

Digit Span 

Sequencing 

9.27 1.95 71.30 26.79 7.87 1.72 83.17 21.27 

Digit Span  

Total 

28.50 4.65 193.93 62.24 25.13 4.86 231.80 61.96 

Trail-Making* 57.90 17.05 52.13 23.51 64.23 17.86 68.50 22.80 

Notes: *Number-Letter Switching Condition of Trail-Making with lower scores representing 

faster completion times. RSME=Rating Scale for Mental Effort 

 

2.3.3.1.1 Spatial Working Memory. Repeated-measures MANOVA found a significant 

multivariate effect, F(2,28)=37.697, p<.001, d=1.64, between condition and measures of 

spatial WM. Univariate analysis revealed WM performance was significantly lower during 

the CO2 condition compared to normal air for both SSF, F(1,29)=38.400, p<.001, d=1.14, 

and SSB, F(1,29)=30.817, p<.001, d=.92. All analyses had a power of 1.00 and large effect 
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sizes. These findings support the hypothesis that participant’s spatial WM performance 

would be significantly lower during anxiety-inducing conditions compared to control 

conditions (see Figure 8). No significant interactions were found between the order of 

conditions and performance on Spatial Span, F(2,27)=1.77, p=.190.  

Figure 8. Reductions in spatial WM following CO2 condition compared to normal air 

 

2.3.3.1.2 Verbal Working Memory. Repeated-measures MANOVA found a significant 

multivariate effect between condition and measures of verbal WM, F(3,27)=73.587, 

p<.001, d=2.86. Univariate analysis found no significant differences for DSF across 

conditions, F(1,29)=2.303, p=.140, d=.074, but found strong evidence of a significant 

reduction in scores for DSB, F(1,29)=36.206, p<.001, d=1.12 and DSS, F(1,29)=199.234, 

p<.001, d=2.62, during CO2 inhalation compared to normal air. Reported power was 

between 0.89 and 1.00. These findings are contrary to the hypothesis. Under low cognitive 

load, verbal WM was unaffected by anxiety, whereas higher load tasks were disrupted 

resulting in poorer performance compared to control conditions (see Figure 9). No 

significant interaction was found between the order of conditions and performance on 

Digit Span, F(3,26)=.21, p=.888. 
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Figure 9. Reductions in verbal WM following CO2 condition compared to normal air. 

2.3.3.1.3 Central Executive. Repeated-measures MANOVA found no significant 

multivariate effect between condition and the Trail-Making subtests, F(5,24)=1.665, 

p=.181, d=.590. Univariate analysis revealed a single significant result for the Visual Search 

subtest, F(1,28)=6.378, p=.017, d=.478. This suggested that under anxious conditions, 

participants took longer to visually search for a target stimuli. Contrary to hypotheses, no 

significant difference was found for the number-letter switching task, F(1,28)=2.794, 

p=.106, d=.316. However, a significant interaction was found between the order of 

conditions and performance, F(5,24)=13.424, p<.001, d=1.674.  

This interaction was explored further using related and independent t-tests (see 

Appendix T.2) with adjustments for multiple comparisons (p≤.005). Mean scores suggested 

participants performed better in the second session, regardless of condition, indicative of 

a practice effect. Significant differences between conditions were only found when 

participants had CO2 in the first session and normal air in the second. Having CO2 first 

resulted in marginally worse performance, whilst normal air second resulted in slightly 

better performance creating a larger discrepancy within this order of conditions. As a result 

of these findings, Trail-Making performance appears to have been influenced by practice 

and order effects.  
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2.3.3.2 Anxiety x Mental Effort. 

 The efficiency of WM was first examined by exploring ratings of mental effort 

(RSME) for each WM task across conditions (see Table 5) using related t-tests. 

2.3.3.2.1 Mental Effort for Spatial Working Memory. No significant differences were 

found between conditions for RSME scores during SSF, t(30)=1.815, p=.080, d=.33, or SSB, 

t(30)=1.481, p=.149, d=1.48, despite mean RSME scores being higher during CO2 inhalation 

for both SSF (M=73.40 vs. 64.30), and SSB (M=78.43 vs. 69.60). The reported power was 

0.55 which may suggest a larger sample was needed to produce a significant result.  

2.3.3.2.2 Mental Effort for Verbal Working Memory. A significant difference was 

found for RSME scores across conditions. During CO2 inhalation, participants reported 

significantly higher effort for DSF, t(30)=2.616, p=.014, d=.48, DSB, t(30)=2.650, p=.013, 

d=.48, and DSS, t(30)=2.293, p=.029, d=.42. These findings represented moderate effect 

sizes with power varying between 0.72 and 0.83. Therefore, despite DSF performance not 

being impaired during anxiety, participants still reported increased mental effort.  

2.3.3.2.3 Mental Effort for Central Executive. A significant difference was found with 

higher RSME scores being reported during CO2 compared to normal air for the Trail-Making 

number-letter switching task, t(30)=3.16, p=.004, d=.58. Therefore, regardless of order and 

practice effects participants invested greater mental effort under induced-anxiety.  

2.3.3.3 Anxiety x Processing Efficiency. 

WM performance scores and mental effort ratings were converted to a common 

metric (T-scores) to aid comparisons (see Figures 10 and 11). Due to practice and order 

effects for Trail-Making, it was not included in these analyses. Processing efficiency was 

calculated by entering WM performance and mental effort T-scores into the efficiency 

formula. The resulting efficiency scores (see Table 6) were then compared across 

conditions using related t-tests for spatial and verbal WM.  
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Figure 10. Increased mental effort and lower spatial WM performance during the CO2 

condition compared to normal air.  

Figure 11. Increased mental effort and lower verbal WM performance during the CO2 

condition compared to normal air. 
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Table 6 

Processing Efficiency Scores for WM Measures Across Conditions 

 Normal Air Condition CO2 Condition 

 M SD M SD 

Digit Span Forwards 3.71 8.97 -1.84 10.23 

Digit Span Backwards 4.48 10.66 -4.46 9.91 

Digit Span Sequencing 4.22 10.94 -4.25 9.12 

Spatial Span Forwards 4.08 8.71 -4.11 9.43 

Spatial Span Backwards 3.65 8.50 -3.65 10.62 

Notes: Negative scores were indicative of lower processing efficiency (Paas & Merriënboer, 

1993). 

2.3.3.3.1. Spatial Working Memory and Processing Efficiency. A significant difference 

was found between processing efficiency scores across conditions. Participants 

demonstrated reduced efficiency during CO2 compared to normal air for SSF, t(30)=-4.696, 

p<.001, d=.86, and SSB, t(30)=-4.066, p<.001, d=.74, with a power of 1.00 and .99 

respectively. Findings are consistent with the study hypothesis and suggest that anxiety 

adversely affects processing efficiency as participants invested greater mental effort whilst 

performing concurrently worse during CO2 inhalation.  

2.3.3.3.2. Verbal Working Memory and Processing Efficiency. Participants 

demonstrated significant reductions in processing efficiency during CO2 inhalation 

compared to normal air for DSF, t(30)=3.074, p=.005, d=.56, DSB, t(30)=4.858, p<.001, 

d=.89, and DSS, t(30)=4,527, p<.001, d=.83, with statistical power between .91 and 1.00. 

These results support hypotheses as participants invested greater mental effort in relation 

to performance under anxiety-inducing conditions. This was indicative of reduced 

processing efficiency which was greater under higher cognitive load (DSB and DSS) 

compared to lower load (DSF) in which there was no concurrent performance deficit. 

2.3.3.4 Anxiety x Working Memory Capacity. 

 WM capacity was explored using participant’s longest successful span for each 

spatial and verbal WM task. As this data was considered to be a ‘count’ which was not 

normally distributed, non-parametric tests were used. Descriptive statistics for these tests 

can be found in Appendix T.8.  
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 2.3.3.4.1 Spatial Working Memory Capacity. A Wilcoxon signed-rank test found 

participants in the CO2 condition had significantly lower WM spans than in the normal air 

condition for both SSF, z=-3.640, p<.001, r=.665, and SSB, z=-2.816, p=.005, r=.514. 

Therefore, anxiety appeared to reduce participant’s spatial WM capacity as they 

demonstrated reduced span length during CO2 inhalation compared to normal air.  

2.3.3.4.2 Verbal Working Memory Capacity. A Wilcoxon signed-rank test found no 

significant difference in span length for DSF, z=-1.560, p=.119, r=.285, but did find a 

significant reduction for DSB, z=-3.386, p=.001, r=.618, and DSS, z=-3.779, p<.001, r=.690, 

during the CO2 condition compared to normal air. This suggests that under low cognitive 

load, verbal WM capacity was unaffected by anxiety. However as task demands increased, 

WM capacity was compromised as participants had significantly reduced verbal span 

lengths during CO2 inhalation compared to normal air.  

2.3.4 Supplementary Analyses 

 Questionnaire measures were used to explore other constructs which may be 

related to state anxiety or WM performance (correlation matrix displayed in Appendix 

T.10). As the present study was not sufficiently powered for regression models, correlations 

were explored between trait measures and change scores (i.e. CO2 score minus normal air 

score) for WM performance and state anxiety. Reports of cognitive interference from 

thoughts (CIQ) and mental imagery (CIQ-MI) were also examined across conditions using 

repeated-measures MANOVA.  

2.3.4.1 Trait Anxiety. 

A significant correlation was found between STAI-Trait and the DSB change score, 

r(30)=.417, p=.022. This counterintuitive finding suggests that higher trait anxiety was 

related to better performance on DSB under anxious conditions. Furthermore, STAI-Trait 

scores were negatively associated with STAI-State change scores, r(30)=-.595, p=.001, 

which suggested high-trait anxiety was related to lower increases in state anxiety during 

CO2 inhalation. These unexpected results were explored further in Appendix T.11.  
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2.3.4.2 Worry. 

A significant positive correlation was found between PSWQ scores and BFNE, 

r(30)=.549, p=.002, suggesting that high worry was related to greater fear of negative 

evaluation. A significant association was also found between PSWQ scores and STAI-State 

change scores, r(30)=.377, p=.040, which suggests that high worry was related to greater 

reports of state anxiety during CO2 inhalation.  

2.3.4.3 Fear of Negative Evaluation. 

Except for the association with worry (outlined above), no other significant 

correlations were found for BFNE scores.  

2.3.4.4 Cognitive Interference. 

A significant multivariate effect was found between measures of cognitive 

interference and condition, F(2,28)=3.660, p=.039, d=.511. Univariate analysis found 

participants reported higher cognitive interference during the CO2 condition compared to 

normal air, but only for CIQ-MI, F(1,29)=360.150, p=.017, d=.470. This finding suggests 

during anxiety-inducing conditions, participants experienced a significant increase in 

distracting mental imagery whilst completing the neuropsychological assessments. 

However, these findings are interpreted with caution as the CIQ-MI was adapted from the 

CIQ for the present study to capture task-relevant and task-irrelevant mental imagery. Due 

to the psychometric problems with the Visualizer-Verbaliser Questionnaire, it was not 

possible to explore the convergent validity of the CIQ-MI with visual mental imagery.  
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2.4 Discussion 

This study aimed to explore the relationship between experimentally-induced 

anxiety using the inhalation of CO2 and clinical measures of WM to contribute towards the 

growing evidence-base on anxiety-related cognitive deficits and inform how these might 

impact neuropsychological assessments.  

2.4.1 Summary of Findings 

 The present study found the inhalation of CO2 to be successful in inducing 

participants into a state of anxiety verified by psychological and physiological measures. 

During anxiety-inducing conditions, participants demonstrated significantly poorer WM 

performance which is consistent with previous studies using clinical measures of WM (Coy 

et al., 2011, Leininger & Skeel, 2012). Deficits for spatial WM were found regardless of 

cognitive load, which supports the study hypothesis and previous experimental findings 

(e.g. Lavric et al., 2003; Shackman et al., 2006; Vytal et al., 2013). Anxiety also reduced WM 

capacity, suggesting that participants were less able to store comparable amounts of 

spatial information whilst anxious. These findings fit with proposed theories (e.g. Two-

Component Theory; Vytal et al., 2013) which suggest anxious-arousal disrupts visuospatial 

WM due to competition with threat-related processing in the right DLPFC.  

Previous studies using similar spatial WM measures have found contradictory 

results with no effect of anxiety (e.g. Coy et al., 2011; Markham & Darke, 1991). This may 

reflect differences in anxiety-induction procedures as these studies used ego-threatening 

instructions. Comparisons with other studies exploring WM and STAI-State anxiety suggest 

the inhalation of CO2 in the present study produced a more intense anxiety-induction 

(M=50.37, SD=10.65) compared to ego-threatening instructions (M=39.23, SD=11.48; 

Leininger & Skeel, 2012). Therefore, greater levels of anxiety may be necessary to disrupt 

spatial WM. However, comparisons across studies is difficult due to the use of author-

adapted and trait measures of anxiety.  

 During anxiety-inducing conditions, participant’s verbal WM performance varied 

according to the cognitive load of the task as proposed in the Two-Component Theory of 

anxiety (Vytal et al., 2013). However, the opposite pattern of results was found. 
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Performance on the low-load task was unaffected by condition, whereas performance on 

higher load tasks were impaired during anxiety. The same pattern was also found for WM 

capacity. This may suggest verbal WM tasks were not sufficiently demanding to ‘overload’ 

the verbal WM system and engage top-down processes to maintain performance as 

proposed by the theory (Vytal et al., 2012). 

DSB showed the greatest deficit under anxiety which has been found to correlate 

with n-back tasks (Redick & Lindsey, 2013) which were used by Vytal et al. (2012; 2013). It 

appeared that Vytal and colleagues lower load tasks were equivalent to a higher load task 

in the present study. As performance for DSF was intact, it is proposed that a U-shaped 

trajectory may explain the pattern of results for verbal WM under anxiety (see Figure 13).  

Figure 13. The proposed U-shaped curve models the effect of anxiety on verbal WM across varying 

cognitive load. This model draws upon the findings of the present study which detail the first half 

of the curve (low- to moderate-load) and the findings from Vytal et al. (2012; 2013) to complete 

the second half of the curve (moderate to high load). Predictions from ACT (Eysenck et al., 2007) 

were also drawn upon. 

Lower cognitive load verbal tasks (e.g. DSF) may show normal performance under 

anxiety as only the phonological loop is used to recall information verbatim. Furthermore, 

increased mental effort may be able to maintain current levels of performance to 
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compensate for the effects of anxiety as found in the present study. However, as the 

demands of the task increase (e.g. DSB, DSS, 1- or 2-back tasks) central executive abilities 

are needed to actively manipulate information which are disrupted by anxiety and 

increased effort is not able to adequately compensate affecting task performance (Eysenck 

et al., 2007). This fits with findings from the present study and is supported by Eysenck, 

Payne and Derakshan (2005) who found anxiety only reduced performance on WM tasks 

requiring the central executive (such as counting backwards), but had minimal effects on 

the storage components of WM. Finally, higher load verbal tasks (e.g. a 3-back task) may 

sufficiently engage executive abilities resulting in top-down emotion regulation which 

reduces threat-related processing and allows cognitive performance to remain unaffected 

as proposed by Vytal et al. (2013).  

The present study found evidence of reduced processing efficiency for all WM 

measures during anxiety-inducing conditions, supporting the study hypothesis. These 

results suggest that regardless of modality or task demands, greater mental effort was 

invested to compensate for the adverse effects of anxiety, consistent with ACT and PET 

(Derakshan & Eysenck, 2009). During low-load verbal tasks with minimal central executive 

involvement, this compensatory behaviour appeared successful in maintaining 

performance, but at a cost of reduced efficiency. However, across higher load and spatial 

WM tasks, the investment of additional resources was not sufficient to maintain 

performance.  

The use of CO2 inhalation as an anxiety-induction procedure was supported with 

significant increases in self-reported anxiety and physiological arousal, consistent with 

previous findings (e.g. Ainsworth et al., 2015). A small increase in self-reported anxiety was 

observed from pre- to post-inhalation in the normal air condition which could reflect 

anxiety or worry resulting from the testing situation itself. This would fit with qualitative 

feedback from participants reporting worry about their performance during normal air 

inhalations (see Appendix U). Alternatively, this could also be related to the anxiety-

induction procedure as similar effects have been found in normal air conditions in other 

CO2 studies (Fluharty, Attwood & Munafò, 2016). Even so, these increases were marginal 

compared to the large effects during CO2 inhalation.  
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High-worriers appeared to respond more strongly to the anxiety-induction 

reporting increased state anxiety compared to low-worriers at post-inhalation. Although 

worry-inductions have been used to manipulate mood and explore WM (e.g. Hallion et al., 

2014), the effect of trait worry has not been considered in the context of other anxiety-

induction procedures. This could be important as worry was significantly correlated with 

state anxiety in the CO2 condition. Even so, no anxiety measure was directly related to WM 

performance which could be related to mean PSWQ scores being lower than comparable 

norms. Worry was related to fear of negative social evaluation, although this trait was not 

related to levels of state anxiety. This was surprising considering that many studies have 

used ego-threatening instructions involving social evaluation to induce anxiety. Although 

mean BFNE scores were comparable to non-clinical samples, higher levels may be 

necessary to find significant effects. Finally, cognitive style was not adequately explored 

due to the poor psychometric performance of the Visualizer-Verbaliser Questionnaire, 

which may have been an unsuitable choice of measure (see Appendix V).  

2.4.2 Clinical Implications 

The results from the present study have important implications for clinical 

neuropsychological assessments and understanding the psychopathology of anxiety to 

inform interventions. 

 2.4.2.1 Clinical Neuropsychological Assessments. 

 The present study found anxiety adversely affected verbal and spatial WM 

performance using neuropsychological assessments commonly used in clinical practice. 

During anxiety-inducing conditions, the mean reduction in total raw score for Digit Span 

was 3.37 and 2.83 for Spatial Span. This suggests that both measures are vulnerable to the 

effects of anxiety. As Digit Span is part of the WAIS-IV, it contributes to the estimation of 

IQ which is the recommended cognitive assessment battery by the British Psychological 

Society (2015) for determining intellectual disability. Furthermore, as WM is considered 

critical for many other cognitive abilities (e.g. reasoning, language comprehension, and 

visuospatial processing; D’Esposito, 2007), anxiety could affect performance on other 

WAIS-IV subtests.  
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The mean total raw score for Digit Span in the normal air condition was 28, which 

equates to a scaled score of 10 (the average score) on the WAIS-IV using age-based norms. 

However, under anxiety-inducing conditions the mean raw score was 25 which would 

reduce an individual’s scaled score to 8. This would have further implications for the total 

WM index score and full scale IQ. It is also reasonable to consider anxiety may influence 

other WAIS-IV measures of WM as previous research has found deficits in Letter-Number 

Sequencing (Leininger & Skeel, 2012) and mental arithmetic (Bertrams et al., 2013) during 

induced-anxiety. This could have significant implications for an individual being tested for 

an intellectual disability in which someone may receive a stigmatising label which could 

have profound implications for their identity, quality of life and restrict access to 

opportunities (Gillman, Heyman & Swain, 2000). A clinical example of the potential effects 

of anxiety on WAIS-IV test scores is provided in Appendix W.  

 These findings also extended to other settings. ‘Reliable’ Digit Span is used for 

symptom validity testing (i.e. malingering) using the sum of the longest string of digits 

repeated without errors over two trials for both DSF and DSB (Reese, Suhr & Riddle, 2012; 

Schroeder, Twumasi-Ankrah, Baade & Marshall, 2012). As anxiety was found to reduce the 

span length of WM, this could influence the reliability of this approach for detecting 

symptom validity. Consequently, in situations requiring tests of malingering (e.g. 

medicolegal settings) an anxious individual may appear to show suspect effort, which could 

influence the procurement or amount of financial compensation. 

It is reasonable to consider the effects of anxiety on WM would be more 

pronounced in neurological populations. For instance, using similar verbal and spatial WM 

measures to the present study, induced-anxiety was found to reduce WM performance 

more for acute stroke patients than controls (Grosdemange et al., 2014). These measures 

have also been used with patients with traumatic brain injury which found performance on 

WM measures to be adversely effected (Carlozzi, Kirsch, Kisala & Tulsky, 2015). As mild 

traumatic brain injury has been linked to the emergence and expression of anxiety (Moore, 

Terryberry-Spohr & Hope, 2006), this may further complicate elucidating the impact of 

primary versus secondary influences on cognitive functioning. Therefore, this suggests that 

individuals with neurological conditions may be particularly vulnerable to higher levels of 

anxiety and subsequent deleterious effects on cognition.  
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Evidence suggests that care should be taken when interpreting neuropsychological 

results to ensure that clinical recommendations are not contaminated by secondary 

influences. It is also advised that a validated measure of state anxiety is administered 

alongside cognitive assessments. Although measures such as the STAI-State can be lengthy 

and potentially challenging for neurologically impaired individuals, shortened 6-item 

versions have demonstrated good validity and reliability (Tluczek, Henriques & Brown, 

2009).  

 2.4.2.2 Interventions for Anxiety. 

In the presence of anxious-arousal, practical strategies avoiding the use of visual 

imagery are recommended, which include using concrete arousal management strategies 

(e.g. diaphragmatic breathing) to reduce physiological symptoms of anxiety. Individual’s 

experiencing high levels of anxiety are unlikely to be able to process and recall complex, 

long verbal instructions. Therefore, using short sentences with simple language should 

place lower cognitive demands on verbal WM allowing an individual to respond to 

prompting and support. Anxiety can also impair cognitive efficiency rather than 

performance per sae, making deficits less apparent. However, employing additional 

resources may result in a cost which is difficult to maintain over time. Therefore, individuals 

contending with anxiety may need to consider pacing themselves and resting more 

regularly to recover from these efficiency costs.  

The age range of the current sample suggests WM should be at its optimal level, 

but WM begins to decline in later life (Nyberg, Dahlin, Stigsdotter Neely & Bäckman, 2009). 

Therefore, older adults experiencing a natural decline in WM may be more vulnerable to 

the deleterious effects of anxiety. This is supported by studies which have found effects of 

anxiety on cognition in late-life (e.g. Beaudreau & O’Hara, 2009; Bierman, Comijs, Jonker & 

Beekman, 2005; Mantella et al., 2007). Older adults experiencing anxiety may demonstrate 

pronounced impairments in WM, which could be partly alleviated using anxiety-

management strategies (e.g. cognitive-behavioural techniques). This is consistent with 

research investigating neuropsychological functioning in older adults with Generalised 

Anxiety Disorder, which found significant improvements in cognition (including WM) 

following treatment for anxiety (Butters et al., 2011). As a result, determining whether the 
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source of cognitive impairment is organic or functional in nature has important implications 

for interventions. Administering validated psychometric tools and neuropsychological 

assessments can play a crucial role in determining the origin of such deficits.  

2.4.3 Methodological Limitations 

 There were various methodological limitations to the present study. First, Trail-

Making was influenced by order and practice effects which did not allow the central 

executive component of WM to be adequately explored. Second, the study had a small 

sample size. Even so, using within-subjects methods reduced the potential of individual 

variability, the main findings all had high statistical power, and the sample size was 

comparable to similar CO2 studies (e.g. Ainsworth et al., 2015; Pinkney et al., 2014; Poma 

et al., 2005). Third, few males were recruited into the study. However, gender has not been 

found to influence subjective, autonomic or behavioural responses during CO2 inhalation 

(Garner et al., 2011; 2012). Fourth, individuals responding strongly to CO2 inhalation 

withdrew from the study before completion. These participants may have been particularly 

susceptible to the detrimental effects of anxiety, resulting in the dataset not reflecting 

intense anxious reactions more comparable to clinical anxiety. Fifth, post-inhalation mood 

ratings involved participants responding based upon the ‘peak effects’ during inhalation. 

This retrospective method may have been less sensitive to assessing state anxiety, although 

the significant findings suggest otherwise. Sixth, the neuropsychological assessments were 

administered in a fixed order to minimise the effects of verbalisation on CO2 inhalation. 

Therefore, WM measure order effects were not accounted for. Finally, results were based 

upon a healthy sample which may not generalise to clinical populations. However as 

previously mentioned, it would stand to reason that the effects of anxiety on WM would 

be more pronounced in individuals with clinical anxiety or cognitive impairments.  

2.4.4 Future Research 

To investigate the proposal that verbal WM performance follows a U-shaped 

trajectory under the influence of anxiety, future studies would benefit from employing a 

broader spectrum of WM tasks varying in cognitive load. Trait worry should also be 

explored in conjunction with anxiety-induction procedures, as this may be a more 

important predictor of state anxiety than trait anxiety. Investigating other clinical 
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neuropsychological measures under conditions of anxiety will further inform the influence 

of anxiety-related biases on cognitive performance. The use of tests with parallel forms or 

evidence of resistance to practice effects would also prove advantageous. Finally, whereas 

some participants withdrew during CO2 inhalation, others who described struggling (see 

Appendix U) were able to continue and reported spontaneous use of strategies (e.g. self-

affirming thoughts). Therefore, this experimental paradigm could be used to explore 

‘psychological resilience’ which involves adapting and responding to adverse situations 

(Fletcher & Sarker, 2013). Investigating individual differences in performance may elucidate 

cognitive, emotional and trait characteristics informing how to proactively build resilience.  

 2.4.5 Conclusion 

 This study explored the effects of experimentally-induced anxiety on clinical 

neuropsychological assessments of WM. Induced-anxiety resulted in reductions in spatial 

WM, regardless of cognitive load. Although anxiety influenced verbal WM for tasks with a 

higher cognitive load, low-load tasks were unaffected. This is contrary to previous findings 

and may reflect operational differences in cognitive load. Future studies may benefit from 

including a broader spectrum of WM tasks of varying load. Developing a clearer 

understanding of how anxiety impacts WM allows clinical interventions to be applied more 

effectively. The results of the present study highlight the importance of considering state 

anxiety at the time of neuropsychological assessment, as results could be confounded with 

significant consequences to individuals and organisations. This further highlights the 

importance of using validated psychometric tools and standardised neuropsychological 

assessments to determine whether the source of cognitive impairments are organic or 

functional in nature. 
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Appendices 

Appendix A - Search Terms and Databases 

Due to the varying search capabilities of each database, different terms and search 
strategies were employed to maximise the likelihood of obtaining relevant results (e.g. 
utilising thesaurus functions for major/minor concepts). The search terms and Boolean 
operators used for each database are displayed in the table below.  

Search 
Database Search Terms 

 Anxiety Terms  Working Memory Terms 
PsychInfo (MM Anxiety OR DE 

test anxiety OR DE 
performance 

anxiety) 

AND ((MM short term memory OR DE cognitive 
ability OR cognition) OR (TI “Working memory” 
OR "visuospatial working memory" OR "spatial 

working memory" OR “verbal working 
memory” OR “auditory working memory” OR 

“visuospatial sketchpad” OR “phonological 
loop” OR “central executive”) OR (AB “Working 

memory” OR "visuospatial working memory" 
OR "spatial working memory" OR “verbal 
working memory” OR “auditory working 

memory” OR “visuospatial sketchpad” OR 
“phonological loop” OR “central executive”)) 

 
PubMed1 (("Anxiety"[Mesh]) 

OR (worr*)) 
AND (("Memory, Short-Term"[Mesh]) OR ("working 

memory") OR ("visuospatial working memory") 
OR ("spatial working memory") OR ("verbal 
working memory") OR ("auditory working 

memory") OR ("visuospatial sketchpad") OR 
("phonological loop") OR ("central executive")) 

 
Web of 
Science 

TI=(anxi* OR worr*) 
 

AND TI=(“working memory” OR “short term 
memory” OR "visuospatial working memory" 

OR "spatial working memory" OR "verbal 
working memory" OR "auditory working 

memory" OR "visuospatial sketchpad" OR 
"phonological loop" OR "central executive" OR 

cognition OR "cognitive abilt*") 
 

Notes: 1The term “cognition” was removed from these searches due to producing a large number 
of irrelevant results. Abbreviations: MM=major concept search, DE=subject field search, TI=title 
search, AB=abstract search.  

 

Papers identified by hand search (n=7) were either not included in the online 

databases (n=1), did not explicitly mention anxiety or WM in the title or abstract (n=3), or 

were published between 1989-1996 (n=3). 
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Appendix B – Graphs and Figures Displaying Characteristics of Studies 

Included in the Review 

B.1) Global Distribution of Studies 

 

B.2) Participant Characteristics 
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B.3) Mean Age of Participants for Each Study 

B.4) Reported Sample Size for Each Study 



86 
 

B.5) Histogram for the Frequency of Sample Sizes per Study 

 

B.6) Number of Published Papers Included in the Review by Year 
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Appendix C – Frequency of Working Memory Measures 

 

WM Measure Source WM 
Function 

Frequency 

Articulatory Suppression Task AAM Verbal 1 

Automated Working Memory Assessment – 
Visuospatial Updating 

Standardised Executive 1 

Cognitrom Assessment System – Shifting Standardised Executive 1 

Corsi Block Test AAM Visuospatial 1 

Digit Span Standardised Verbal 3 

Drawing Recognition Task ACM Visuospatial 1 

Dual Task AAM Executive 1 

Letter-Number Sequencing1 Standardised Verbal 2 

Mental Arithmetic AAM Verbal 1 

Mixed Saccade Task AAM Executive 1 

n-Back Task (spatial version) AAM Visuospatial 7 

n-Back Task (verbal version) AAM Verbal 10 

Operation Word-Span AAM Verbal 2 

Paced Auditory Serial Addition Test Standardised Verbal 1 

Paired Associates Task AAM Verbal 1 

Revised-Minnesota Paper Form Board Test Standardised Visuospatial 2 

Personal Selection Testing - Memory subtest Standardised NS 1 

Random Key Pressing, Interval & Letter 
Generation 

AAM Executive 4 

Response Inhibition Task AAM Executive 1 

Rhyming-Judgement Task Standardised Verbal 1 

Serial Sevens Task  AAM Verbal 1 

Spatial Span Standardised Visuospatial 2 

Stroop Test2 Standardised Executive 4 

Symbol Rotation Task ACM Visuospatial 1 

Table Tennis Paradigm ACM Visuospatial 1 

Trail-Making Standardised Executive 1 

Verbal Reasoning & Analogies Tasks ACM Executive 2 

Visual Patterns Test Standardised Visuospatial 1 

Visuospatial Task ACM Visuospatial 1 

Word Recognition Task ACM Verbal 1 

 Total = 58 

Notes: 1This includes both the Wechsler Adult Intelligence Scale and Cognitrom Assessment System versions 

of this measure. 2This incorporates published variations of this measure found in the Delis-Kaplan Executive 

Systems, Cognitrom Assessment System and Golden (1978).  

Abbreviations: ACM = Author Constructed Measure, AAM = Author Adapted Measure, NS= Not Specified, WM 

= Working Memory 
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Appendix D – Summary of Anxiety-Induction Procedures 

Notes: Regarding mood induction success, ‘Partial’ refers to studies which used a mood manipulation check 

and found evidence of a successful induction for some, but not all participants.  

Authors Anxiety-Induction  
Procedure 

Anxiety  
Type 

Induction 
Successful? 

Bertrams et al. (2013) Anxiety-provoking instructions Apprehension Not reported 

Cornwell et al. (2012) Threat of shock Arousal Yes 

Coy et al. (2011) Anxiety-provoking instructions Apprehension Yes 

Fales et al. (2008) Anxiety-provoking video Arousal Yes 

Giron & de Almeida 
(2010) 

Anxiety-provoking video Arousal Yes 

Gray (2001)a Anxiety-provoking video Arousal Yes 

Gray (2001)b Anxiety-provoking video Arousal Yes 

Gray et al. (2002) Anxiety-provoking video Arousal Yes 

Hallion et al. (2014) Engaging in worry Apprehension Yes 

Hayes et al. (2008) Engaging in worry Apprehension Yes 

Ikeda et al. (1996) Anxiety-provoking instructions Apprehension Yes 

Kalisch et al. (2006) Threat of shock  Arousal Yes 

Lavric et al. (2003) Threat of shock Arousal Partial 

Leach & Griffith (2008) Exposure to an acute            
naturalistic stressor 

Arousal Yes 

Lee (1999) Anxiety-provoking instructions Apprehension Not reported 

Leigh & Hirsch (2011) Engaging in worry Apprehension Partial 

Leininger & Skeel (2012) Anxiety-provoking instructions Apprehension Yes 

Markham & Darke (1991) Anxiety-provoking instructions Apprehension Not reported 

Martin & Franzen (1989) Anxiety-provoking instructions Apprehension No 

Rapee (1993) Engaging in worry Apprehension Not reported 

Robinson et al. (2008)a Anticipation of an acute       
naturalistic stressor 

Apprehension Yes 

Robinson et al. (2008)b Exposure to an acute            
naturalistic stressor 

Arousal Yes 

Shackman et al. (2006) Threat of shock Arousal Yes 

Visu-Petra et al. (2013) Anxiety-provoking instructions Apprehension Yes 

Vytal et al. (2012) Threat of shock Arousal Yes 

Vytal et al. (2013) Threat of shock Arousal Yes 

Walkenhorst & Crowe 
(2009) 

Engaging in worry Apprehension Not reported 

Williams et al. (2002) Anxiety-provoking instructions Apprehension Yes 
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Appendix E – Sample Size Calculations 

Sample size calculations were undertaken a priori using the software package 

G*Power (Faul, Erdfelder, Lang & Buchner, 2007). Input parameters were based upon 

Garner et al. (2011) as they also used a 7.5% CO2 induction procedure. Using repeated-

measures ANOVA, they found a significant difference in reported state anxiety across 

conditions, F(2,50)=16.79, p<.001, η2=.402. Results from Vytal et al. (2013) were also used 

to guide sample size estimates as they employed measures of WM during an anxious-

arousal induction procedure (threat-of-shock). Using repeated-measures ANOVA, they 

found a significant main effect of anxiety on spatial WM performance, F(1,23)=18.8, 

p<.001, η2=.449. Collectively using the additional parameters of 0.05 probability and 0.95 

power, an estimated sample size of 20-24 should be sufficient to replicate the effect sizes 

of the previous studies with regards to elevated state anxiety and WM performance. 
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Appendix F – Telephone Pre-Screening Interview 

DEMOGRAPHICS 

 

Height (m)  

Weight (kg)  

BMI (m2/kg)  

 

Availability Any additional information 

 
 

 

 

Where did you hear about this study? 

 
 
 

 
 

Name 
 

 

Gender () 
 

Male  Female  

Race () White  Black  Asian  Other 
(specify) 

 

DOB (dd/mm/yyyy) 
 

  /   /     Age (yrs)   

Address 
 
 
 
 
 
 

 

Tel. Home 
 

 

Tel. Work 
 

 

Mobile 
 

 

Email 
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CAFFEINE CONSUMPTION 

Does the subject consume caffeine-containing drinks? 
() 

YES  NO  

 

If YES, Coffee Tea Cola Cocoa Total 

Number of cups/ 
day 

     

If consumes more than 8 caffeinated drinks per day, screening stops here 
 

ALCOHOL CONSUMPTION 

Does the subject drink alcohol? () YES  NO  
 

If YES, Beer Wine Spirits Total 

Number of units/ 
week 

    

If consumes more than 28 units/week (male) or 21 units/week (female), 
screening stops here 

 
 

SMOKING HABITS 

Does the subject smoke? () YES  NO  

 
If YES, 

Does the participant smoke on a daily basis? () YES  NO  

 

 Total 

Approximately how many cigarettes do you smoke per day?  

If more than 6 per day, screening stops here 
 

MEDICAL HISTORY – self-report 

 
 

YES NO 

Do you have a dependency on alcohol or drugs?   

Do you suffer from a heart/ lung disease?   

Do you suffer from thyroid disease?   

Do you suffer from diabetes?   

Do you suffer from migraines?   

Do you suffer from hyperventilation attacks?   

Do you suffer from asthma?   

Do you suffer from high blood pressure?   
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Do you suffer from epilepsy?     

Do you have a history of drug/ food allergy? (if yes, please specify) 
  

  

Are you currently receiving any medication? (if yes, please specify)   

To your knowledge, have you taken any other medication in the past 8 
weeks? (if yes, please specify) 

  

Do you suffer from any psychiatric illness (anxiety, panic, depression, 
mania, PTSD)? 
 

  

To your knowledge, does any of your immediate family suffer from any 
psychiatric illness? (if yes, please specify) 
 

  

Do you have a history of liver problems? 
 

  

Have you recently changed your diet substantially? (e.g. from normal 
diet to strict vegetarian) 

  

Females only: Are you pregnant, or might be pregnant? Are you 
breastfeeding? 
 

  

Females only: Do you use contraception/abstinent? 
 

  

Do you consider yourself to be normally healthy? (if no, please specify) 
 

  

Have you participated in any other medical trials or have completed a 
trial recently? 
(if yes, please specify)     

  

Do you have a G.P. at the moment?   
Surgery name: 
 
 
Location: 
 
 

  

Do you agree to have your contact details kept in our database, so we 
can contact you about this study?  

  

Any relevant information you think is important? (if yes, please specify) 
 
General notes: 
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NEUROPSYCHIATRIC INTERVIEW 
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NEUROPSYCHIATRIC INTERVIEW Continued 
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NEUROPSYCHIATRIC INTERVIEW Continued 

If ‘Yes’ to any of the drugs listed please note date of most recent use in comments 
section below 

 

 

Comments 
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Does the participant have a family history of panic 
disorder/panic attacks () 

Has the interview revealed anything abnormal? () 

 

YES 

 

YES 

 NO 

 

NO 

 

 

If YES, please specify below 

Comments 

 

 

 

 

 

 

CRITERIA AND ELIGIBILITY 
In the Investigator’s opinion, are the overall criteria 
met? () 
 

YES  NO  

 

If no, which criteria were not met and why? 

 
 
 

 

In the Investigator’s opinion, on the basis of the 
screening assessments to date, is the subject eligible to 
attend the study day screen and undertake the 
protocols outlined in the study? () 

YES  NO  
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Appendix G – Summary of Exclusion Criteria 

Condition Reason  Eligibility Assessment 

Age Under 18 or over 55 Not eligible  Phone pre-screen 

 

Caffeine >8 cups per day Not eligible 

 

Phone pre-screen 

Alcohol >28 per week – males 

>21 per week – females 

History of alcohol dependence/abuse 

Any = not 

eligible 

Phone pre-screen 

MINI questions concerning drinking 

behaviours (2/2) 

Positive breath test 

Not eligible Phone pre-screen 

and study day 

screen 

Smoking > 6 per day Not eligible 

 

Phone pre-screen 

Cardiovascular Hypertension 

Cardiovascular disease  

Any = not 

eligible 

Phone pre-screen 

BP > 140/90 

HR less than 50, greater than 90bmp 

Any = not 

eligible 

Study day screen 

BMI Less than 18, more than 28 Not eligible Phone pre-screen 

and study day 

screen 

Pregnancy Pregnant 

Breast feeding 

Not eligible Phone pre-screen 

and during study 

day screen 

Depression History or current diagnosis of 

bipolar/MDD 

Not eligible Phone pre-screen 

2/3 of the depression questions on the 

MINI 

Not eligible Phone pre-screen 

Mania History of mania Not eligible Phone pre-screen 

2/3 questions on the MINI Not eligible Phone pre-screen 

Panic  History or diagnosis of panic disorder 

History of panic attacks/hyperventilation 

attacks 

Not eligible Phone pre-screen 

2/2 of the anxiety questions on the MINI  Phone pre-screen 

GAD 

 

History or diagnosis of GAD Not eligible Phone pre-screen 

2/2 of the GAD MINI questions  Not eligible Phone pre-screen 
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Condition Reason  Eligibility Assessment 

PTSD History or diagnosis of PTSD Not eligible Phone pre-screen 

Questions on the MINI Not eligible Phone pre-screen 

Addiction Indication of drug abuse 

Drug use in the last 8 weeks 

MINI questions for alcohol abuse 2/2 

Addiction MINI section (individually 

assessed based on drug use – exceeding 

occasional (more than twice) use) 

Not eligible Phone pre-screen 

and study day 

screen 

Family history Family history of panic disorder/panic 

attacks 

Not eligible Phone pre-screen 

Heart and lung 

disease 

Includes diagnosis of asthma (childhood 

asthma is not included) 

Not eligible Phone pre-screen 

Thyroid 

disease 

Diagnosis Not eligible  Phone pre-screen 

Diabetes Treatment or diagnosis of diabetes Not eligible Phone pre-screen 

Migraines History of migraines requiring treatment Not eligible Phone pre-screen 

Medication 

use 

Any medication use in past 8 weeks (apart 

from paracetamol, aspirin, local 

treatments, contraceptives) 

Not eligible 

 

 

Phone pre-screen 

and study day 

screen 

Drug/food 

allergies 

Severe allergies Not eligible Phone pre-screen 

Epilepsy Diagnosis of epilepsy 

History or seizures 

Any = not 

eligible 

Phone pre-screen 

Participation 

in another trial 

Current participation in a medical trial. 

Recent completion of a medical trial 

Not eligible Phone pre-screen 

Inadequate 

contraception 

use 

Participants must sign a disclaimer to 

state that they are using/will use 

adequate contraception for the duration 

of the study 

Not eligible Phone pre-screen 

and study day 

screen 

Registration at 

GP  

Not registered Not eligible Phone pre-screen 

Acute illness  Acute illness in the past 7 days Not eligible Study day screen 
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Appendix H – Spatial Span 

Researchers View 

 

 

Participants View 
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Appendix I – Trail-Making 

This example of the Trail-Making Number-Letter Switching Subtest is not from the 

DKEFS version due to copyright.  
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Appendix J – Questionnaires 

J.1) Penn State Worry Questionnaire 

Rate each of the following statements on a scale of 1 (not at all typical of me) to 5 (very typical of 

me). Please do not leave any items blank. 

 
Not at all 
typical of 

me    

Very 
typical of 

me 

1. If I do not have enough time to do 
everything, I do not worry about it. O O O O O 

2. My worries overwhelm me.  O O O O O 

3. I do not tend to worry about things. O O O O O 

4. Many situations make me worry. O O O O O 
5. I know I should not worry about 

things, but I just cannot help it.  O O O O O 

6. When I am under pressure I worry a 
lot.  O O O O O 

7. I am always worrying about 
something.  O O O O O 

8. I find it easy to dismiss worrisome 
thoughts.  O O O O O 

9. As soon as I finish one task, I start to 
worry about everything else I have 
to do.  

O O O O O 

10. I never worry about anything.  O O O O O 

11. When there is nothing more I can do 
about a concern, I do not worry 
about it anymore.  

O O O O O 

12. I have been a worrier all my life.  O O O O O 

13. I notice that I have been worrying 
about things.- O O O O O 

14. Once I start worrying, I cannot stop O O O O O 

15. I worry all the time O O O O O 
16. I worry about projects until they are 

all done.  O O O O O 
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J.2) GAD-7-State 

During the last 20 minutes how often have you been bothered by the following problems? Rate 

each word by drawing a vertical line on the scale below to indicate the extent you feel this way. 

 
FEELING NERVOUS, ANXIOUS OR ON EDGE 

Not at all sure Some of the time Most of the time All of the time 

……………………………………………………………………………………………………………………. 

NOT BEING ABLE TO STOP OR CONTROL WORRYING 

Not at all sure Some of the time Most of the time All of the time 

……………………………………………………………………………………………………………………. 

WORRYING TOO MUCH ABOUT DIFFERENT THINGS 

Not at all sure Some of the time Most of the time All of the time 

……………………………………………………………………………………………………………………. 

TROUBLE RELAXING 

Not at all sure Some of the time Most of the time All of the time 

……………………………………………………………………………………………………………………. 

BEING SO RESTLESS THAT IT IS HARD TO SIT STILL 

Not at all sure Some of the time Most of the time All of the time 

……………………………………………………………………………………………………………………. 

BECOMING EASILY ANNOYED OR IRRITABLE 

Not at all sure Some of the time Most of the time All of the time 

……………………………………………………………………………………………………………………. 

FEELING AFRAID AS IF SOMETHING AWFUL MIGHT HAPPEN 

Not at all sure Some of the time Most of the time All of the time 

……………………………………………………………………………………………………………………. 
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J.3) Brief Fear of Negative Evaluation Questionnaire 

Please circle the number that best corresponds to how much you agree with each item.  

 
Not at all 

characteristic 
of me 

A little 
characteristic 

of me 

Somewhat 
characteristic 

of me 

Very 
characteristic 

of me 

Entirely 
characteristic 

of me 

1. I worry about what other 
people will think of me even 
when I know it doesn't make 
any difference. 

O O O O O 

2. It bothers me when people 
form an unfavourable 
impression of me. 

O O O O O 

3. I am frequently afraid of 
other people noticing my 
shortcomings. 

O O O O O 

4. I worry about what kind of 
impression I make on 
people. 

O O O O O 

5. I am afraid that others will 
not approve of me. O O O O O 

6. I am afraid that other 
people will find fault with 
me. 

O O O O O 

7. I am concerned about other 
people's opinions of me. O O O O O 

8. When I am talking to 
someone, I worry about 
what they may be thinking 
about me. 

O O O O O 

9. I am usually worried about 
what kind of impression I 
make. 

O O O O O 

10. If I know someone is judging 
me, it tends to bother me. O O O O O 

11. Sometimes I think I am too 
concerned with what other 
people think of me. 

O O O O O 

12. I often worry that I will say 
or do wrong things. O O O O O 
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J.4) Verbalizer-Visualizer Questionnaire 

Please indicate whether the following statements are True or False for you.  

 
True False 

1. I enjoy doing work that requires the use of words.  O O 

2. My daydreams are sometimes so vivid I feel as though I 

actually experience the scene. 
O O 

3. I enjoy learning new words. O O 

4. I can easily think of synonyms for words.  O O 

5. My powers of imagination are higher than average.  O O 

6. I seldom dream.  O O 

7. I read rather slowly. O O 

8. I cannot generate a mental picture of a friend’s face 

when I close my eyes. 
O O 

9. I don’t believe that anyone can think in terms of mental 

pictures. 
O O 

10. I prefer to read instructions about how to do something 

rather than have someone show me.  
O O 

11. My dreams are extremely vivid.  O O 

12. I have better than average fluency in using words. O O 

13. My daydreams are rather indistinct and hazy. O O 

14. I spend very little time attempting to increase my 

vocabulary. 
O O 

15. My thinking often consists of mental pictures or images.  O O 
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J.5) Cognitive Interference Questionnaire 

We are interested in learning about the kinds of thoughts that go through people’s head 

while they are working on a task. The following is a list of thoughts some of which you might 

have had while doing the tasks on which you have just worked.  

Please indicate approximately how often each thought occurred to you while working on it 

by placing a mark in the appropriate box for each question.  

 Never 

(1) 

Once 

(2) 

A few 

times 

(3) 

Often 

(4) 

Very 

often 

(5) 

1. I thought about how poorly I was 

doing. 
O O O O O 

2. I wondered what the experimenter 

might think of me. 
O O O O O 

3. I thought about how I should work 

more carefully. 
O O O O O 

4. I thought about how much time I had 

left.  
O O O O O 

5. I thought about how others have 

done on this task. 
O O O O O 

6. I thought about the difficulty of the 

tasks.  
O O O O O 

7. I thought about my level of ability. O O O O O 

8. I thought about the purpose of the 

experiment.  
O O O O O 

9. I thought about how I would feel if I 

were told how I performed.  
O O O O O 

10. I thought about how often I got 

confused.  
O O O O O 

11. I thought about things completely 

unrelated to the experiment.  
O O O O O 

12. I thought about members of my 

family. 
O O O O O 

13. I thought about friends. O O O O O 
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 Never 

(1) 

Once 

(2) 

A few 

times 

(3) 

Often 

(4) 

Very 

often 

(5) 

14. I thought about something that made 

me feel guilty. 
O O O O O 

15. I thought about personal worries.  O O O O O 

16. I thought about something that made 

me feel tense. 
O O O O O 

17. I thought about something that made 

me feel angry.  
O O O O O 

18. I thought about something that 

happened earlier today.  
O O O O O 

19. I thought about something that 

happened in the recent past (last few 

days, but not today). 

O O O O O 

20. I thought about something that 

happened in the distant past.  
O O O O O 

21. I thought about something that might 

happen in the future.  
O O O O O 

 

Please circle the number on the following scale which best represents the degree to which 

you felt your mind wandered during the task you have just completed. 

Not at 

all 
1 2 3 4 5 6 7 

Very 

much 
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J.6) Cognitive Interference Questionnaire-Mental Imagery 

We are interested in learning about the kinds of mental images and pictures that go 

through people’s head while they are working on a task. The following is a list of things 

which you might have visualised in your mind while doing the tasks on which you have just 

worked.  

Please indicate approximately how often each image occurred to you while working on it 

by placing a mark in the appropriate box for each question.  

 Never 

(1) 

Once 

(2) 

A few 

times 

(3) 

Often 

(4) 

Very 

often 

(5) 

1. I pictured myself doing poorly. O O O O O 

2. I pictured what I might have looked 

like to the experimenter. 
O O O O O 

3. I visualised myself making mistakes 

and being careless. 
O O O O O 

4. I visualised myself running out of 

time.  
O O O O O 

5. I pictured what other people looked 

like doing this task. 
O O O O O 

6. I visualised the tasks being difficult. O O O O O 

7. I pictured myself looking 

incompetent and unable to complete 

the tasks. 

O O O O O 

8. I visualised what the purpose of the 

experiment might look like.  
O O O O O 

9. I pictured how I would look if I was 

told how I performed.  
O O O O O 

10. I visualised how confused I might 

have looked to the experimenter.  
O O O O O 

11. I pictured things in my mind 

completely unrelated to the 

experiment.  

O O O O O 

12. I pictured members of my family. O O O O O 
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 Never 

(1) 

Once 

(2) 

A few 

times 

(3) 

Often 

(4) 

Very 

often 

(5) 

13. I visualised friends in my mind.  O O O O O 

14. I pictured something that made me 

feel guilty. 
O O O O O 

15. I was visualising something that was a 

personal worry.  
O O O O O 

16. I pictured something that made me 

feel tense. 
O O O O O 

17. I visualised something that made me 

feel angry.  
O O O O O 

18. I was visualised something that 

happened earlier today.  
O O O O O 

19. I was picturing something that 

happened in the recent past (last few 

days, but not today). 

O O O O O 

20. I pictured something that happened 

in the distant past.  
O O O O O 

21. I visualised something that might 

happen in the future.  
O O O O O 
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J.7) Rating Scale for Mental Effort 

Please indicate, using the vertical axis below, how much effort it took for you to complete 

the task you’ve just finished.  
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Appendix K – Study Advert 

Advert for: Anxiety and Working Memory: Investigating 

Neuropsychological Test Performance during the Inhalation of 7.5% Carbon 

Dioxide (ERGO Study ID: 18175) 

 

Researchers: Warren Dunger, Marc Edwards 

Academic Supervisor: Dr Matt Garner  

 

We are recruiting healthy male and female volunteers, aged between 18 and 55 years, to 

participate in a new research study. The study is investigating individual performance on a 

variety of neuropsychological tests (e.g. memory, planning) in a new experimental model 

of anxiety (inhalation of air enriched with 7.5% carbon dioxide - CO2). 

 

You will complete a detailed health screening interview over the telephone to assess your 

eligibility. You will then be asked to attend two 1 hour testing sessions (approximately 1-2 

weeks apart) in which you will be asked to complete some questionnaires assessing mood 

and anxiety, as well as four short neuropsychological test.  

 

Whilst completing these tests, you will inhale a safe gas mixture of air enriched with 7.5% 

CO2 for twenty minutes, or normal air for twenty minutes. Each testing session is the same, 

but you will be randomised to inhale either CO2 or normal air each week.  

 

Participants will receive either £20 or 26 participation credits upon 

completing the study. 

  

If you are interested in finding out more please email Warren Dunger: wnd1g13@soton.ac.uk 

to request a copy of the study information sheet and to arrange a telephone pre-screening 

interview. 

 

 

 

mailto:wnd1g13@soton.ac.uk
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Appendix L – Information Sheet 

INFORMATION SHEET FOR PARTICIPANTS (V3, 12/01/16) 

ANXIETY AND WORKING MEMORY: INVESTIGATING NEUROPSYCHOLOGICAL TEST 

PERFORMANCE DURING THE INHALATION OF 7.5% CARBON DIOXIDE  

Researchers: Warren Dunger, Marc Edwards 

Academic Supervisor: Dr Matt Garner 

ERGO Study ID number: 18175 

Please read this information carefully before deciding to take part in this research. If you are 

happy to participate you will be asked to sign a consent form. 

You are being invited to take part in a research study. Before you decide it is important for you to 

understand why the research is being done and what it will involve. Please take time to read the 

following information carefully and discuss it with others if you wish. Ask us if there is anything that 

is not clear or if you would like more information. Take time to decide whether or not you wish to 

take part and remember that your participation is voluntary. 

What is the purpose of the research study? 

Neuropsychological tests are used by psychologists to assess a variety of different thinking skills 

(e.g. memory, planning, reasoning). These tests are often used in healthcare settings with patients 

who may be having difficulties with these abilities (e.g. brain injury, dementia, mental health). The 

result of these tests have important implications as they may inform diagnosis, interventions or 

planning lifestyle changes. However, undertaking such tests can be an anxiety-provoking 

experience, particularly when the results have such important consequences. Anxiety itself can also 

influence performance on these tests, as feeling anxious has been found to impair some of our 

thinking skills. Therefore, it is important to understand how anxiety might impact these abilities to 

ensure that the results of neuropsychological tests are accurate and reliable. Furthermore, 

understanding more about the neuropsychological deficits that people with anxiety experience can 

also help plan interventions and support for people with such difficulties.  

This study aims to explore the effect of anxiety on a variety of neuropsychological tests using the 

inhalation of 7.5% carbon dioxide (CO2) for 20 minutes. In healthy volunteers this temporarily 

makes some people feel anxious and tense and reduces feelings of being relaxed and happy. It also 

temporarily increases blood pressure and heart rate as well as alters attention and emotion 

processing, which is commonly reported in anxious patients. The effects of CO2 are different from 

the inhalation of normal room air and we believe that this approach could be used to explore the 

effects of anxiety.  

We are recruiting healthy male and female volunteers, aged between 18 and 55 years, to attend 

two testing sessions where they will inhale 7.5% CO2 and air, and complete some questionnaire 

measures and neuropsychological tests which are used in clinical practice.   

Why have I been chosen? 

You have been invited to participate since you have enquired about our advertised studies. 
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Do I have to take part? 

No, it is up to you to decide whether or not to take part. If you do decide to take part you will be 

given this information sheet to keep and be asked to sign a consent form prior to further 

participation. If you decide to take part you are still free to withdraw at any time and without giving 

a reason. A decision to withdraw at any time, or a decision not to take part, will not affect your 

future or be held against you in any way. 

What does the research study involve? 

There are three main parts to the study:  

1. 15 minute pre-screen phone-call. 

Before entering the research study the researchers will contact you and ask specific questions about 

your medical and psychiatric history, to check that you are fit to take part in the study. This will take 

about 15 minutes, will be arranged at your convenience to be completed over the phone. All 

information will remain confidential.  

You should be generally healthy, have no history of or current asthma, migraine, seizures, renal or 

hepatic impairment or glaucoma, and have no present or past anxiety disorder or other mental 

health problem.  You should not take part if a close member of your family suffers from regular 

panic attacks or has been diagnosed with panic disorder. Your alcohol intake should not be more 

than recommended guidelines; 28 units per week (males), or 21 units per week (female). You should 

not be a regular smoker. No other medication should have been used in the preceding 8 weeks, 

apart from occasional aspirin or paracetamol, or local treatments. Females should be using 

adequate methods of contraception and should not be pregnant or breast feeding, or be 

considering becoming pregnant.  

Your eligibility according to the above will be determined by answering questions over the phone 

and a screening interview (5 min) conducted on the study day to check that nothing has changed 

since the telephone call. If you are found to meet our list of entry criteria, then you will be invited 

to complete the study.   

2. Attend the first 7.5% CO2 or air inhalation experimental test session. 

On confirming your eligibility, you will be invited to attend two test sessions. The first will take 

approximately 1 hour in which you will remain seated in a comfortable position throughout the 

testing session. During the testing session, measurements of your blood pressure and heart rate 

will be periodically taken using six peripheral (i.e. non-invasive) skin-sensors. You will also complete 

some questionnaires to measure how you are feeling and to learn more about you. 

Prior to the testing session you should refrain from alcohol for 36 hours. You should not drink any 

caffeinated drinks after midnight prior to the day of testing. This is because alcohol and caffeine 

have effects of their own on blood pressure and heart rate measurements and alcohol may enhance 

the effects of the gas. However, the exception from this is if you regularly ingest caffeine in the 

morning. If this is the case, you should have your usual caffeinated drink to avoid withdrawal effects 

during the study. You should not be a regular (i.e., daily) smoker and should not have smoked within 

12 hours of the study session. 
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Measurements will be taken shortly after you arrive and once you are comfortable. During this test 

session you will undergo an inhalation of CO2 or normal air for 20 minutes duration. The 

physiological measures (i.e., heart rate, blood pressure) and questionnaire measurements will be 

taken before and after the inhalation period. During the inhalation period you will complete four 

neuropsychological tasks. Two of these take 5 minutes to complete and the others take 4 and 3 

minutes. One of these tasks is a paper and pencil task, two involve saying words or numbers aloud, 

and the other involves using your hand to tap out a sequence.  

After each inhalation period you will be asked to complete some more questionnaires about your 

experiences and how you are feeling. You will also be asked about any thoughts that occurred 

during the inhalation. Please remember that you are free to withdraw from the study at any time.  

The 20 minute gas inhalation will be administered through a mask, which covers your mouth and 

nose. This will be fitted prior to inhalation of the gas to enable you to become accustomed to 

wearing it. You will then wear the mask during the inhalation.  

Any effects of the gas inhalation are temporary and typically resolve within a minute after 

inhalation. At the end of the study session you will remain in the testing room until you feel that 

any effects of the gas have worn off. We will contact you the day after the study day to check that 

you are healthy and well. 

3. Attend the second 7.5% CO2 or air inhalation experimental test session. 

The second testing session will take place approximately 1-2 weeks after the first session and will 

last approximately 50 minutes. It will involve the same steps and procedures as the first testing 

session although some questionnaires will not need to be completed again.  

What are the gas mixtures being delivered? 

The 7.5% CO2 gas is a mixture of carbon dioxide and air, with the air containing the usual amount 

of oxygen.  The air will be normal/medical air that is administered via a mask in the same way as 

the CO2 inhalation. 

What are the side effects of the gas treatments? 

Carbon dioxide inhalation may cause feelings of anxiety or unpleasantness. Other physiological 

effects that may occur include racing of heart, dizziness, pins and needles, and breathlessness. 

Some people also experience a mild headache afterwards. 

People experience and describe the effects of inhaling 7.5% CO2 gas in different ways, and there is 

no way of knowing in advance how you will respond. Some people do not notice it at all, and some 

experience more marked anxiety. Most people will notice some effects, and if you do not like the 

effects you can ask to stop. These feelings should be short-lived (typically resolving within a couple 

of minutes) and would not cause any lasting harm. 

The researchers will remain near you at all times and will offer reassurance if necessary. If you feel 

uncomfortable breathing the gas at any time during the procedure you may indicate that you wish 

the procedure to stop.  
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What are the possible disadvantages and risks of taking part? 

Participants who meet any of the exclusion criteria should not take part in the study. This includes 

pregnant women or women who are breastfeeding, and women who plan to become pregnant. All 

women will therefore be asked to answer some short questions about their use of contraception 

to exclude the possibility of pregnancy. 

What are the possible benefits of taking part? 

Participants who complete the study will receive either £20 or 26 participation credits. Beyond this 

you should not expect to directly benefit from taking part in this research study.  However, the 

information we get from this study may help us to understand and treat patients with anxiety 

disorders in the future. 

What if new information becomes available? 

We do not expect any information about the effects of the inhalation procedure to become 

available, but if this happens this information will be passed on to you immediately. 

Will my taking part in this study be kept confidential?  

All data is anonymized and confidential. You will be assigned a unique participant number that will 

be used to identify your data – your name will not be linked with or stored with any of your data. 

Any information and research study documentation taken for this research study will remain 

confidential and will be available only to the principal investigator and members of the research 

team directly involved in the project.   

What will happen to the results of the research study? 

When the study has been completed, we shall analyse the data and report the findings. This will 

be reported in an appropriate scientific journal or presented at a scientific meeting. You would 

not be identified in any way and if you would like a copy of the final paper, you may request this. 

Who is organising and funding the research? 

The study is being organised by our research team at the University of Southampton. 

Who has reviewed the study? 

The study has received approval from appropriate Ethics and Research Governance panels within 

the University of Southampton 

Who can I contact for further information? 

For further queries, please contact Warren Dunger (Trainee Clinical Psychologist) or Dr Matt Garner 

(Associate Professor) using the details below.  

 

Dr Matt Garner                                Warren Dunger 

 m.j.garner@soton.ac.uk                  wnd1g13@soton.ac.uk  

Alternatively, in case of any concerns or complaints, you can contact the Faculty Ethics Committee 

or the Research Integrity & Governance Team on rgoinfo@soton.ac.uk 

mailto:m.j.garner@soton.ac.uk
mailto:wnd1g13@soton.ac.uk
mailto:rgoinfo@soton.ac.uk


115 
 

Appendix M – Post-Screening Debriefing Statement 

ANXIETY AND WORKING MEMORY: INVESTIGATING NEUROPSYCHOLOGICAL TEST 

PERFORMANCE DURING THE INHALATION OF 7.5% CARBON DIOXIDE  

 

Debriefing Statement – Post-Screening (Ethics ID: 18175, Version 2, 26/11/15) 

 

Researchers: Warren Dunger, Marc Edwards 

Academic Supervisor: Dr Matt Garner 

 

Thank you for your interest in participating in our experiment. On this occasion you have 

not met all of the study inclusion criteria and so you will not be asked to participate further.  

 

Over the course of the screening interview we asked you to discuss certain aspects of your 

physical and mental health. If you found any of these questions have caused you concern, 

there are several sources of advice which are available and which may prove helpful in 

dealing with your concerns. These include your General Practitioner, NHS direct, and also 

Student Services or your personal tutor.  

 

Furthermore if you have any concerns or queries regarding any aspect of your participation 

in this study then please feel free to contact Dr Matt Garner on m.j.garner@soton.ac.uk or 

02380 595926 and he will be happy to discuss these with you. 

 

Thank you for your participation in this research. 

 

If you have questions about your rights as a participant in this research, or if you feel that 

you have been placed at risk, you may contact the Chair of the Ethics Committee, 

Psychology, University of Southampton, Southampton, SO17 1BJ. Phone: +44 (0)23 8059 

3856, or Email: fshs-rso@soton.ac.uk  

 

mailto:m.j.garner@soton.ac.uk
mailto:fshs-rso@soton.ac.uk
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Appendix N – Recruitment Flowchart 
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Appendix O – Consent Form 

CONSENT FORM (Ethics ID: 18175, Version 2, 26/11/15) 

 

Study title: Anxiety and Working Memory: Investigating Neuropsychological Test 

Performance during the Inhalation of 7.5 % Carbon Dioxide 

 

Researchers: Warren Dunger, Marc Edwards 

Academic Supervisor: Dr Matt Garner 

 

ERGO Study ID Number: 18175 

 

Please initial the box(es) if you agree with the statement(s):  

I have read and understood the information sheet (V2, 26/11/2015) 

and have had the opportunity to ask questions about the study 

 

I agree to take part in this research project and agree for my data to  

be used for the purpose of this study 

 

I understand my participation is voluntary and I may withdraw 

at any time without my legal rights being affected  

 

Name of participant (print name)…………………………………………………… 

Signature of participant…………………………………………………………….. 

Date…………………………………………………………………………………  

 

Name of experimenter (print name)………………………………………………... 

Signature of experimenter………………………………………………………….. 

Date………………………………………………………………………………… 
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Appendix P – Debriefing Statement 

ANXIETY AND WORKING MEMORY: INVESTIGATING NEUROPSYCHOLOGICAL TEST 

PERFORMANCE DURING THE INHALATION OF 7.5% CARBON DIOXIDE  

Debriefing Statement (V2, 26/11/15, Ethics ID: 18175) 

Researchers: Warren Dunger, Marc Edwards 

Academic Supervisor: Dr Matt Garner 

 

Thank you for taking part in this experiment. 

Study background: Patients in healthcare settings (e.g. brain injury) may undertake 

neuropsychological tests to determine whether key thinking abilities (e.g. memory) are impaired. 

However, the anxiety-provoking nature of such tests may cause cognitive impairments unrelated 

to any injury or organic problem. Therefore, it is important to understand how anxiety can influence 

neuropsychological performance to help with the accuracy of such tests. In doing so, this would 

help inform how tests could be administered or adapted to increase their reliability. In addition, 

this would also contribute to better understanding how individuals experiencing high anxiety may 

be cognitively impacted in everyday life.  

The inhalation of 7.5% CO2 increases anxiety and autonomic arousal (e.g. heart rate, blood pressure) 

in humans and provides a novel experimental model of anxiety in healthy humans. This model is 

well placed to evaluate the neuropsychological consequences of anxiety under laboratory 

conditions. Previous studies have suggested that working memory (i.e. our ability to temporarily 

hold and manipulate information in mind) may be particularly vulnerable to anxiety due to 

competition for mental resources (e.g. attentional control theory). Various anxiety-induction 

procedures have been used to investigate this effect, but have found mixed results. However, the 

inhalation of CO2 has not been used to date. 

This research aimed to examine the effects of inhaling CO2 as a novel anxiety-induction procedure 

on tests of working memory. In the first testing session you would have been randomly allocated 

to inhale either CO2 or normal air whilst undertaking four neuropsychological tests of working 

memory. In the second testing session, you would have then inhaled the other set. Therefore, each 

person was compared on their performance whilst inhaling normal air versus CO2. You were also 

asked to complete various questionnaires which asked you about your mood, what thoughts or 

images you had whilst undertaking the tests, as well as questions about any worries you might have. 

The responses to these questionnaires will be used to investigate links between anxiety, personality 

traits and cognitive abilities.  

If you are interested in finding out more about the rationale behind this research and the methods 

used in this project please see the references below: 

1. Garner, M., Attwood, A., Baldwin, D. S., James, A., & Munafo, M. R. (2011). Inhalation of 

7.5% Carbon Dioxide Increases Threat Processing in Humans. Neuropsychopharmacology, 

36(8), 1557-1562. 
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2. Attwood, A., Catling, J., Kwong, A. & Munafo, M. (2015). Effects of carbon dioxide (CO2) 

inhalation and ethnicity on face memory. Physiology and Behaviour, 147, 97-101.  

3. Eysenck, M., Derakshan, N., Santos, R. & Calvo, M. (2007). Anxiety and cognitive 

performance: Attentional control theory. Emotion, 7, 336-353.  

4. Coy, B., O’Brien, W., Tabaczynski, T., Northern, J. & Carels, R. (2011). Associations between 

evaluation anxiety, cognitive interference and performance on working memory tasks. 

Applied Cognitive Psychology, 25, 823-832.  

In the event that you feel unwell please contact your General Practitioner or NHS Direct on 

08454647 as per usual.   

During this study we have asked you to reflect on certain aspects of your physical and mental health. 

If at any point during your studies you become concerned about your mental or physical health 

then please contact your General Practitioner.  

If you have more general worries during your time as a student in Southampton then please also 

be aware that Student Services or your personal tutor are available to provide support and advice.  

Furthermore if you have any concerns or queries regarding any aspect of your participation in this 

study then please feel free to contact Dr Matt Garner on m.j.garner@soton.ac.uk or 02380595926 

and he will be happy to discuss these with you. 

A member of the research team will phone you tomorrow to check that you have not experienced 

any adverse events following your participation, and to discuss any additional queries that you 

might have. 

 

Thank you again for your participation in this research. 

 

Signature ______________________________         Date __________________ 

Name (print)____________________________ 

 

If you have questions about your rights as a participant in this research, or if you feel that you have 

been placed at risk, you may contact the Chair of the Ethics Committee, Psychology, University of 

Southampton, Southampton, SO17 1BJ. Phone: +44 (0)23 8059 3856, or Email: fshs-

rso@soton.ac.uk  

 

 

 

mailto:m.j.garner@soton.ac.uk
mailto:fshs-rso@soton.ac.uk
mailto:fshs-rso@soton.ac.uk
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Appendix Q – Research Protocol and Durations 

 

Telephone Pre-Screen 

Pre-Screen 

Time Scale 

(Minutes) 

Task/Procedure Duration of 

Task 

(Minutes) 

0-2 Demographic information  3 

2-5 Medical history 3 

5-12 MINI International Neuropsychiatric Interview 7 

12-15 Arrange Time/Date for Session 1 2 

 

Session 1 Protocol 

Session 1 

Time Scale 

(Minutes) 

Task/Procedure Duration 

of Task 

(Minutes) 

0-2 Pre-study screen 2 

2-4 Heart rate and blood pressure (baseline) 2 

4-5 Information Sheet and Consent Form 1 

5-8 State-Trait Anxiety Inventory (baseline) 3 

8-10 GAD-7-State (baseline) 2 

10-13 Penn State Worry Questionnaire 3 

13-16 Brief Fear of Negative Evaluation Questionnaire 3 

16-18 Verbalizer-Visualizer Questionnaire 2 

18-19 Explain the use of the Rating Scale Mental Effort 

after each task to familiarise participants.  

1 

Gas 

On 

19-20 Place oro-nasal face mask on participant for 

inhalation of CO2 or normal air 

1 

20-27 Trail-Making Test (5 conditions) 

& Rating Scale Mental Effort 

7 

27-34 Digit Span (3 conditions) 

& Rating Scale Mental Effort 

7 

34-40 Spatial Span (2 conditions) 

& Rating Scale Mental Effort 

6 

Gas 

Off 

Face mask removed 

40-42 Heart rate and blood pressure (post-inhalation) 2 

42-45 State section of State-Trait Anxiety Inventory 

(post-inhalation) 

3 
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Session 1 

Time Scale 

(Minutes) 

Task/Procedure Duration 

of Task 

(Minutes) 

45-47 GAD-7-State (post-inhalation) 2 

47-50 Cognitive Interference Questionnaire 3 

50-53 Cognitive Interference Questionnaire for Mental 

Imagery  

3 

53-54 Arrange second testing session 1 

55-60 Wait to ensure physiological measures return to 

baseline 

1-5 

Notes: Estimated times are taken from standardised test manuals and Axelrod (2001). The 

order of tasks during inhalation alternatives between verbal and visual-based tasks to 

ensure air intake is not compromised by verbal demands.  

 

Session 2 Protocol 

Session 2 

Time Scale 

(Minutes) 

Task/Procedure Duration 

of Task 

(Minutes) 

0-2 Pre-study screen 2 

2-4 Heart rate and blood pressure (baseline) 2 

4-7 State section of State-Trait Anxiety Inventory 

(baseline) 

3 

7-9 GAD-7-State (baseline) 2 

9-10 Explain the use of the Rating Scale Mental Effort 

after each task to familiarise participants. 

1 

Gas 

On 

10-11 Place oro-nasal face mask on participant for 

inhalation of CO2 or normal air 

1 

11-18 Trail-Making Test (5 conditions) 

& Rating Scale Mental Effort 

7 

18-25 Digit Span (3 conditions) 

& Rating Scale Mental Effort 

7 

25-31 Spatial Span (2 conditions) 

& Rating Scale Mental Effort 

6 

Gas 

off 

Face mask removed 

31-33 Heart rate and blood pressure (post-inhalation) 2 

33-36 State section of State-Trait Anxiety Inventory  

(post-inhalation) 

3 

36-38 GAD-7-State (post-inhalation) 2 

38-41 Cognitive Interference Questionnaire 3 
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Session 2 

Time Scale 

(Minutes) 

Task/Procedure Duration 

of Task 

(Minutes) 

41-44 Cognitive Interference Questionnaire for Mental 

Imagery  

3 

44-47 Expectancy Questions and Qualitative feedback 3 

47-48 Debrief 1 

48-53 Wait to ensure physiological measures return to 

baseline and arrange follow up call 

1-5 
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Appendix R – Ethics Approval Letter 

Submission Number 18175: 
Submission Title Anxiety and Working Memory: Investigating Neuropsychological Test 
Performance during the Inhalation of 7.5% Carbon Dioxide.: 

 
The Research Governance Office has reviewed and approved your submission 
 
You can begin your research unless you are still awaiting specific Health and Safety approval (e.g. 
for a Genetic or Biological Materials Risk Assessment) or external ethics review (e.g. NRES).The 
following comments have been made: 

This is to confirm the University of Southampton is prepared to act as 'Research Sponsor' for this 
study, and the work detailed in the protocol/study outline will be covered by the University of 
Southampton insurance programme. 

As the Sponsor's representative for the University this office is tasked with: 

1. Ensuring the researcher has obtained the necessary approvals for the study 
2. Monitoring the conduct of the study 
3. Registering and resolving any complaints arising from the study 

As the Chief/Principal Investigator you are responsible for the conduct of the study and you are 
expected to: 

1. Ensure the study is conducted as described in the protocol/study outline approved by this 
office 

2. Advise this office of any change to the protocol, methodology, study documents, research 
team, participant numbers or start/end date of the study 

3. Report to this office as soon as possible any concern, complaint or adverse event arising 
from the study 

Failure to do any of the above may invalidate your ethics approval and therefore the insurance 
agreement, affect funding and/or sponsorship of your study; your study may need to be 
suspended and disciplinary proceedings may ensue. 

On receipt of this letter you may commence your research but please be aware other approvals 
may be required by the host organisation if your research takes place outside the University. It is 
your responsibility to check with the host organisation and obtain the appropriate approvals 
before recruitment is underway in that location. 

May I take this opportunity to wish you every success for your research 

Submission ID : 18175 
Submission Name: Anxiety and Working Memory: Investigating Neuropsychological Test 
Performance during the Inhalation of 7.5% Carbon Dioxide. 
Date : 12 Jan 2016 
Created by : Warren Dunger  
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Appendix S – Ethical Indemnity Insurance 

Date: 7th December 

 

Dear Dr Garner, 

 

Professional Indemnity and Clinical Trials Insurance 

 

Project Title: Anxiety and Working Memory: Investigating Neuropsychological Test Performance 

during the Inhalation of 7 .5% Carbon Dioxide . 

 

ERGO Ref: 181 75 

 

Participant Type 

Healthy Volunteers 

 

Number of participants 

50 

 

Participant age group 

Adult 

 

Thank you for submitting the completed questionnaire and attached papers. 

 

Having taken note of the information provided, I can confirm that this project will be covered 

under the terms and conditions of the above policy, subject to written informed consent being 

obtained from the participating volunteers or their parent, guardian, next of kin as appropriate. 

 

I would also advise that it is a condition of the University's insurance that any incidents that could 

eventually result in a claim are reported immediately. Serious adverse events, suspected 

unexpected serious adverse reactions and similar fall into this category. For studies hosted by or 

sponsored by UHS the Research and Development Office will copy the SAE and SUSAR reports 

they receive to the University Insurance Office. For all other studies such events must be reported 

to me at the same time as they are reported under the Protocol. Failure to do this could invalidate 

the insurance. 

 

If there are any changes to the above details, please advise us as failure to do so may invalidate 

the insurance. 

 

Yours sincerely 

 

Senior Insurance Services Assistant 
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Appendix T – Supplementary Analysis and Tables 

T.1) Cognitive Load Manipulation Check 

 Differences in participant’s performance and rated mental effort were explored 

across spatial and verbal WM tasks during normal air inhalation. This aimed to establish 

differences in cognitive load across the WM tasks. A repeated-measures ANOVA found a 

significant difference between verbal WM task and performance, F(2,58)=9.925, p<.001, 

d=.585. Non-orthogonal planned-contrasts were used to locate the source of effects with 

a Bonferroni correction for multiple comparisons (p≤.16). These revealed performance was 

significantly higher for DSF (p<.001), compared to DSB and DSS. No significant difference 

was found between DSB and DSS.  

A significant difference was also found between ratings of mental effort for each 

verbal WM task, F(2,58)=15.920, p<.001, d=740. Planned-contrasts revealed significantly 

lower effort ratings for DSF (p<.001) compared to DSB and DSS. No significant differences 

were found between DSB and DSS. These results suggest that DSF could be considered a 

measure of lower cognitive load due to lower reports of mental effort and higher 

performance scores compared to DSB and DSS, which showed the opposite pattern which 

was suggestive of higher cognitive load. 

Using a related t-test, a significant difference was found between spatial WM task 

and performance, t(30)=2.921, p=.007, d=.533, with higher scores being reported for SSF. 

A significant difference was also found for mental effort with greater effort ratings being 

reported during SSB compared to SSF, t(30)=2.047, p=.050, d=.374. Therefore, SSF was 

considered a measure of lower cognitive load due to higher performance scores and lower 

mental effort ratings compared to SSB, which had higher mental effort ratings and lower 

performance scores indicative of higher cognitive load.  
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T.2) Trail-Making and Order Effects 

Notes: C1=Visual Search, C2=Number-Sequencing, C3=Letter-Sequencing, C4=Number-

Letter Switching (main Trail-Making task), C5=Motor Speed.  
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Figure T.2. Participants performed worse on Trail-Making when they had CO2 first, and 

better when they had normal air second which may account for the significant order effects 

found for order 1.  
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T.3) Expectancy Effects 

Participant’s response to which condition they believed they were in during their 

first session was entered as a between-subjects factor to explore expectancy effects. 

Despite 93.3% of participants correctly identifying which condition they had been assigned, 

there were no significant interactions found between expectancy and the anxiety 

measures, F(5.22)=1.866, p=.141. There were also no significant interactions between 

expectancy and Digit Span, F(3,26)=.514, p=.676, or Spatial Span, F(2,27)=.006, p=.994. 

Therefore, the results of the anxiety and WM measures appear to be unaffected by 

expectancy effects. 

 

T.4) Time Between Session 1 and 2 

The time between the first and second testing session varied greatly (5-30 days, 

M=10.7, SD=5.9) due to participants availability, illness and non-attendance at sessions. As 

a result, the number of days between sessions was entered as a potential covariate into a 

repeated-measures MANOVA with the WM total scores for each measure. No significant 

interaction was found between the number of days between sessions and WM measures, 

F(2,27)=.124, p=.884. Using repeated-measures ANOVA, no significant interaction was 

found between number of days between sessions, condition and time point (pre vs. post) 

for STAI-State anxiety, F(1,28)=1.612, p=.215. This suggests that despite the variable 

lengths of time between testing sessions, this did not influence reports of anxiety or 

measures of WM.  

 

T.5) Effect Size Calculations for MANOVA 

Effect sizes were calculated using recommendations from Mayers (2013) to produce 

a Cohen’s d effect size. The mean correlation between DVs for each repeated-measures 

MANOVA were computed and entered as the parameter for correlation among repeated-

measures’ using G*Power (Faul et al., 2007). The subsequent steps involved standard 

procedures for using the G*Power software.  
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T.6) Total Scores for Digit Span and Spatial Span Across Conditions.  

A repeated-measures MANOVA found a significant multivariate effect for condition 

on total scores of WM performance, F(2,28)=32.939, p<.011, d=1.53. Univariate analysis 

found significantly lower scores in the CO2 condition compared to normal air for both 

Spatial Span total, F(1,29)=60.122, p<.001, d=1.44, and Digit Span total, F(1,29)=31.110, 

p<.001, d=1.04. These findings suggest anxiety has adversely affected spatial and verbal 

WM (see Figure T.6).  

Figure T.6. Reductions in Spatial Span and Digit Span total scores during CO2 inhalation 

compared to normal air.  
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T.7) Formula for T-Score Conversion 

The formula below (taken from Crawford, 2013) was used to convert raw scores 

from Digit Span, Spatial Span and the Rating Scale for Mental Effort into T-Scores.  

 

 

In the above formula, Xnew=T-Score, Xold=original score, Sold=SD of original scale, 

old=mean of original scale, new=50 (T-Score mean) and Snew=10 (T-Score SD).  

T.8) WM Capacity Descriptive Statistics  

Table T.8 

WM Capacity Descriptive Statistics  

 Normal Air CO2 

 Median 95% CI Median 95% CI 

Spatial Span 

Forward 6.00 6.08 – 6.92 6.00 5.19 – 6.01 

Spatial Span 

Backwards 6.00 5.40 – 6.33 5.00 4.79 – 5.61 

Digit Span 

Forwards 7.00 6.35 – 7.31 6.00 5.89 – 6.98 

Digit Span 

Backwards 5.00 4.39 – 5.27 4.00 3.72 – 4.62 

Digit Span 

Sequencing 6.00 5.80 – 6.67 6.00 5.10 – 5.77 

 

T.9) Effect size formula for Wilcoxon Signed-Rank 

The Z-score was used to approximate the effect size of each Wilcoxon signed-rank 

test, using Pearson’s r method. This was calculated using the formula below: 
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T.10) Correlation Matrix for Questionnaires 
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T.11) Supplementary Analysis for Trait Questionnaire Measures 

Supplementary analysis of trait measures were undertaken using a median split to 

create high- and low-score groups for the STAI-Trait and PSWQ. This method for 

dichotomising variables has been critiqued for loss of statistical power and potentially 

resulting in type I errors, although alternative standpoints have also been proposed (e.g. 

Iacobucci et al., 2015). However, this additional analyses was included in an attempt to 

better understand the counterintuitive findings for STAI-Trait. The median split created a 

between-subjects factor which was entered into separate mixed multi-factorial ANOVA’s 

with STAI-State anxiety.  

A significant interaction was found between condition, time and group (high vs. low-

trait anxiety) for STAI-State anxiety (see Figure T.11), F(1,28)=17.933, p<.001, d=.800.  

Figure T.11a. Mean STAI-State scores across time points during the CO2 condition for low- 

and high-trait anxious individuals.  

Further analysis using independent t-tests with adjustments for multiple 

comparisons (p≤.013), revealed high trait-anxious participants reported significantly higher 

pre-inhalation STAI-State anxiety compared to low-trait anxious individuals for both normal 

air, t(30)=4.789, p<.001, d=1.76, and CO2 inhalation, t(30)=7.504, p<.001, d=2.72. At post-

inhalation, low trait-anxious individuals reported higher STAI-State scores in the CO2 

condition, but this was non-significant due to the adjustment,  t(30)=2.513, p=.018, d=.922. 
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During the normal air condition, participants high in trait anxiety reported higher STAI-State 

anxiety compared to the low-trait group, t(30)=3.055, p=.005, d=1.09. Therefore, high trait-

anxious individuals initially reported higher levels of state anxiety at pre-inhalation and 

mild increases under anxiety-inducing conditions at post-inhalation. In contrast, low trait-

anxious individuals reported less state anxiety at pre-inhalation, but then showed a large 

increase in state anxiety in response to the anxiety-induction procedure.  

A significant interaction was found between PSWQ group and time, F(1,28)=4.332, 

p=.047, d=.393. Further analysis using independent t-tests with adjustments for multiple 

comparisons (p≤.013) revealed post-inhalation scores were significantly higher during CO2 

inhalation for high-worriers compared to low-worriers, t(30)=2.779, p=.010, d=1.04. A 

significant correlation was also found between post-inhalation STAI-State scores and PSWQ 

in the CO2 condition, r=(30).597, p<.001. Therefore, high worriers appeared to respond 

more strongly to the anxiety-induction with greater reports of state anxiety at post-

inhalation compared to low worriers.  

Figure T.11b. Mean STAI-State scores across time points during the CO2 condition for low- 

and high-worriers.  
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T.12) Mean Differences in CIQ and CIQ-MI Scores across Conditions 

Figure T.12. Increased cognitive interference for thoughts (CIQ) and mental imagery (CIQ-

MI) during CO2 compared to normal air.  
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Appendix U – Qualitative Feedback 

ID Condition Comments 
1 Air What am I supposed to be feeling? Wondered if I was supposed to be 

better or worse than without CO2. Besides that it was quite chilled :) 

1 CO2 Out of breath - struggling for air. Headache/dizziness. Stressed. My mind 
didn't really think about much except hoping it was over soon. I felt like I 
was shuffling because I was uncomfortable. I did wonder whether this was 
normal… 

2 Air I had the feeling of having difficulties to breath in the beginning, but as 
getting used to the mask, the feeling went away. It was simply the 
difference in the way of breathing perhaps. 

2 CO2 At the point when the air concentration changed (quite suddenly), I felt 
panicked and anxious. I felt I could not breathe and I thought it would be 
impossible to finish the experiment. It felt similar to the first seconds of 
scuba diving, but I thought I must calm down, breathe deeply. I felt more 
calm and able to do the tasks after this. 

3 Air A little uncomfortable, I imagined actually being a person with anxiety, and 
whether they feel this way without a mask on. I felt a little nervous about 
my results. 

3 CO2 I felt a bit like a scuba diver! I felt a little uncomfortable wearing the mask. 
I thought I may have done badly. I thought I was better at these simple 
tasks when doing the practice tests. 

4 Air On easier tasks I thought about the "magic number 7” and wondered if I 
was achieving 7 digits in recall, but wasn't concerned if I wasn't. Having 
said that, I couldn't <unintelligible>. I also thought about how the mask I 
had was funny, but mostly concentrated on the task and enjoyed it. 

4 CO2 Initially I wondered about the gas that I would be breathing this time, but 
focused on the task. After a few minutes, I noticed it was hard to breathe 
and as tasks got more difficult, I made mistakes earlier in sequences or 
more frequently. I felt like my shoulders were consistently lowering to try 
and get air in and after a while began to feel light headed. I wondered if I 
would pass out and this panicked me slightly, so I was very glad when tasks 
moved on quickly. I was very relieved when we were finished. 

5 Air The mask felt slightly more uncomfortable than previously and made me 
feel more dry throat. 

5 CO2 Physically a dryer mouth. Reminded me of times during gas mask training 
in the Royal Navy. 

6 Air I felt like I had to concentrate a lot on the tasks at hand. I did not think 
about other factors unrelated to the task, besides when I knew I made a 
mistake and how that would look bad on my performance. 

6 Co2 I felt like I was losing my breath and I wasn't able to concentrate as much 
at the end. My vision seemed a little blurry at the end too. 

7 Air I felt anxious about how well I was doing and this led to me losing 
concentration on some tasks, which then made me feel more anxious. I 
was concerned about whether what I was doing in each task was right. I 
also felt quite nervous as each new task was presented to me. 
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ID Condition Comments 
7 CO2 I felt short of breath that made me panic and lose concentration. This 

made me worry even more about how badly I was doing on the task. I was 
concerned that I had performed worse in this task than I did the first time. 

9 Air At some point I felt like I had failed some of the tasks. I felt overwhelmed 
because it was difficult to keep up with the experimenter at times when 
the tasks increased in difficulty. I also felt excited because it was fun to 
participate. 

9 CO2 I felt like my head was hurting a lot which made it difficult to concentrate 
on some of the tasks. At times I felt a little dizzy and thought that I would 
not be able to complete the task. 

10 Air Just thinking about how to chunk info for tasks. 

10 CO2 The air in the mask felt somewhat difficult to breathe… slightly, not the 
whole time but some of the time… not sure why? 

11 Air Brief sense of relief - could breathe more easily. Wondering if tasks were 
exactly the same as last time. Wondering if my results would be better or 
worse. 

11 CO2 Concern, sudden realisation that I could not breathe properly. Briefly 
wondered as to whether it was psychosomatic, thought about trying to 
breathe properly, realising I could not breathe properly. Panic. Trying to 
complete tasks quickly so the mask would be removed. 

12 Air Initially I felt more tense than I felt last time I did the experiment which 
made me worry that I would feel anxious as the study continued. However, 
I actually felt more relaxed as the study continued. I felt my breathing 
begin to get more shallow and rapid, although I felt like this also improved 
as the study progressed. I felt I was performing particularly badly on the 
final set of tasks - worse than I was performing in the first study. 

12 CO2 I thought how hard I found it to breathe initially, but soon felt able to 
regulate my breathing. I felt incapable of doing the tasks as they increased 
in difficulty - I thought I was performing worse than others on average. I 
thought I would have performed better than I did. At one point, I was 
annoyed with myself as a lapse in concentration meant I completely 
missed the pattern presented to me, in the blue squares task. Towards the 
end of the study, I developed a headache which progressively got more 
intense. 

13 Air I noticed the mask kept making funny noises with every breath. 
 

13 CO2 I felt very uncomfortable and found it quite hard to concentrate on the 
task at times as I was wondering when the experiment would finish. 

15 Air I felt a little bit worried that I wasn't using the mask properly as it was 
making noises. I also worried about my performance, that I wasn't doing 
well, especially at the recall tasks. I felt slightly embarrassed that my lines 
connecting the dots were messy. I could feel the air and felt some slight 
tension in my chest. I also kept trying to work at out whether I had normal 
air or CO2. 

15 CO2 I felt like for the whole time I was really out of breathe and could barely 
breathe properly. I thought about asking to finish the experiment early, 
but thought that it would be unfair. Consequently, I was always thinking 
about how I could control my breathing I also worried about how many 
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ID Condition Comments 
trials were left and how much longer I had. I thought that this time was a 
lot worse than previously I felt a little bit dizzy and lightheaded, but it all 
went away as soon as the gas was turned off. 

16 Air  I was thinking how I hadn't done tasks like this in a while and thought I'd 
do badly. I didn't want to look stupid for the results though occasionally 
had to stop myself from thinking about doing badly and focus on the task 
at hand! I didn't notice any physical effects like light 
headedness/headache, or increased heart rate. I was just conscious of the 
sound of my breathing. 

16 CO2 I felt very constrained, stressed, like I would run of air and wanted to take 
big gulps of air, like after you've held your breath underwater. 

19 Air None. 

19 CO2 Shortness of breath, restless, annoying headache. 

20 Air None. 

20 Co2 A bit hard to inhale. Headache back of the head. Confused, forgetful. 

21 Air None. 

21 CO2 Had a bit of a headache. Found it a bit hard to breathe. 

22 Air This is definitely not CO2, I can breathe!, I felt calm and at ease. 

22 CO2 Uncomfortable, scared, couldn’t breathe, tense, claustrophobic, headache, 
heart racing 

23 Air Mask made rippling noises when breathing which I found distracting. 

23 CO2 I felt shortness of breath. I felt focused. A confliction between the two. 

24 Air It was fine? 

24 CO2 Worrying about breathing too much/not catching my breath. Little bit 
lightheaded. 

25 Air Felt stressed that I couldn't remember the long numbers and sequences, 
but I didn't worry. Also, I felt calm but slightly light needed. 

25 CO2 I felt like I couldn’t breathe deeply enough and I had a headache. I felt 
slightly panicky and claustrophobic. I felt very tense and I couldn’t 
concentrate properly. 

26 Air I felt a bit worried about my performance in the tasks. I felt 
uncomfortable, I was worried about the experimenter judging how I 
looked and my performance in the tasks. 

26 CO2 I felt a little out of breath and tense. A little uncomfortable. Felt slightly 
worse than the last time. I wasn't sure about how well I was performing 
and felt nervous. 

27 Air None. 

27 CO2 Uncomfortable feeling, felt closed in. 

28 Air I wondered if I was receiving CO2 or normal air. What did I look like 
wearing the mask? The feel of the mask. Thinking through how to do the 
tasks as I go. 

28 CO2 Felt a bit nervous, wondered how well I was doing. Thought about if I was 
going to have a headache and I felt a bit tense. 

30 Air The mask on my face felt strange. Could hear the air making funny noises. 
Thought the tasks were hard. 

30 Co2 Heart rate felt very high. I felt hot. Headache behind my ears - blood 
rushing. This crept up really quickly. 
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ID Condition Comments 
31 Air I was just thinking I was doing poorly 

31 CO2 I had difficulty breathing. Quite a strong headache. Heart was beating 
faster. Eyes hurt. I thought that I was doing poorly. I was a bit frustrated 
that I realised I made a mistake and couldn't take it back. It felt like I wasn't 
able to pay attention to anything else but the task (I didn't hear the 
background noise and did not realise any change in environment). 

32 Air Relatively pleasant 

32 CO2 I hope this is the CO2 as my performance is not what I had hoped. I can do 
far better than this. Feelings of increased heart rate. Slight light-
headedness. 

34 Air I thought that last week had CO2 and this week normal. I felt a bit more 
tired and distracted today (related to the gas) Sorry! 

34 CO2 At some points I did feel like it was a bit more difficult. I relaxed into it as 
time went as at first I thought I might not be able to continue as it was 
difficult to breath. I felt like my heart rate did increase. 

35 Air Felt it was much easier to breathe but wasn't sure if I was performing any 
better than last time. 

35 CO2 Felt a bit light headed with a mild headache. Felt as though I was struggling 
to breathe and had to take very deep breathes. Felt stressed that I couldn't 
remember things very well. 

36 Air None 

36 CO2 Slight dizziness. Trouble concentrating. 

37 Air I felt relaxed and calm when compared to the previous week, but this 
week my mind drifted more. 

37 CO2 Dizziness and headache afterwards, but during was struggling to breathe. 
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Appendix V – Context of the Present Study 

 The present study was originally conceptualised as an investigation of anxiety on 

long-term memory in older adults with mild cognitive impairment. This was to be 

undertaken in the NHS using a clinical sample, capturing naturally occurring anxiety in this 

population. However, delays occurred as a result of the process of applying for NHS ethics. 

When the project was reviewed during a Research Ethics Committee panel, the project was 

denied relating to standards of medical research being applied to neuropsychological 

research. Such problems have been highlighted by other neuropsychologists with the 

journal Cortex devoting an issue on neuropsychological research and NHS ethics (e.g. 

Jansari, Cocchini, Jenkinson, Bajo & Ietswaart, 2015). The denial of this original study was 

also cited in a statement regarding NHS ethics by the British Neuropsychological Society: 

“Another project was rejected because the Ethics Committee wanted the 

researcher to use electrophysiology rather than a validated clinical psychology 

questionnaire, indicating a prejudice as if neurophysiology were more scientific.” 

Due to these difficulties and time-constraints, the study was redesigned at the end 

of 2015 to recruit a student sample which was a vastly different younger and non-clinical 

population. However, this provided an opportunity to examine theories of anxiety and 

cognition more directly by experimentally manipulating anxiety. Researchers at the 

university had used CO2-induced anxiety studies to explore cognition. Considering the 20 

minute inhalation period, examining long-term memory was not feasible. However, this 

paradigm was suited to studying WM which was frequently cited in theoretical accounts of 

anxiety and cognition. To meet subsequent thesis deadlines, a redesign of the study took 

place over two weeks in order to submit to university ethics before the end of term. In 

hindsight, this resulted in some elements being evaluated in less detail. For example, the 

Visualizer-Verbaliser Questionnaire has been repeatedly critiqued on psychometric 

grounds, resulting in a revised version with improved reliability and construct validity (Kirby 

et al., 1988). However, this was initially overlooked resulting in the less robust version being 

used which had limited utility and did not allow the CIQ-MI to be validated as a measure of 

mental imagery.  
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Appendix W – Clinical Example of Anxiety Influencing WAIS-IV Scores 

The raw scores used below are based upon scores obtained by a service user in their 

early 20’s who was being assessed for eligibility to a Learning Disability Service. They will 

be used to demonstrate the potential difference that anxiety could make to performance 

scores based upon findings from the present study. These differences were estimated using 

data in the conversion table (Appendix W.4).  

W.1) Without Anxiety Influencing Performance 

 

 

 

 

 

 

 

 

 

 

 

 

These scores demonstrate that with a raw score of 20 (scaled score=6; M=10) on 

Digit Span combined with a scaled score of 5 on the other WM measure (Arithmetic), this 

results in a WM Index (WMI) score of 74 (M=100), 4th percentile which is considered in the 

borderline range of ability. The Full Scale IQ (FSIQ) is 71, 3rd percentile which is also 

considered to be in the borderline range of ability.  

 

Raw 

Score

16 4

14 5

20 6

8 4

18 6

8 5

20 5

11 7

12 9

47 6

Similarities

Digit Span

Matrix Reasoning

Information

Coding

Vocabulary

Arithmetic

Symbol Search

Visual Puzzle

5

7

9

6

6

4

6

5

5

Scaled Score

4

Subtest

Block Design

Percentile 

Rank

Qualitative 

Description

VCI 81 10 76 - 87 Low Average

PRI 71 3 66 - 79 Borderline

WMI 74 4 69 - 82 Borderline

PSI 76 5 70 - 87 Borderline

FSIQ 71 3 68 - 76 Borderline

GAI 74 4 70 - 80 Borderline

Confidence 

Interval 

(95%)Scale

Composite 

Score

Verbal Comprehension

Perceptual Reasoning

Working Memory

Processing Speed

General Ability Index

Full Scale IQ
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W.2) With Anxiety Influencing Digit Span Performance  

 

 

 

 

 

 

 

 

 

 

 

 

These scores demonstrate anxiety influencing Digit Span performance by reducing 

the raw score by 3 (the mean reduction found in the present study). This results in the 

scaled score for Digit Span being reduced from 6 to 4. This also influences the WMI 

decreasing it to 69, 2nd percentile which is in the extremely low range of ability. The FSIQ 

has also been affected being reduced to 70, 2nd percentile.  

 

 

 

 

 

 

Raw 

Score

16 4

14 5

17 4

8 4

18 6

8 5

20 5

11 7

12 9

47 6

Similarities

Digit Span

Matrix Reasoning

Information

Coding

Vocabulary

Arithmetic

Symbol Search

Visual Puzzle

5

7

9

6

4

4

6

5

5

Scaled Score

4

Subtest

Block Design

Percentile 

Rank

Qualitative 

Description

VCI 81 10 76 - 87 Low Average

PRI 71 3 66 - 79 Borderline

WMI 69 2 64 - 78 Extremely Low

PSI 76 5 70 - 87 Borderline

FSIQ 70 2 67 - 75 Borderline

GAI 74 4 70 - 80 Borderline

Confidence 

Interval 

(95%)Scale

Composite 

Score

Verbal Comprehension

Perceptual Reasoning

Working Memory

Processing Speed

General Ability Index

Full Scale IQ
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W.3) With Anxiety Influencing Digit Span and Arithmetic Performance 

 

 

 

 

 

 

 

 

 

 

 

 

These scores demonstrate anxiety influencing both Digit Span and the other WM 

measure Arithmetic to the same extent, reducing the scaled score by 2. This results in the 

WMI being reduced further to 63, 1st percentile, which is in the extremely low range of 

ability. This also affects the FSIQ reducing it to 69, 2nd percentile, which is in the extremely 

low range of ability and indicative of an intellectual disability.  

Within the discrepancy analysis of index scores, these anxiety-related reductions 

would resulted in the WMI being considered significantly lower than the VCI and PSI, 

highlighting it as an area of need. Furthermore, the decline in the WMI created a significant 

difference between FSIQ and GAI, which would be interpreted as WM and processing speed 

collectively having a significant impact on general cognitive ability. Therefore, anxiety has 

the potential to not only influence index scores, but also the pattern of results and 

subsequent interpretation of the cognitive profile.  

 

Raw 

Score

16 4

14 5

17 4

8 4

18 6

5 3

20 5

11 7

12 9

47 6

Similarities

Digit Span

Matrix Reasoning

Information

Coding

Vocabulary

Arithmetic

Symbol Search

Visual Puzzle

5

7

9

6

4

4

6

3

5

Scaled Score

4

Subtest

Block Design

Percentile 

Rank

Qualitative 

Description

VCI 81 10 76 - 87 Low Average

PRI 71 3 66 - 79 Borderline

WMI 63 1 58 - 72 Extremely Low

PSI 76 5 70 - 87 Borderline

FSIQ 69 2 66 - 74 Extremely Low

GAI 74 4 70 - 80 Borderline

Confidence 

Interval 

(95%)Scale

Composite 

Score

Verbal Comprehension

Perceptual Reasoning

Working Memory

Processing Speed

General Ability Index

Full Scale IQ
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W.4) Digit Span and Spatial Span Raw Score Conversion Table 

The table below displays the mean score for normal and anxiety-inducing 

conditions, mean differences, and 95% confidence intervals for the mean difference in raw 

scores for the Digit Span and Spatial Span subtests.  

Table W.4 

Mean Differences in Digit Span and Spatial Span Raw Scores  

Subtest 

Normal 

Mean Score 

Anxiety 

Mean Score 

Mean 

Difference 

95% CI for 

Mean 

Difference 

Digit Span  

Forwards 

Backwards 

Sequencing 

Total 

 

10.5 

8.7 

9.3 

28.5 

 

10.0 

7.3 

7.9 

25.1 

 

-0.5 

-1.4 

-1.4 

-3.4 

 

-1.3 

-1.9 

-2.0 

-4.6 

 

- 

- 

- 

- 

 

0.2 

-0.9 

-0.8 

-2.1 

Spatial Span  

Forwards 

Backwards 

Total 

 

9.8 

8.8 

18.4 

 

8.2 

7.3 

15.6 

 

-1.6 

-1.4 

-2.8 

 

-2.1 

-2.0 

-3.6 

 

- 

- 

- 

 

-1.1 

-0.8 

-2.1 
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Glossary of Terms 

Amygdala – A group of neurons anterior to the hippocampus in the medial temporal lobe 

which are involved in emotional processing.  

Bottom-Up Processing – Automatic cognitive processing that emphasises the importance 

of information from the stimuli registered at sensory receptors. 

Central Executive – A component of Baddeley’s working memory model which integrates 

information from other components and is important in attention, planning strategies and 

coordinating behaviour. It has been found to manipulate information in working memory 

through the use of inhibition, shifting and updating functions.  

Complex span – These working memory tasks differ from simple span tasks by adding a 

processing demand to the storage element. Encoding of items into memory (e.g. words) 

alternates with brief processing episodes (e.g. reading sentences).  

Delayed-Response Task – A task in which the correct response must be produced after a 

delay period of several seconds. These tasks require working memory to maintain 

information during the delay period.  

Embedded Processes Theory – This theory of working memory developed by Cowan, 

suggested that working memory is organised into two embedded levels with the first 

consisting of limitless representations from long-term memory which are activated. The 

second level involves the focus of attention which has a limited capacity for holding 

activated representations in mind. 

Episodic Buffer - A component of Baddeley’s working memory model which serves as a 

temporary storehouse for gathering and integrating information from the other 

components. It actively manipulates information in order to interpret an earlier experience, 

solve new problems, and plan future events.  

Functional Magnetic Resonance Imaging – A neuroimaging procedure involving a magnetic 

field producing changes in oxygen atoms in the brain, which are scanned and recorded as 

a measure of activity whilst a participant performs a cognitive task 
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Interacting Cognitive Subsystems Model – A cognitive model developed by Barnard which 

involves the flow of mental representations between different levels of representation, 

which compete for processing resources within each cognitive subsystem.  

Inhibition – In relation to central executive processes, inhibition involves using attentional 

control to resist disruption of interference from task-irrelevant stimuli.  

Magnetoencephalography - This is a neuroimaging procedure for mapping neural activity 

by recording magnetic fields produced by electrical currents in the brain during cognitive 

tasks.  

Mixed Saccade Task (aka. Antisaccade Task) – This task assesses saccadic eye movements 

as a measure of frontal lobe functioning. Individuals fixate on motionless target and then 

respond to a visual target presented to the left or right with the instruction to make a 

saccade in either the opposite direction (antisaccade) relating to inhibition, or same 

direction (prosaccade).  

Multicomponent Model of Working Memory – A model proposed by Baddeley and Hitch 

which conceptualises working memory as a multipart system which temporarily holds and 

manipulates information during the performance of cognitive tasks. It consists of a central 

executive, phonological loop, visuospatial sketchpad and an episodic buffer.  

n-Back Task – A form of continuous performance task which measures working memory. 

Individuals are presented with a sequence of stimuli (e.g. verbal or spatial) and instructed 

to identify when the current stimulus matches the one shown n number of steps previously. 

For example, a 1-back task would requiring matching the current stimulus to the previous 

one, whereas 2-back would involve matching the stimulus to the one shown 2 items 

previously, and so forth.  

Operation Span – These tasks are a form of complex span working memory task which 

combine mathematical equations (e.g. 3+7/2 = 5?) followed by encoding a word or letter 

into memory.  

Phonological Loop – A component of Baddeley’s working memory model which involves 

the temporary storage of a limited number of sounds and verbal information. 
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Posterior Parietal Cortex – An area in the parietal lobe which is involved in spatial 

reasoning, attention and planned motor movement. It also integrates information from 

other sensory systems. 

Prefrontal Cortex – This brain region located in the frontal lobe is responsible for higher 

aspects of motor control, planning, the execution of behaviour, and tasks which require the 

integration of information over time with the involvement of working memory 

mechanisms. The prefrontal cortex has three main areas: the dorsolateral prefrontal 

cortex, the anterior cingulate and medial frontal regions, and the orbitofrontal cortex.  

Randomisation Tasks – These working memory tasks involve generating random 

sequences (e.g. letters or tapping) which requires high levels of attentional monitoring and 

control (drawing on the central executive) to overcome tendencies to produce well-

practised sequences. As limited working memory resources are consumed by other means, 

the generated output is less random which is indicative of a decrement in working memory 

performance.  

Shifting – In relation to central executive processes, shifting involves using attentional 

control to flexibly shift attention to remain focused on task-relevant stimuli.  

Short-Term Memory – This is a form of memory which is limited in capacity (±7 items) and 

duration which involves holding information in mind for a short period of time without 

active manipulation.  

Simple Span – A working memory task which involves the immediate recall of a string of 

numbers or words in their correct serial order.  

Stroop Test – This test measures the executive function of inhibition as individuals are 

tasked with naming the colour of ink that a word is written, rather than read the word itself. 

However, the written word is the name of a colour resulting in competition between 

automatically reading the name of the word and saying the colour of the ink. Therefore, 

participants need to inhibit their automatic response to respond correctly.  

Top-Down Processing – Conscious cognitive processing that emphasises the influence of 

mental concepts, expectations, memory and other elements of higher cognition.  
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Updating – In relation to central executive processes, updating involves actively monitoring 

and updating working memory representations as new information is received.  

Visuospatial Sketchpad – A component of Baddeley’s working memory model which 

involves the temporary storage of visual and spatial information. 
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