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Abstract 

 

This PhD thesis focuses on the assessment and rehabilitation of people with a chronic 

vestibular disorder (CVD). Chapter 1 focuses on providing the background information on 

experimental chapters. Four experimental studies were conducted (Chapters 2-5). Two of 

these (Chapter 3 and 4) were on people with CVD. One study (Chapter 2) was an 

investigation on healthy adults which could provide normative data for comparisons to 

people with CVD and one (Chapter 5) on dizziness, unsteadiness and/or falls following the 

coronavirus-disease-19 (COVID-19) infection. Chapter 6 includes the general discussion on 

experimental Chapters 2-5 and their limitations including limitations related to COVID-19 

outbreak. 

 

In terms of the experimental studies, the first (Chapter 2) was a case-controlled study which 

aimed to investigate the factors that predicted Functional Gait Assessment (FGA) and FGA 

dual task (DT) gait performance in 100 healthy adults aged 18-80 years old. The results 

showed that the FGA performance scores were lower (i.e., worse) for FGA DT conditions 

versus FGA in isolation. The numeracy DT had the greatest impact on FGA performance 

followed by literacy and lastly, auditory DT. Younger age, higher level of formal education 

(LoE) and better performance on various cognitive function tasks including those assessing 

episodic memory, visual processing speed and divided attention, were the main predictors 

explaining 44-57% of the variance for better performance on all FGA conditions. 

Additionally, better hearing capacity was one of the predictors for better performance on 

FGA while lower scores on the questionnaire measuring daytime sleepiness predicted better 

performance on FGA with numeracy DT. For more than 35% of adults over 65 years old, 

numeracy and literacy DT resulted in increased falls risk as indicated by FGA scores. Gait 

performance in DT conditions is linked to increased falls risk and particularly in older adults. 

Balance assessments and intervention programs as well as community exercise classes 

should consider including a DT component for falls prevention.  

 

Second study (Chapter 3) was a case-controlled study which aimed to identify the factors 

that predicted FGA and FGA DT gait performance in 48 people with CVD aged 18-80 years 

old. The findings showed that the type of DT condition significantly impacts FGA scores. 

Even in highly functional people with CVD with normative FGA scores, there is an 
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indication of higher falls risk when a complex cognitive task is added during walking. 

Therefore, the vestibular rehabilitation (VRT) programs should consider including a 

customised DT component of appropriate complexity according to the person’s functional 

capacity and symptoms for balance training. Also, from predictive models for FGA and FGA 

DT performance which explained 42-50% of the variance for all FGA conditions, it appears 

that assessments of sleep, Body Mass Index (BMI), and physical activity (PA) levels should 

be offered if people have poor sleep or increased daytime sleepiness, abnormal (>25 BMI) 

or lower than recommended PA levels, respectively. Also, lower score for visually induced 

dizziness (ViD), predicted better performance on two out of four FGA conditions. Specific 

exercises to target ViD should be included in VRT programs which may help improving 

further gait and DT gait performance. Adding supervision and education to customised VRT 

may target more effectively these issues as well as people’s poor self-perceived balance 

confidence and improve better gait and ability to DT during walking, therefore, may 

decrease the overall falls risk. 

 

Third study (Chapter 4) was a single-blinded pilot-parallel randomised controlled trial 

(RCT) which aimed to investigate the effect of a 12-week customised VRT program 

incorporating cognitive and auditory DT exercises on FGA and average FGA DT cost score 

(primary outcome) as well as subjective symptoms, cognitive function performance, anxiety, 

depression, and sleep (secondary outcomes) in 48 people with CVD aged 18-80 years old. 

The main findings indicated that both VRT with and without DT exercises help to improve 

subjective symptoms, balance, gait, and ability to DT in people with CVD. However, 

practising DT exercises in addition to a customised and supervised VRT program may 

provide a greater change in patients’ perceived handicap from dizziness, and ViD. Practising 

specific DT exercises may help to achieve average normative scores on FGA with 

simultaneous performance of a numeracy task which was the most challenging DT 

condition.  

 

The last experiment of this thesis (Chapter 5) was developed because of the coronavirus-

disease-2019 (COVID-19) outbreak in 2020 and the need to understand better the 

relationship of this disease with dizziness, unsteadiness, and/or falls as well as the clinical 

presentation and impact of these symptoms on people’s ability to perform activities of daily 

living (ADLs). This study (Chapter 5) was an online anonymous survey which aimed to 

investigate the prevalence, clinical presentation (e.g., self-reported) and impact of dizziness, 
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unsteadiness and falls in adults over 18 years old who were positive for COVID-19. Results 

demonstrated that people affected by COVID-19 may experience new onset or exacerbation 

of previous symptoms of dizziness and unsteadiness and increased incidence of falls for over 

six months after the acute COVID-19 infection with a significant impact on their ability to 

perform ADLs and work. Following the acute COVID-19 infection, over 70% of 

respondents to the survey questionnaire reported experiencing dizziness, over 60% 

unsteadiness, and around 20% falls. Dizziness and unsteadiness should be recognised among 

symptoms in patient with symptoms experienced after the acute COVID-19 infection. 

People with lingering and persistent symptoms such as dizziness unsteadiness and/or falls 

following the acute COVID-19 infection, should be referred to appropriate health care 

providers for assessment and management of their symptoms. The findings of this survey 

may help to shed light into better understanding of the prevalence, clinical presentation and 

impact of dizziness, unsteadiness and/or falls in adults who were positive for COVID-19 

and increase clinicians’ awareness who tend to see patients with such symptoms for 

assessment and intervention.  
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CHAPTER 1: GENERAL INTRODUCTION 

 

People with chronic vestibular disorders (CVD) may experience vertigo, dizziness, 

including visually induced dizziness (ViD) (Pavlou et al., 2006; Bisdorff et al., 2009), 

reduced static and dynamic postural stability (Whitney et al., 2000; Wrisley et al., 2004; 

Marchetti et al., 2014), decreased balance confidence in performing activities of daily living 

(ADLs), increased falls risk (Herdman et al., 2000b; Herdman et al., 2012), fear of falling 

(Young and Williams, 2015), anxiety, depression (Yardley et al., 1994; Staab and 

Ruckenstein, 2003; Bigelow et al., 2016; Herdman et al., 2020; Herdman et al., 2021) and 

sleep problems (Albathi and Agrawal, 2017; Smith et al., 2019). These people perform 

worse on more complex tasks such as dual tasking (DT) and show significant balance and 

gait impairments compared to healthy age-matched controls (Roberts et al., 2011; Bessot et 

al., 2012; Lin et al., 2018). They also show impairments in spatial (Zheng et al., 2003; 

Kremmyda et al., 2016; Anson et al., 2021) and nonspatial (Redfern et al., 2004; Popp et al., 

2017) cognition. These factors may cause disruption in their social and daily activities 

(Semenov et al., 2016; Kovacs et al., 2019; Haddad et al., 2019) and work (Bronstein et al., 

2010). Thus, these people may require additional sick leave or medical consultation 

(Neuhauser et al., 2005; Neuhauser et al., 2007).  

Vestibular Rehabilitation Therapy (VRT) is an exercise-based programme to encourage the 

central nervous system (CNS) compensation for vestibular hypofunction. The updated 

clinical practice guidelines report that there is a moderate to strong evidence to support VRT 

as an effective and safe management approach in reducing dizziness, vertigo, postural 

instability, and associated falls, and improving quality of life (QoL) in people with unilateral 

and bilateral peripheral vestibular disorders (Hall et al., 2022). However, one of the 

challenges is to discriminate between different types of treatment due to insufficient 

evidence. Another challenge is that, although approximately 50% to 80% of people with 

CVD achieve significant improvements in subjective symptoms, gait, dynamic visual acuity, 

and postural stability, full recovery is less common and the reasons for that are not clearly 

understood (Topuz et al., 2004; Herdman et al., 2012; Whitney et al., 2020). Thus, optimal 

VRT approaches are a priority. Also, recently, dizziness and unsteadiness have been 

identified as some of the main neurological manifestations of severe acute respiratory 

syndrome coronavirus-2 (SARS-CoV-2) or otherwise known as coronavirus-disease-2019 

(COVID-19) (Viola et al., 2021; Alde et al., 2022) while falls have been observed in older 
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adults following the acute phase of COVID-19 infection (Norman et al., 2020; Gawronska 

et al., 2021). The prevalence, clinical presentation (e.g., self-reported) and impact of 

dizziness, unsteadiness and falls in adults over 18 years old who were positive for COVID-

19 are not known. 

This Doctor of Philosophy (PhD) thesis focuses on the physiotherapy assessment and 

rehabilitation of people with CVD. Specifically, this PhD thesis includes a case-controlled 

study aiming to investigate the factors that predict Functional Gait Assessment (FGA) and 

FGA dual task (DT) performance in a) 100 healthy adults aged 18-80 years old (Chapter 2), 

and b) 48 people with CVD aged 18-80 years old (Chapter 3); c) a single-blinded pilot 

randomised controlled trial (RCT) investigating the effect of a 12-week customised and 

supervised VRT including cognitive DT exercises on FGA and average FGA DT cost (DTC) 

score (primary outcome) as well as subjective symptoms, cognitive function performance, 

anxiety, depression, and sleep (secondary outcomes) in 48 people aged 18-80 years old with 

CVD (Chapter 4); and d) an online anonymous survey investigating the prevalence, clinical 

presentation (e.g., self-reported) and impact of dizziness, unsteadiness and falls in adults 

over 18 years old who were positive for COVID-19 (Chapter 5). The purpose of this chapter 

(Chapter 1) is to provide background information on the topics, which have been included 

in this PhD thesis.  

 

1.1 Vestibular disorders 

 

The Barany Society, the international society for neuro-otology, has established evidence-

based consensus documents on international classification of vestibular disorders (Bisdorff 

et al., 2009). Studies focusing on statistics estimates vary widely in terms of how common 

the vestibular disorders are, how often they occur, and what their impact is on people who 

experience them and the society (Thompson and Amedee, 2009; Agrawal et al., 2013). 

However, even the lowest estimates reflect the fact that vestibular disorders occur often, can 

affect people of all ages and impact on their independence, QoL, and social and health care 

systems. The sections below provide information on these topics.  
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1.1.1 Prevalence, incidence, and financial impact of vestibular disorders on the 

person and health care systems 

It has been suggested that the prevalence and incidence of vestibular disorders can be 

evaluated based on three main categories: the most common symptom of vestibular 

dysfunction, (i.e., vertigo), vestibular function using balance tests, and specific vestibular 

disorders (Agrawal et al., 2009; Agrawal et al., 2013). This thesis will include people with 

CVD including those with peripheral vestibular disorders and vestibular migraine (VM). 

People with fluctuating symptoms such as those with Menière’s (MD) (Lopez-Escamez et 

al., 2015) and chronic functional vestibular disorders such as Persistent Postural-Perceptual 

Dizziness (PPPD) (Staab et al., 2017; Staab, 2020) will not be included. 

 

Vertigo due to vestibular disorders accounts for 25% of all dizziness complaints (Agrawal 

et al., 2013; Neuhauser et al., 2016; Grill et al., 2018) and their prevalence increases with 

age. The lifetime prevalence of vertigo was 7.4%, the 1-year prevalence was 4.9%, and the 

incidence was 1.4% (Neuhauser et al., 2005). Studies (Neuhauser et al., 2005; Neuhauser et 

al., 2007; Agrawal et al., 2009) also found that vertigo was three times more common in the 

older adults, with a predominance of nearly threefold in females. In the United Kingdom 

(UK), it was estimated that the lifetime prevalence of vertigo to be 3–10% (Murdin and 

Schilder, 2015) with a general practitioner (GP) working on a full-time basis, to be likely 

seeing 10–20 people with vertigo in one year (Barraclough and Bronstein, 2009). 

  

An epidemiological study (Agrawal et al., 2009) analysing data from the National Health 

and Nutrition Examination Survey 2001-2004, reported that as many as 35.4% (i.e., 69 

million) adults aged 40 years or older in the United States of America (USA) have 

experienced some form of vestibular hypofunction (e.g., based on balance testing using a 

modified Romberg test) which required medical attention. It was highlighted that the odds 

of balance disorders increased significantly with age (Agrawal et al., 2009). Between the 

ages of 60 and 69, the prevalence increased to almost 50% whereas between 70 and 79, to 

69% (Agrawal et al., 2009). Additionally, Liston and colleagues (2014a) reported that 80% 

of community-dwelling older adults who had at least two falls a year had diminished 

vestibular function as diagnosed based on caloric testing. Overall, it was estimated that 

vestibular hypofunction [e.g., based on video-Head Impulse Test (vHIT) testing] affected 

between 53 million and 95 million adults in Europe and the USA per annum (Grill et al., 

https://cks.nice.org.uk/topics/vertigo/references/
https://cks.nice.org.uk/topics/vertigo/references/
https://cks.nice.org.uk/topics/vertigo/references/
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2018). Further, a large epidemiological survey on 70 million people, conducted by Hülse 

and colleagues (2019), reported that dizziness and vertigo because of a diagnosed peripheral 

vestibular disorder was found in 1,137,294 people, accounting for 758,527 (66.7%) females 

and 378,767 (33.3%) males. 

 

The most common causes of vertigo reported in primary care were vestibular neuronitis 

(VN), benign paroxysmal positional vertigo (BPPV), MD (Dommaraju and Perera, 2016) 

and VM (Zwergal and Dietrich, 2020). One study (Strupp and Brandt, 2009) reported that 

VN, the third most common cause of peripheral vestibular vertigo, has an annual incidence 

of 3.5 per 100,000 population and accounts for 7% of the people at outpatient clinics 

specialising in the treatment of vertigo. A meta-analysis estimated that 630,000 clinic visits 

each year were because of VN or vestibular labyrinthitis (VL) (Kroenke et al., 2000). In a 

prospective study (Hanley and O’Dowd, 2002), in primary care of 70 people with vertigo, 

42% had BPPV, 41% had VN, 10% had MD, and the remaining 7% had other pathology 

such as stroke, transient ischaemic attack, multiple sclerosis, or psychogenic 

vertigo. However, these findings may be misleading because it is not clear if they were 

working diagnoses before further investigation was undertaken or confirmed diagnoses. 

 

Zwergal and Dietrich (2020) highlighted that the previous study by Hanley and O’Dowd 

(2002) overestimated the incidence of MD which is rarer and neglected VM or migranous 

vertigo which may be one of the most common causes of episodic vertigo in the emergency 

department (Dietrich et al., 2016). BPPV and VM appear to be significantly underdiagnosed, 

while MD, which is about 10 times less frequent than BPPV, appears to be overdiagnosed 

(Neuhauser et al., 2016). The lifetime prevalence of VM was 0.98%, and 1-year prevalence 

0.89% (Neuhauser et al., 2006).  A more recent study (Formeister et al., 2018) reported a 

2.7% 1-year prevalence of VM. This difference between two studies (Neuhauser et al., 2006; 

Formeister et al., 2018) may be partially due to the stricter inclusion criteria employed in the 

study by Neuhauser and colleagues (2006) which could account for a smaller 1-year 

prevalence of VM.  

  

In terms of peripheral vestibular disorders, a recent study showed that of the 450 participants 

who reported experiencing vertigo or dizziness in the last 12 months and assessed with the 

vHIT, 5.8% had unilateral and 3.6% had bilateral vestibular pathology (Grill et al., 2018). 

Prevalence of unilateral or bilateral vestibular disorder among tested symptomatic people 

https://cks.nice.org.uk/topics/vertigo/references/
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increased with age, from 2.4% in people younger than 48 years old to 32.1% in people aged 

79 and over. Prevalence of bilateral vestibular disorders (BVD) in symptomatic people aged 

79 and over was 16.1%. Also, of the tested 190 asymptomatic people, 2.6% had unilateral 

vestibular disorder (UVD) and 1.1% had BVD (Grill et al., 2018).   

 

Consequently, vestibular disorders may represent a substantial and increasing financial 

strain on the person and healthcare systems. People who experience vertigo attend up to 9.6 

visits with primary care physicians and up to 7.2 visits with specialists, and report 

undergoing six laboratory based diagnostic procedures (Kovacs et al., 2019) while an 

average of 4.5 visits with healthcare providers is required for affected people to be correctly 

diagnosed and provided an appropriate management plan (Kovacs et al., 2019). In 2011, in 

the USA alone, it was estimated that, of 3.9 million people visiting a hospital emergency 

department with dizziness or vertigo complaints, 25.7% had otological or vestibular causes, 

costing to the USA nation 757 million dollars (Saber Tehrani et al., 2013). On a personal 

level, in Europe, people who experienced vertigo spent every year 818 euros more on health 

care expenses compared to people who did not experience vertigo (Kovacs et al., 2019). In 

addition, the incidence of falls was greater in people with vestibular disorders compared to 

age-matched community-dwelling adults (Herdman et al., 2000b; Liston et al., 2014a; 

Schlick et al., 2016). The global direct and indirect medical costs of falls-related injuries are 

huge (CDC, 2017; Florence et al., 2018). On top of that, there is a significantly increased 

risk of injury for up to 1-year following a visit to the emergency department for acute onset 

of vertigo of peripheral vestibular disorder which adds up to overall cost (Kim et al., 2020). 

The total cost of falls to the UK has been estimated at £4.4 billion, which includes £1.1 

billion for social care and £2 billion for hip fractures (PHE, 2017; PHE, 2018). 

 

1.1.2 Impact of vestibular disorders on people’s quality of life 

Vestibular disorders may impact on QoL (Semenov et al., 2016; Kovacs et al., 2019) with 

various aspects of ADLs being affected including standing unsupported from armless chair, 

reaching up, and walking up ten steps (Harun et al., 2015). A German study (Neuhauser et 

al., 2007) reported that vertigo is recurrent in 88% of cases and causes severe impairment in 

80% of affected people as it resulted in interruption of ADLs, sick leave, or medical 

consultation. From those people who were still working, over 50% felt that their work 

efficiency had dropped while over 25% of them had changed their jobs and 21% had quit 
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work (Bronstein et al., 2010). Additionally, 57% of people reported a disturbance in their 

social life, 35% reported difficulties with family responsibilities, and 50% reported struggles 

with travelling (Bronstein et al., 2010). In Belgium, more than 50% of people experiencing 

dizziness reported that they had to take sick leave due to dizziness, and 12% were not able 

to return to work (van der Zaag-Loonen et al., 2015). Overall, people with BVD were more 

affected compared to people with UVD (Sun et al., 2014).  

 

Further, people with vestibular disorders have decreased balance confidence (Marchetti et 

al., 2014) and an increased falls risk (Herdman et al., 2000b) and annual costs from falls are 

enormous (CDC, 2017; PHE, 2017; Florence et al., 2018; PHE, 2018). However, direct costs 

do not account for the long-term effects of post-fall injuries, including disability, dependence 

on others, sick leave from work and household responsibilities, psychological distress, and 

reduced QoL (Harun et al., 2015; Haddad et al., 2019; Kovacs et al., 2019). People with 

balance impairments had a 2.6-fold increase in the odds of falling, but those experiencing 

dizziness due to a vestibular disorder had a 12-fold increase in the odds of falling (Agrawal 

et al., 2009). As an example, from 64,046 Americans with BVD approximately 55% reported 

that they decreased their participation in ADLs and social activities due to reduced 

functional capacity, postural instability, and fear of falling (Ward et al., 2013). These people 

had a 31-fold increase in the odds of falling compared with all populations while the rate of 

recurrent falls was 30% (Schlick et al., 2016).  

 

The severity of handicap perceived from dizziness and vertigo in people with vestibular 

disorders have been shown to impact people’s emotional wellbeing (Bayat et al., 2020). 

People who presented to a neuro-otology clinic with a confirmed vestibular disorder 

experienced greater than expected anxiety and depression (Bayat et al., 2020) which were 

correlated with more severe handicap perceived from vertigo or dizziness (Bigelow et al., 

2016; Bayat et al., 2020; Herdman et al., 2020; Herdman et al., 2021).  This reciprocal 

correlation between the vestibular and psychologic processing systems (Furman et al, 2001) 

may have a considerable impact on people’s treatment outcome and QoL (Best et al., 2009). 

In addition, people with CVD who show poorer illness perception and unhealthier cognitive 

beliefs towards their symptoms including increased fear avoidance, all-or-nothing behavior, 

catastrophising, and symptom focusing perceive greater impact on their QoL and their 

recovery maybe poorer (Herdman et al., 2020; Herdman et al., 2021).  
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Vestibular disorders may impact cognitive function (Smith and Zheng, 2013; Hitier et al., 

2014; Bigelow and Agrawal, 2015; Guidetti et al., 2020). People with vestibular disorders 

often complain about symptoms of memory loss, decreased attention and/or “brain fog” 

(Black et al., 2004; Bigelow and Agrawal, 2015). Indeed, studies demonstrate general 

memory impairments in people with complete (Brandt et al., 2005) and incomplete BVD 

(Kremmyda et al., 2016) as well as spatial working memory, navigation, and attention 

impairments in people with right and left UVD (Popp et al., 2017) compared to age- and 

sex-matched healthy controls. This is of high relevance because poorer cognitive 

performance has been associated with an increased falls risk, and reduced ability to perform 

ADLs such as shopping, travelling in the community, participating in social activities, 

working (Bronstein et al., 2010; Semenov et al., 2016; Haddad et al., 2019; Kovacs et al., 

2019) and DT (Redfern et al., 2004; Nascimbeni et al., 2010; Roberts et al., 2011; Bessot et 

al., 2012; Lin et al., 2018), which is seen in many ADLs.  

 

Lastly, recent observations report close associations between vestibular function and sleep 

(Micarelli et al., 2017; Sugaya et al., 2017; Smith et al., 2019; Andrade Junior et al., 2021). 

Thirty percent of people with vertigo reported abnormal sleep duration (i.e., 15.5% short 

duration and 14.8% long duration) (Albathi and Agrawal, 2017). In adjusted analyses, 

people with vertigo had a 1.75 relative risk ratio of having short sleep duration and a 1.55 

relative risk ratio of having long sleep duration compared to people without vertigo. Forty-

four percent of people with CVD reported increased daytime sleepiness and nearly 80% poor 

sleep quality and quantity (Smith et al., 2019). On the other hand, people with obstructive 

sleep apnea were found to be affected by a reduction in the Vestibular Ocular Reflex (VOR) 

gain when studied by means of vHIT (Micarelli et al., 2017). Overall, abnormal sleep and 

the associated decrease in attention may lead to a slower reaction time for sensory re-

weighting, poor choice of appropriate sensory input and postural instability even in healthy 

young adults (Gomez et al., 2008; Micarelli et al., 2017), while the impact is significantly 

greater in people with vestibular disorders (Micarelli et al., 2017; Smith et al., 2019) and 

may contribute further to their disability and increase falls risk (Andrade Junior et al., 2021).  

 

 

 



31 
 

1.2 Postural control  

 

Traditionally, biomechanical principles indicate that balance exists when the line of gravity 

falls within the base of support and increases with its increasing area, a lower center of 

gravity, and greater mass (Bell, 1998).  The interaction of various postural systems including 

musculoskeletal and neural systems, and feedback from visual, vestibular, and 

somatosensory cues are needed to maintain balance or postural control (Horak, 2006).  How 

much each system is used to maintain postural control can be altered depending on the goals 

of the movement tasks, individual characteristics, and experiences, as well as environmental 

constraints (Horak, 2006). Postural control is associated with maintaining or restoring the 

line of gravity within the base of support to sustain a posture (e.g., standing) and provide 

volitional and automatic postural movements. Figure 1.1 illustrates a model representing the 

components contributing to postural control (Modified from Horak, 2006). 

 

 

 

Figure 1.1 Model representing components contributing to postural control (Modified from 

Horak, 2006).  
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Musculoskeletal systems of postural control include components such as adequate joint 

range of motion, flexibility of the spine, muscle tone, power, and strength (Horak, 2006). 

Muscle tone is an adaptive function of the neuromotor apparatus (Profeta and Turvey, 2018). 

It responds adequately to orders which arrive from upper levels of movement construction 

by adjusting the excitability of the sensory and motor cells for the postural control in static 

and dynamic conditions (Profeta and Turvey, 2018). When someone is moving or changing 

position, adequate muscle tone, power and strength and joint range of movement are 

required to generate sufficient muscular activity to resists the force of gravity and prevent a 

fall (Winter et al., 1993). In that case, to maintain postural stability, control processes will 

be required (Winter et al. 1993). As an example, when someone is walking, the swing leg is 

placed under the moving center of gravity to provide anterior stability, while lateral stability 

is provided by lateral trunk control and foot placement (Bauby and Kuo, 2000). This 

paradigm is more challenging if an additional task will be added such as talking (Lajoie et 

al., 1993), carrying a shopping bag or thinking (Woollacott and Shumway-Cook, 2002).  

 

In humans, when moving a limb or lifting an object the centre of gravity is moved and 

anticipatory postural adjustments are made to maintain the centre of gravity within the base 

of support. When an external perturbation is experienced, three main types of reactive 

movement strategies are used to maintain postural stability. These are named the ankle, hip 

and stepping strategies (Horak and Nashner, 1986; Maki and McIlroy, 1997). The ankle 

strategy restores the center of mass to a position of stability through body movement centred 

mainly around the ankle joints (Nashner et al., 1977). It appears to be used mostly in 

situations where perturbation to postural control is small. The use of the ankle strategy 

requires intact range of motion and strength in ankles. The hip strategy controls motion of 

the center of mass by producing large and rapid motion at the hip joints and often used to 

restore postural control in a response to larger, faster perturbations or when the support 

surface is smaller than the feet (Horak & Nashner, 1986). The stepping strategy involves 

rapidly moving the limbs to change the base of support by taking a step (Maki &McIlroy, 

1997). The stepping strategy aims to realign the base of support under the falling center of 

mass. Overall, the control of change in stepping strategy is considered more complex than 

of ankle and hip strategies which is due to the requirement of more complex limb movements 

(Maki, 2003).  
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Neural systems required for postural control include the processing of sensory receptor 

information and the control of the initiation of neuromuscular movement strategies (Horak, 

2006). Sensory processes controlling postural orientation and stability include contributions 

from spinal cord, cerebellum, basal ganglia, and brainstem nuclei (Fung & Macpherson, 

1999). The motor processes include neural systems involved in higher-level planning (e.g., 

frontal and motor cortex), co-ordination (e.g., brainstem and spinal networks coordinating 

postural muscle synergies), and generation of forces (e.g., motor neurons and muscles) that 

produce movements effective in controlling the position of the body in space.  

 

To know when and how to restore forces, the CNS must have an accurate image of where 

the body is positioned in relation to space and if it is stationary or moving. To achieve this, 

the CNS must organise information from sensory receptors through the body, including the 

visual, vestibular, and somatosensory cues (Horak, 2006). The section 1.2.1 is a brief 

reference to how each input contributes to balance during both quiet and perturbated stance 

and sensory reweighting. As this thesis focuses on the vestibular disorders, a brief anatomy 

reference will be made to the vestibular system prior referring to its contribution to postural 

control. Moreover, section 1.2.2 refers to cognitive function contribution to postural control 

and to the relationship between cognitive function, vestibular system, and postural control, 

as this thesis emphasis is on the vestibular disorders.  

 

 

1.2.1 Sensory function  

Visual cues 

Visual cues provide information regarding the position and motion of the head with respect 

to surrounding objects, and a reference for verticality (Dichgans et al., 1973). Visual cues 

are not totally necessary to control static balance such as sitting quietly or sitting and 

traveling by bus (e.g., exposure to a moving visual scene) (Bronstein and Buckwell, 1997). 

Although, the latter is only partially true. Guerraz and colleagues (2001) demonstrated that 

the postural response to a moving visual scene is attenuated when humans are given precise 

information about when and how the scene will move in the immediate future. When such 

precise information is given, the brain uses it to interpret the source of visual motion. The 

speed of visual motion on its turn, influences the magnitude of the evoked postural response 

with faster speeds being correlated with lower response gains (Peterka and Benolken, 1995; 

Mergner et al. 2005; Day et al., 2016).  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5043039/#tjp7271-bib-0024
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5043039/#tjp7271-bib-0021
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Further, visual cues actively contribute to postural control during quite stance (Edwards, 

1946; Nashner et al., 1982; Day et al., 2016), consequently, a person’s sway amplitude often 

increases when they have their eyes closed compared to eyes open. Also, when 

somatosensory input is disrupted such as when the support surface is unstable or due to a 

medical condition such as peripheral neuropathy, the visual input becomes essential for less 

postural sway (Nashner et al., 1982). However, in healthy young adults, a recent study 

(Barbieri et al., 2019) demonstrated that although, postural sway was increased after 

induction of ankle muscle fatigue, and saccadic eye movements consistently reduced 

postural sway in fatigued and unfatigued ankle muscle conditions, interestingly, closing the 

eyes increased adults’ sway when their ankle muscles were not fatigued but reduced their 

sway when the ankle muscle were fatigued.  

 

Lastly but most importantly, visual input significantly contributes to postural control when 

a person takes a step or reaches to grasp to recover their postural stability (Maki et al., 2003). 

For example, when an object is about to be lifted from the ground or reached from a top 

shelf the visual input determines the characteristics of postural adjustments anticipated and 

needed to stabilise the body before and during lifting the object. However, when someone 

is pulled or pushed unexpectedly in environments that are more visually active such as 

standing on public transport or being accidently pushed by another person in a crowded 

street, visual input may be an inaccurate source of body motion and result in inappropriate 

postural responses, even in healthy young adults (George et al., 2020).  

 

Somatosensory cues 

The somatosensory cues include group I and II muscle spindle afferents that are very 

sensitive to postural sway and disturbances. They provide directionally specific postural 

responses (Deliagina et al., 2012) to joint receptors (i.e., cutaneous mechanoreceptors which 

contribute to the amplitude of postural responses but not to directional specificity) 

(Honeycutt and Nichols, 2010), and the Golgi tendon organs. All these organs are located 

throughout the body and apart from reporting information about the relationship of body 

segments to one another (Dietz et al., 1992), may also, provide the CNS with position and 

motion information about the body with reference to supporting surfaces. Early studies 

demonstrated the importance of somatosensory cues in postural control. During quiet stance, 

independent vibration of eye, neck, and ankle muscles produced postural sway, which 

increased additively when these muscles were vibrated simultaneously (Roll et al., 1991). 
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Also, during quiet stance, when the afferent input from the lower limb was reduced due to 

vascular ischemia (e.g., induced by application of anesthesia or cooling), an increase in 

center of pressure motion occurred (Diener et al., 1986; Mangusson et al., 1990; Andersson 

and Mangusson, 2002).  

 

Overall, animal, and human studies have shown that even though the individual’s response 

to a dynamic stimulus involving support surface perturbations is multi-segmentary and 

multisensory, it is primarily triggered by somatosensory input in the ankles and feet (Diener 

et al., 1986; Horak et al., 1990). Typically, muscle response latencies to somatosensory cues 

are significantly quicker that response latencies to visual and vestibular cues which are 

approximately only half as quick as somatosensory (Nashner et al., 1979). Therefore, it is 

suggested that in healthy adults the CNS prefers to rely on somatosensory inputs for 

controlling the body sway when postural instability is caused by perturbated support surface 

(Horak et al., 1990).  

 

Vestibular cues 

The vestibular system provides the CNS with information about the position and movement 

of the head with respect to gravity and inertial forces, providing a gravitoinertial frame of 

reference for postural control (Goldberg et al., 2012; Strominger et al., 2012). It consists of 

five sensory organs, three semicircular canals (e.g., anterior, posterior, and horizontal) and 

two otolith organs (e.g., utricle and saccule) (Figure 1.2; Strominger et al., 2012).  Each 

semicircular canal has an enlarged area, known as ampulla, where the sensory organ is 

located. The sensory portion of the otolith organs is the macula.  The semicircular canals 

sense head rotations, arising either from self-induced movements or from angular 

accelerations of the head imparted by the external forces while the otoliths provide input 

concerning linear acceleration and the orientation of the head with respect to gravity and 

inertial forces. The vestibular nuclei within the brainstem (e.g., superior, lateral, medial, and 

inferior) receive their primary input from the vestibular portion of the eighth cranial nerve. 

Once the vestibular input from the semicircular canals and otoliths has reached the vestibular 

nuclei and cerebellum, it is integrated with somatosensory and visual inputs.  

  

The vestibular system involves three reflexes known as the VOR, the vestibulo-cervical, and 

vestibulospinal reflex (Angelaki and Cullen, 2008).  The VOR helps to maintain stable 

fixation of the eyes on an object when the head is moving.  Both angular and linear 
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acceleration signals are used in the VOR.  Projections from the vestibular nuclei to the 

extraocular muscle nuclei allow for the control of eye movements that counter head 

movements to enable gaze stabilisation.  The vestibulo-cervical and vestibulospinal reflexes 

allow for input from the vestibular organs to be used for postural adjustments of the head 

and body, respectively, to maintain stability in an environment with gravity.  

 

Vestibular information has been shown to be important in stabilising head and upper-trunk 

motion in space (Buchanan and Horak, 2002) but vestibular signals alone cannot provide 

the CNS with an accurate picture of how the body is moving in space. For instance, the CNS 

does not have the ability to detect a difference between head nod which is a movement of 

the head relative to a stable trunk, and forward bend which is a movement of the head in 

conjunction with a moving trunk, using only vestibular information (Horak and Diener, 

1994) but needs also, accurate visual and somatosensory inputs (Nashner et al., 1982; 

Peterka et al., 2002). Generally, early experiments observed that the contributions of the 

vestibular cues are much smaller in comparison to those from somatosensory cues in support 

of surface perturbations when somatosensory cues are intact (Dietz et al., 1991; Horak and 

Diener, 1994).  

 

 

 

Figure 1.2 Anatomy of the peripheral vestibular system (Modified from Strominger et al., 

2012).  
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However, under certain circumstances such as during transient perturbations, the vestibular 

input is important in controlling responses. For example, during standing position on a 

moving platform, when the support surface is rotated with toes pointing upwards, this action 

will stretch, and activate the gastrocnemius muscle which will destabilise and pull the body 

backwards. In this case, the subsequent compensatory response in the anterior tibialis muscle 

occurs to restore balance (Di Giulio et al., 2009). This response is activated by the visual, 

somatosensory, and vestibular cues when the eyes are open and, approximately, 80% by the 

vestibular cues when the eyes are closed (Allum and Pfaltz, 1985; Peterka et al., 2002). More 

importantly, vestibular information becomes essential in situations where both 

somatosensory and visual inputs are either unavailable or inaccurate as seen in people with 

uncompensated BVD who are unable to maintain balance in situations where both 

somatosensory and visual cues are either unavailable or misleading (Herdman et al., 1994).  

 

Sensory cues and reweighting 

Overall, each sensory cue (visual, vestibular, somatosensory) provides the CNS with 

specific information about position and motion of the body and has a different point of 

reference for postural control (Horak, 2006). No single sensory cue can provide the CNS 

with accurate information regarding the orientation and movement of the body in space in 

every situation. Therefore, the CNS must have the ability to reweight sensory input 

according to task and environmental demands (Peterka et al., 2002; Assländer and Peterka, 

2014). Traditionally, sensory reweighting occurs when reliance on one sensory system for 

postural control increases while, at the same time, reliance on another sensory system 

decreases (Peterka et al., 2002; Assländer and Peterka, 2014). Young, healthy adults 

typically rely primarily on somatosensory cues during stance with eyes closed but shift 

toward decreased reliance on somatosensation and increased reliance on vestibular cues 

when the stance is perturbed by support surface rotations of increasing amplitude (Peterka, 

2002). Similarly, when visual cues are perturbed by visual surround rotations of increasing 

amplitude, healthy adults decrease their reliance on visual cues (Peterka, 2002). A more 

recent study (Assländer and Peterka, 2016) examined in 12 young healthy adults the 

temporal dynamics of reweighting following sudden transition to different sensory 

conditions (e.g., periodically adding or removing visual or somatosensory cues). In contrast 

to steady-state response, sway response and variability measures were not correlated with 

one another in the dynamic transition period. Different sway responses could occur under 

identical sensory conditions in different experiments when the expected changes in sensory 
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conditions differed between the experiments. The authors (Assländer and Peterka, 2016) 

suggested that the expectation of an impending change in environmental conditions may 

influence the selection of sensory information used for balance control. 

 

Sensory reweighting also, appears to occur during the process of learning new motor skills 

(Lee and Lishman, 1975; Keshner et al., 2004). When healthy adults learn a new motor skill, 

they initially show increased reliance (i.e., weighting) on visual inputs (Keshner et al., 2004; 

Kabbaligere et al., 2017). However, as the task becomes more automatic, they rely 

increasingly more on somatosensory and less on visual inputs (Lee and Lishman, 1975). 

This is of relevance to people with vestibular disorders. Some people, after an acute neuro-

otological lesion, will not be able to use their somatosensory inputs enough and may rely 

more on visual inputs for their postural control (Keshner et al., 2004; Kabbaligere et al., 

2017). Consequently, some of these people may develop visual dependence (Bronstein et 

al., 1995; Cousins et al., 2014) which refers to inappropriate reliance on visual cues in 

postural (and perceptual) behavioural situations or environments where it might be more 

appropriate to use somatosensory or vestibular inputs for balance. Typically, failure to 

properly use sensory reweighting can result in postural unsteadiness and falls (Nashner et 

al., 1982; Peterka, 2002).  

 

1.2.2 Cognitive function  

Cognitive function in postural control  

The cognitive input is crucial to maintain postural stability (Lajoie et al., 1996; Lacour et 

al., 2008). Especially, the role of higher cognitive processes including executive function 

and attention in postural control and gait have been described in the literature (Lezak, 1995; 

Raz, 2000; Woollacott and Shumway-Cook, 2002; Yogev-Seligmann et al., 2008). 

Executive function is often associated with the frontal lobes and related brain networks, 

especially, the prefrontal lobe (e.g., dorsolateral prefrontal cortex and the cingulate cortex) 

(Lezak, 1995; Raz, 2000; Mihara et al., 2008; Leff et al., 2011). However, parietal lobe and 

subcortical areas, including the limbic areas, have also been attributed to executive 

function. Executive function is often divided into six major components when examined in 

relation to postural control and particularly, gait: volition, self-awareness, planning, 

response inhibition, response monitoring and attention/DT (e.g., divided attention) (Yogev-

Seligmann et al., 2008). Impairment of one or more of these components of executive 



39 
 

function may impact one’s ability to maintain postural control especially during walking 

(Yogev-Seligmann et al., 2008). 

 

Typically, the requirements of cognitive function for postural control depend on the 

difficulty of the postural task performed as well as the person’s and environmental 

characteristics (Woollacott and Shumway-Cook, 2002). As the demands for postural 

stability increase, there is a concurrent increase in attention, used by the postural control 

systems (Woollacott and Shumway-Cook, 2002; Yogev-Seligmann et al., 2008). As an 

example, standing upright and walking require greater cognitive resources compared to 

sitting position in health adults (Lajoie et al., 1993; Lajoie et al., 1996). Further, if the base 

of support is reduced in standing position to narrow stance or single leg stance, the healthy 

adults, especially the older, require allocating more of their attentional resources for postural 

control (Lajoie et al., 1996; Woollacott and Shumway-Cook, 2002; Beauchet et al., 2005; 

Ayers et al., 2014).  

 

If the task complexity increases, or two tasks are performed concurrently (e.g., DT) and they 

require more than the total attentional capacity, the performance on either or both tasks 

deteriorate (Woollacott and Shumway-Cook, 2002). The relative change in performance 

associated with DT is known as DT interference or DT cost (DTC) (Plummer and Eskes, 

2015). DT interference is quantified by calculating a DTC for each of the two tasks. The 

DTC could be used to provide information on the impact the postural task has on the 

secondary task or vice versa. Overall, the DTC can be similar or greater (e.g., worse) in 

healthy older compared to younger (Krampe et al., 2011; Brustio et al., 2017; Pizzamiglio 

et al., 2018; Asai et al., 2021; Buyle et al., 2021; Goh et al., 2021) and middle-aged (Hollman 

et al., 2007; Krampe et al., 2011; Jabourian et al., 2014; Brustio et al., 2017) adults but this 

varies due to heterogeneity among studies that use different DT paradigms (Menant et al., 

2014; Muir-Hunter and Wittwer, 2016; Goh et al., 2021). Particularly, during DT gait tasks, 

older adults require greater cognitive resources to maintain postural control compared to 

younger adults when performing the same cognitive (Beauchet et al., 2005; Springer et al., 

2006; Krampe et al., 2011; Brustio et al., 2017; Belur et al., 2020) and auditory (Springer et 

al., 2006; Bruce et al., 2019; Nieborowska et al., 2019; Buyle et al., 2021) tasks. They also, 

walk slower and show greater gait variability than younger adults (Hollman et al., 2007; 

Asai et al., 2021; Buyle et al., 2021). 
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Such DT gait tasks may have a destabilising effect and place older adults at increased falls 

risk (Springer et al., 2006; Krampe et al., 2011; Ayers et al., 2014; Menant et al., 2014; 

Muhaidat et al., 2014; Muir-Hunter and Wittwer, 2016; Brustio et al., 2017; Belur et al., 

2020). When the threats to stability are great, studies show that healthy young adults 

prioritise postural control over other tasks which is known as ‘postural prioritisation’ or the 

‘posture first’ strategy (Woollacott and Shumway-Cook, 2002; Yogev-Seligmann et al., 

2010). On the other hand, postural prioritisation may not occur naturally in older adults with 

or without balance impairments (Al-Yahya et al., 2011; Liston et al., 2014a; Liston et al., 

2014b; Buyle et al., 2021) which may increase falls risk. Characteristically, higher DTC 

have been found in older adults compared to healthy younger and middle-aged adults while 

a 20% or higher DTC which has been observed mainly in older adults, can significantly 

destabilise postural stability and increase falls risk (Hollman et al., 2007; Muir-Hunter and 

Wittwer, 2016). Significantly higher DTC and postural instability during DT gait in older 

adults has been often correlated with age-related decline in cognitive function (Yogev-

Seligmann et al., 2008; Al-Yahya et al., 2011; Ayers et al., 2014).  

 

 Indeed, neuroimaging studies have shown that when the postural tasks become more 

difficult or complex such as in DT and/or when the person’s postural stability is decreased 

due to ageing (Shimada et al., 2013; Mirelman et al., 2017; Al-Yahya et al., 2019; Young et 

al., 2020) or a presence of a pathology (Pizzamiglio et al., 2018; Hoppes et al., 2018; Kahya 

et al., 2019), the brain may increase the activity in a certain or alternative network to 

compensate for reduced neural processing during performance (Hoppes et al., 2018; Kahya 

et al., 2019). Especially, the prefrontal cortex and parietal cortex have been often studied for 

their importance in walking (Mihara et al., 2008; Leff et al., 2011; Shimada et al., 2013; 

Mirelman et al., 2017; Young et al., 2020) and DT walking (Pizzamiglio et al., 2018; Al-

Yahya et al., 2019; Kahya et al., 2019). Older adults and people with age-related 

neurodegenerative conditions show increased activation in the prefrontal cortex and parietal 

cortex compared to healthy young adults which may indicate an adaptive brain that engages 

with compensatory activity to maintain the performance because of the decline in neural 

functions and structure (Kahya et al., 2019).  

 

Relationship between cognitive function, vestibular system, and postural control  

Cognitive function can be broadly classified into two major categories: spatial and 

nonspatial (Bigelow and Agrawal, 2015; Dobbels et al., 2019; Danneels et al., 2020; Chari 
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et al., 2022). Other the past several decades, there has been a growing body of research to 

support the correlation between vestibular lesions and cognitive deficits both in spatial and 

non-spatial domains. 

 

Spatial cognitive ability, which involves tasks of spatial memory, navigation, and mental 

rotation, is one of the more frequently studied cognitive domains in animals (Wallace et al., 

2002; Zheng et al., 2007; Zheng et al., 2009; Besnard et al., 2012) and humans with 

hypofunction (Adamo et al., 2012; Anson et al., 2021). The first well-controlled study of 

spatial memory found that rats with BVD, two weeks after operation, showed profound 

spatial memory impairments in darkness, when visual cues were not available (Wallace et 

al., 2002). Since then, many such studies have been conducted at much longer time frames 

after the lesion both in animals with unilateral and bilateral vestibular lesions (Zheng et al., 

2007; Zheng et al., 2009; Besnard et al., 2012). As in animals, similarly in humans, 

impairments in spatial cognition in people with UVD are more subtle than those in BVD 

people, likely due to residual contralateral function and compensatory processes (Zheng et 

al., 2003; Dobbels et al., 2019; Anson et al., 2021).  

 

Nonspatial cognition is further subdivided into the following domains: memory, attention, 

executive function, language, and processing speed (Danneels et al., 2020; Chari et al., 

2022). Nonspatial cognition has been studied less than the spatial cognition and mainly in 

humans with vestibular disorders. One of the first clinical human studies of cognitive 

function following vestibular lesion was reported by Grimm et al. (1989).  From a total of 

102 people with perilymph fistula syndrome, more than 85% reported memory loss and 

attentional deficits. The people had a normal level of intellectual function but their 

performance on cognitive tasks, including digit symbol, block design, paired associate 

learning and picture arrangement tasks, was impaired. People with vestibular disorders 

exhibited high rates of depersonalisation/derealisation symptoms, including difficulty with 

focusing and attention (Gurvich et al., 2013; Smith and Darlington, 2013). Black and 

colleagues (2004) reviewed people with vestibular hypofunction after gentamicin 

vestibulotoxicity and reported that many of them developed cognitive dysfunction, including 

short-term memory loss, concentration problems, and difficulty to prioritise tasks.  A more 

recent study (Popp et al., 2017) compared performance on neuropsychological tests 

investigating visuospatial abilities, short-term memory, and executive function (attention 

and processing speed) in people with UVD, and BVD and healthy controls. People with 
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BVD performed significantly worse than healthy controls in all the examined cognitive 

domains (Kremmyda et al., 2016), while people with UVD demonstrated impairments only 

in processing speed and visuospatial abilities tasks (Popp et al., 2017; Smith et al., 2019).  

 

Many aspects of non-spatial cognition in people with vestibular disorders can be studied 

using DT as cognitive-motor interference (Redfern et al., 2004; Roberts et al., 2011; Bessot 

et al., 2012; Lin et al., 2018; Danneels et al., 2020). During DT, as one of the both tasks 

become more difficult, an increased amount of cognitive capacity will be required to perform 

this task optimally (Woollacott and Shumway-Cook, 2002), resulting in a decline in 

cognitive reserve. This could in its turn interfere with the performance of the simultaneous 

task. In addition, during DT, the brain must decide which task to prioritise when no 

instructions are given (Yogev-Seligmann et al., 2010; Yogev-Seligmann et al. 2012). People 

with vestibular disorders constantly must consciously process information to ensure gaze 

stabilisation and balance during motor tasks, even as simple as quiet upright standing 

(Redfern et al., 2004), which only requires minimal cognitive resources in healthy adults 

(Lajoie et al. 1993; Lajoie et al., 1996). This could lead to a decrease in cognitive reserve to 

perform simultaneous tasks.  

 

Only a few studies have investigated DT paradigms in people with vestibular disorders. The 

outcome to these studies is very heterogeneous probably to differences in methodology 

including test design (Danneels et al., 2020). Some studies found that people with vestibular 

disorders had a significantly greater decrease in cognitive task during DT conditions 

compared to healthy controls while the motor task decreased similarly in both healthy adults 

and people with vestibular disorders (Redfern et al., 2004; Nascimbeni et al. 2010) which 

suggests prioritisation of the motor task over the cognitive task (i.e., posture first strategy). 

On the other hand, Bessot and colleagues (2012) observed a larger decrease in motor 

performance in people with vestibular disorders compared to healthy controls while the 

performance on the cognitive task decreased similarly in both groups. There are also, studies 

that did not find any significant differences between people with vestibular disorders and 

healthy controls in DT performance (Yardley et al. 2001; Sprenger et al. 2017).  

 

A close link between the vestibular system and cognitive function has been also 

demonstrated through functional neuroimaging studies investigating various brain regions 

(Dietrich and Brandt, 2008; Hoppes et al., 2018). Several cortical areas, including the 
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hippocampus, temporal gyrus, parietal, and inferior lobe, among other regions, are shown to 

be affected in presence of a vestibular dysfunction (Dietrich and Brandt, 2008). Other brain 

regions affected by vestibular dysfunction include the thalamus, hippocampus, vestibular 

nuclei, and cerebellum. Especially, the vestibulo-hippocampal pathway has been researched, 

as the hippocampus is known to play a major role in the formation and storage of the internal 

spatial representations (Zheng et al., 2003; Brandt et al., 2005; Besnard et al., 2012; Chrastil 

et al., 2017; Dobbels et al., 2019). In healthy adults, goal-directed navigation involves 

functional connections between optic flow sensitivity regions and the hippocampus and 

retrosplenial cortex, suggesting the presence of a dynamic interaction between these systems 

to support spatial cognition (Chrastil et al., 2017). While Brandt and colleagues (2005) 

showed that people with BVD had significantly reduced hippocampal volumes (16.9%) 

which was associated with impaired performance on the virtual Morris Water Maze task 

(e.g., assessing spatial navigation) compared to healthy controls (Brandt et al., 2005). On 

the other hand, people with UVD did not show hippocampal atrophy to the same degree, 

though smaller volumes were noted in the superior temporal gyrus (Hüfner et al., 2007; 

Besnard et al., 2012). 

 

 

1.3 Assessing people with chronic vestibular disorders  

 

This section aims to introduce the reader to the various components included in the 

assessment of people with CVD.  The assessment of balance involves identifying 

impairments and quantifying functional limitations using a variety of tests (Horak et al., 

1997; Klatt et al., 2015; Herdman et al., 2015; Whitney et al., 2016).  Tests included have 

been described relative to the results in people with vestibular disorders because this is the 

patient population addressed in Chapters 2-5.  

 

 

1.3.1 Assessing balance and gait 

People with vestibular disorders present with poorer postural stability and gait speed 

compared to controls and can be at increased falls risk (Herdman et al., 2000b; Agrawal et 

al., 2009). Traditionally, the assessment starts with an evaluation of functional abilities to 

determine how well a person with CVD can perform a variety of static balance tasks such 
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as sit to stand on chair, stand with open and closed eyes, stand and look over the shoulder or 

reach to different directions as well as dynamic balance skills such as walking and turning, 

walking and changing gait speed, and walking and stepping over an obstacle (Horak, 1987; 

Horak et al., 1997; Allum and Adkin, 2003; Friello et al., 2022). The person with CVD is 

observed for errors during gait and balance assessment. For example, people who are 

unsteady in their static balance with eyes closed may be observed opening their eyes to 

recover their balance (Horak et al., 1997; Friello et al., 2022). Some people with UVD may 

be veering to the side of the lesion whist walking while others may be walking with absence 

of arms sway, sidesteps or their feet wide apart to maintain stability (Allum and Adkin, 

2003; Friello et al., 2022). Gait is observed for errors such as walking with reduced arm 

sway or deviation from the linear path as well as for abnormalities related to cerebellum 

such as hypotonic or ataxic gait (Horak and Diener, 1994; Schniepp et al., 2014).  

 

Various objective measures have been used in clinical and research settings in people with 

CVD to assess their postural control and gait. Previous studies highly correlated the Timed 

Get Up and Go test (Mathias et al., 1986; Asai et al., 2021) and the Berg Balance Scale 

(BBS) (Berg et al., 1992; Whitney et al., 2003) with gait velocity, which has been described 

as a “gold standard” for assessing balance in people with vestibular disorders (Mathias et 

al., 1986).  Whitney and colleagues (2003) showed that there was a 63% correlation between 

scores on the Dynamic Gait Index (DGI) and BBS in people with vestibular disorders 

indicating that the two tests measure some but not all, of the same balance aspects (Whitney 

et al., 2003). The DGI was reported as being more useful for identifying people at risk of 

falling (Marchetti et al., 2008). Even though, the DGI should be used with caution in people 

with vestibular disorders as it has been shown to lack a strong reliability (Whitney et al., 

2003).   

 

More recently the Balance Evaluation Systems Test (BESTest), a test to assess dynamic 

balance, was developed and has been used in people with vestibular disorders (Horak et al., 

2009). The BESTest was more sensitive and specific at identifying who was a faller and a 

non-faller, more accurate overall at discriminating a faller, and had more beneficial post-test 

probabilities than the BBS (Leddy et al., 2011). However, the length of this test (30-35 

minutes) decreased its utility and feasibility. Thus, the Mini-BESTest was developed 

(Franchignoni et al., 2010) based on BESTest. Despite the Mini-BESTest has fewer than 

half of the items in the BESTest and takes only 15 minutes to complete, it is as reliable and 
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has comparable to slightly increased discriminative properties for identifying fallers (Leddy 

et al., 2011). The Mini-BESTest is often used in research work in people with various 

balance disorders (Leddy et al., 2011) including vestibular disorders but has not been 

validated in people with a vestibular disorder which makes it a less sensitive and specific 

test to assess dynamic balance and gait in this population.   

 

On the other hand, the DGI was found to be reliable in people with vestibular dysfunction 

(Whitney et al, 2003; Marchetti et al., 2008). The FGA (Wrisley et al., 2003; Wrisley et al., 

2004; Wrisley and Kumar, 2010) a modification of the DGI, was developed to improve the 

reliability of the DGI and to reduce the ceiling effect seen with the DGI in people with 

vestibular disorders (Wrisley et al., 2004). The FGA is a 10-item clinical gait test during 

which people are asked to perform various functional gait activities relevant to ADLs such 

as walking at slow, normal, and fast speeds, walking with head movements, walking, and 

turning, walking, and stepping over an obstacle, and climbing stairs (Wrisley et al., 2004). 

The test takes 10-15 minutes to complete- and required minimum training for the 

researchers. The scoring ranges between 0 and 30 with higher scores indicating better 

performance. The cutoff score of 22/30 is effective in identifying falls risk in older adults 

and predicting unexplained falls in community-dwelling older adults within 6-months 

(Wrisley and Kumar, 2010). The FGA is a reliable and valid clinical tool to assess dynamic 

balance and gait in healthy adults (Walker et al., 2007) and people with vestibular disorders 

(Wrisley et al., 2004; Marchetti et al., 2014) and has been used as a treatment outcome 

measure in VRT studies (Pavlou et al., 2013; Pavlou et al., 2015).   

 

 

1.3.2 Assessing co-existing deficits  

This part of the assessment refers to the identification and assessment of co-existing sensory-

motor or neuromusculoskeletal deficits that people with vestibular disorders may have. 

 

Musculoskeletal assessment 

People with vestibular disorders often restrict head and trunk movement and acquire a 

sedentary lifestyle to avoid triggering symptoms of vertigo and oscillopsia (Horak et al., 

1997; Bronstein et al., 2005) which can lead to secondary musculoskeletal impairments 

(Whitney and Sparto, 2011; Klatt et al., 2015; Whitney et al., 2016). Such impairments may 
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include muscle tension- around the neck and upper back, decreased range of motion, and 

pain in the cervical and thoracolumbar region as well as secondary muscle weakness which 

may act as an additional contribution to person’s balance confidence, postural stability 

(Winter et al., 1993), and increase their falls risk.  

 

The importance of assessing and addressing such musculoskeletal problems and 

impairments is also, because these may affect people’s treatment outcome and overall 

recovery (Whitney and Sparto, 2011). For example, stiffness of the cervical and lumbar 

spine may affect the head and body movements (Harun et al., 2015), thus, the exercise 

performance during VRT (Whitney et al., 2016; Whitney et al., 2020). Lack of active 

cervical range of motion may contribute to less compliance in terms of performing various 

VOR exercises as well as more functional exercises such as walking with head turns or 

looking up. Also, people with pain or reduced active range of motion in their lumbar spine 

and core strength may find it difficult performing vestibular exercises which involve various 

body movements such as bending over and turning around. However, at present, it is not 

known if reduced strength of postural muscles, and/or reduced spinal mobility of the 

cervical, thoracic, or lumbar region, interferes with VRT (Whitney et al., 2020).  

 

Neuromuscular assessment 

People with chronic peripheral vestibular disorders usually have normally coordinated 

muscle activation in the arms, legs, and trunk as well as normal spatial and temporal 

characteristics of movement (Nashner et al., 1989; Horak and Diener, 1994).  Some stroke 

like neurological signs may be present during acute attacks such as sudden numbness or 

weakness in the face, speech difficulties, trouble walking or lack of co-ordination in people 

with VM, but these usually subside after the acute attack finishes (von Brevern, 2005). 

However, there is evidence that people with peripheral vestibular disorders may be unable 

to use appropriate movement strategies for balance.  One study showed that people with 

vestibular deficits were unable to coordinate movement strategies resulting in excessive hip 

sway (Shupert et al., 1994).  
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1.3.3 Other features assessed in people with chronic vestibular disorders 

In addition to overall balance and gait assessment, the therapist also, assesses eye-head 

coordination, perception of stability, and movement in people with vestibular disorders 

(Horak et al., 1997; Whitney and Sparto, 2011; Herdman et al., 2015). 

   

Assessing eye-head coordination 

Head and gaze stability is necessary for daily tasks (Shupert et al., 1994).  During head 

movement, stability of the eyes in space depends on the VOR, which rotates the eyes in the 

opposite direction to the head so that the visual world will remain focused.  Several aspects 

of eye-head coordination are essential to gaze stability and are evaluated as part of a clinical 

vestibular assessment (Pavlou et al., 2004). Overall, studies have shown that the correlation 

between subjective assessment of symptoms, eye movement assessment, and objective tests 

of balance is not always significant, thus, these factors need to be assessed independently 

(Stephens et al., 1991; Jacobson and Calder, 1998).  

 

Assessing self-perceived symptoms and internal postural representation 

Patient’s history provides the clinician with information regarding the cause of the patient’s 

symptoms.  People with vestibular disorders often complain of symptoms of vertigo, the 

perception of self or external motion while stationary, and dizziness, which is often used to 

describe sensations of swimminess, giddiness, lightheadedness, and unsteadiness (Bisdorff 

et al., 2009).  These symptoms can arise due to central or peripheral vestibular disorder 

(Thompson and Amedee, 2009).  Further people with vestibular disorders often have poor 

balance confidence due to their postural instability and subjective symptoms (Herdman et 

al., 2000a; Herdman et al., 2000b; Marchetti et al., 2014). When taking the patient’s history, 

information is obtained regarding the 1) nature of the symptoms; frequency, severity, 

irritability, duration, triggers; 2) safety of the patient’s living environment, 3) history 

concerning any postural unsteadiness and falls (Herdman et al., 2000a; Herdman et al., 

2000b; Herdman et al., 2003; Whitney and Sparto, 2011; Herdman et al., 2015; Whitney et 

al., 2016); and 4) past medical history as multiple deficits including visual (e.g., binocular 

vision abnormalities) (Pavlou et al., 2015) or sensory (e.g., peripheral neuropathy) 

(Schniepp et al., 2014) need to be considered when developing a treatment programme. 
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Several questionnaires have been developed to provide a quantitative measure of the 

frequency and severity of symptoms and their impact on ADLs, for example, the Vertigo 

Symptom Scale (VSS) (Yardley et al., 1992) and Dizziness Handicap Inventory (DHI) 

(Jacobson and Newman, 1990) respectively.  The Situational Characteristics Questionnaire 

(SCQ) (Jacob et al., 1988; Guerraz et al., 2001) may be used to identify symptoms triggered 

by disorienting environmental situations. The Visual Analogue Scale (VAS) has also, been 

widely used to score people’s symptoms including vertigo and dizziness (Dannenbaum et 

al. 2011). A very commonly used in research to investigate perceived balance confidence in 

ADLs in people with vestibular disorders (Lee et al., 2012; Herdman et al., 2015) is the 

Activity-specific Balance Scale (ABC) (Powell and Myers, 1995; Lajoie and Gallagher, 

2004). Scores range from 0-100; with scores ≤ 67/100 being indicative of increased fall risk 

(Lajoie and Gallagher, 2004). Other questionnaires used in people with vestibular disorders 

allow people to self-report their general health state; a common such questionnaire is the 

EQ_5D_5L (Herdman et al., 2011; Devrin et al., 2018).  

 

The above questionnaires have been widely used in research work. Traditionally, the results 

of these questionnaires can help researchers to gain better understanding of subjective 

symptoms that people with vestibular disorders experience and assist future research when 

investigating the effectiveness of rehabilitation programs as these can be used as treatment 

outcomes.  

 

A patient’s internal representation of stability limits and sense of gravitational vertical may 

be affected by both central and peripheral vestibular disorders (Thompson and Amedee, 

2009) and may lead to poor postural stability (Horak, 2006).  Any changes in perception of 

verticality may affect postural alignment, the ability to stand upright vertically (Tabak et al., 

1997).  People with postural misalignment may stand asymmetrically, shifted to one side, or 

with the center of mass displaced either forward or backward increasing the risk of loss of 

balance (Allum and Adkin, 2003).  Stability limits may be assessed with self-initiated 

postural sway, while the sense of verticality can be tested by passively moving the patient 

off vertical in standing or sitting and asking them to realign to vertical position.   
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1.3.4 Neurological assessment  

Neurological assessment should be carried out on every person who experiences vertigo, 

dizziness, and/or problems with their balance but especially, in older adults and people with 

relevant history or suspected of central vestibular disorder including VM (Pavlou et al., 

2004). The extent of the neurological assessment may depend on the subjective history 

(Johnson and Thompson, 1996). The neurological assessment often includes cognitive 

function screening due to the close relationship between postural control, cognitive function, 

and aging in healthy adults (Yogev-Seligmann et al., 2008; Al-Yahya et al., 2011) and 

postural control, cognitive function, and vestibular disorders (Bigelow and Agrawal, 2015; 

Popp et al., 2017). It may also, include psychological assessment due to the close 

relationship between psychological symptoms, cognition, and vestibular symptoms 

(Gurvich et al., 2013; Smith and Darlington, 2013).   

 

Cognitive function screening 

The need for cognitive function screening to identify those people with vestibular 

disorders who may need an additional management to their standard care but also, to 

investigate optimal assessment strategies and interventions for people with vestibular 

disorders who have cognitive function and/or performance impairments is highlighted 

in recent reviews (Smith and Zheng, 2013; Bigelow and Agrawal, 2015; Dobbels et al., 

2019; Danneels et al., 2020; Chari et al., 2020). The impact of cognitive function 

impairment on VRT outcomes is not well understood. Although cognitive function 

impairment may not alter the physiology of vestibular compensation, it could impact 

recovery if it interferes with a person’s ability to comply with exercises and recall what they 

have previously learned during supervised VRT session (Micarelli et al., 2018; Micarelli et 

al., 2019). 

 

The most common cognitive function screening tools used in research studies are the Mini 

Mental State Examination (MMSE) (Folstein et al., 1975; Sleutjes et al., 2020) or Montreal 

Cognitive Assessment (MoCA) (Nascrindine et al., 2005; Carson et al., 2018; Bao et al., 

2019). The MMSE can be used to screen for cognitive impairment, to estimate the 

severity of cognitive impairment at a given point in time, to follow the course of 

cognitive changes in an individual over time, and to document an individual’s response 

to treatment. On the other hand, MoCA is commonly used to determine if cognitive 

impairment is present. Both tools are applicable to screen older adults (Feeney et al., 2016) 
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but MoCA is more widely used to assess the presence of cognitive impairment in people 

with neurological disorders including people with Alzheimer’s dementia (Lam et al., 2013), 

Parkinson’s disease (Gill et al., 2008), stroke (Toglia et al., 2011) and people with vestibular 

disorders (Sprenger et al., 2017; Bao et al., 2019; Coelho et al., 2020). Even though, the 

convergent validity between MoCA and MMSE is high (Lam et al., 2013), MoCA 

covers more domains and has shown greater sensitivity and specificity than the MMSE 

(Sleutjes et al., 2020). 

 

Further, various tests have been to assess cognitive function performance in healthy 

adults and people with vestibular disorders. Some tests assess specific cognitive 

function domains such as the Morris water and triangle completion tasks (e.g., assess 

spatial navigation) (Morris et al., 1982; Kremmyda et al., 2016; Anson et al., 2021) and 

the Corsi block and digital tests (e.g., assess short-term memory) (Brandt et al., 2005; 

Guidetti et al., 2008; Kremmyda et al., 2016). However, there are also, cognitive test 

batteries such as Cambridge Neuropsychological Test Automated Battery (CANTAB) 

which includes various cognitive function tests to assess various domains (Robbins et 

al., 1998; De Luca et al., 2003; De Rover et al, 2011; CANTAB, 2015). The CANTAB has 

been used in people with a vestibular disorder (Smith et al., 2019). Although, it is not 

the ‘gold standard’ system, it has been widely used in clinical and academic research to 

screen for various cognitive function performance domains including working memory, 

learning and executive function; visual, verbal, and episodic memory; attention, information 

processing and reaction time; and decision making and response control which are essential 

to be tested in people with vestibular disorders (Smith and Zheng, 2013; Bigelow and 

Agrawal, 2015; Dobbels et al., 2019; Danneels et al., 2020; Chari et al., 2022).  

 

Also, because of the anatomical proximity of the semicircular canals, the vestibule, and the 

cochlea, some people with vestibular disorders (i.e., depending on the aetiology of the 

vestibular disorder) may experience comorbid hearing problems (Strupp et al., 2017). Thus, 

studies suggest taking into consideration screening for hearing loss when assessing the 

relationship between cognitive function and vestibular disorders which may be a 

potential co-contributor to cognitive function impairments (Loughrey et al. 2018; 

Dobbels et al., 2019). Briefly, hearing capacity can be tested using the the Pure Tone 

Audiometry (PTA) (BSA, 2017) which is considered the 'gold' standard test of audiologic 

examination. Other tests such as Speech in Babble test (SiB) (Spyridakou et al., 2012) can 
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be used to supplement the PTA. The PTA presents tones across the speech spectrum 

(measured in Hertz; Hz) at different hearing limits (measured in decibels; dB) while the SiB 

is an adaptive, low redundancy speech in a babble type noise test, that uses real words as 

targets, and presented in the background of a 20- talker babble noise. 

 

Psychological screening 

In 1994, Yardley reported that almost 29% vertigo people had anxiety symptoms (Yardley, 

1994). Psychological symptoms such as anxiety, depression, somatisation, negative beliefs, 

symptom focusing, fear avoidance, dissatisfaction with social support and poor self-esteem 

have been consistently associated with vestibular symptom severity and perception of 

handicap (Yardley et al., 1994; Herdman et al., 2020; Herdman et al., 2021). A retrospective 

observational study of 954 people in a hospital outpatient neuro-otology clinic in UK, found 

that the prevalence of probable depression was 21% and of probable anxiety 29% while 

suicidal ideation was present in 5% of people with dizziness (Herdman et al., 2020). A cross-

sectional USA survey demonstrated that in people with vertigo, 62% had depression, 46% 

had generalized anxiety, and 26% had panic disorder (Bigelow et al., 2016). This prevalence 

of psychological problems were three times higher in people with vertigo compared to the 

general population in the USA. Furthermore, in people with central vestibular disorders 

including VM, stronger associations were found between severity of handicap perceived 

from dizziness and anxiety and depression compared to people with peripheral vestibular 

disorders (Zhu et al., 2020).  

 

Although, the relationship between symptoms related to vestibular disorders and 

psychological factors remains unclear, it becomes more and more obvious that the more 

severe the handicap perceived from dizziness or vertigo, the more attention needs to be paid 

to mental state of the person with a vestibular disorder (Zhu et al., 2020). Thus, studies use 

various brief questionnaires such as the Hospital Anxiety and Depression Scale (HADS) 

(Zigmond and Snaith, 1982) or Beck Depression and Anxiety Inventory (Beck and Steer, 

1993) to screen for anxiety and depression, the Cognitive and Behavioral Symptom 

Questionnaire (CBSQ) (Skerrett and Moss-Morris, 2006) to measure subjects’ cognitive 

beliefs and behavioral responses to symptoms of their health condition, and Illness 

Perception Questionnaire-Revised (IPQ-R) (Moss-Morris, 2002) to measure 

participants’ illness perceptions. A recent cross-sectional study (Wolf et al., 2020) assessed 

people’s illness perceptions (IPQ-R) (Moss-Morris et al., 2002) and found that the negative 
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perceived consequences of dizziness were correlated the most with handicap perceived from 

dizziness after adjusting for demographic variables, severity of symptoms, depression, and 

anxiety. Similarly, Dunlap and colleagues (2021) reported that fear avoidance beliefs were 

significantly correlated with perceived disability and predicted limitations in ADLs in 

people with CVD. 

 

1.3.5 Additional features to assess in people with vestibular disorders 

Currently complete recovery from vestibular disorders is less common (Topuz et al., 2004). 

Also, some vestibular disorders may have less favorable outcome following VRT (Whitney 

et al., 2020). Therefore, studies are looking into additional factors to assess in people with 

CVD that may contribute or affect these people in their ability to recover. Such factors are 

described below and should be considered for assessment in clinical and research settings. 

The assessment of such factors may help to optimise and customise further people’ treatment 

plan, maximise treatment outcome, and assist people in achieving better QoL.  

   

Assessing the ability to dual task 

DT assessments are a more recent and exciting research area in people with vestibular 

disorders. DT paradigms are common in daily activities, therefore, should be included in the 

assessment of balance and gait in the community-dwelling older adults (Ayers et al., 2014; 

Menant et al., 2014; Muhaidat et al., 2014; Muir-Hunter and Wittwer, 2016; Nieborowska 

et al., 2019; Asai et al., 2021). The DT gait paradigms are simple and inexpensive 

evaluations, applicable in outpatient hospital, private and community settings and research 

studies that have been used to assess age- and health-related changes in gait and postural 

control, cognitive function and predict risk of falls (Ayers et al., 2014; Menant et al., 2014; 

Muhaidat et al., 2014; Muir-Hunter and Wittwer, 2016) in community dwelling older adults 

including healthy older adults with and without concerns of falling or cognitive impairment 

(Sinsupadol et al., 2006; Fritz et al., 2015; Nieborowska et al., 2019; Asai et al., 2021). 

However, DT related changes in gait parameters such as gait speed, and step length and 

width, are sensitive and could also, distinguish groups of healthy adults from those with 

neurological disorders (Fritz et al., 2015) such as older adults at risk of falling or fallers 

(Sinsupadol et al., 2006; Woollesen et al., 2017), multiple sclerosis (Postigo-Alonso et al., 

2019), Parkinson’s disease (Raffegeau et al., 2019), stroke (Plummer and Iyigün, 2018; 
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Timmermans et al., 2018; Baek et al., 2021), and vestibular disorders (Nascrimbeni et al., 

2010; Roberts et al., 2011; Bessot et al., 2012). 

 

Various cognitive or auditory tasks have been used in previous studies during DT paradigms 

in people with vestibular disorders including backward counting (Nascimbeni et al., 2010; 

Bessot et al., 2012; Sprenger et al., 2017), naming (Roberts et al., 2011), choice reaction 

time (Redfern et al., 2004; Lin et al., 2018), as well as spatial (Yardley et al., 2001) tasks. 

The rationale for the selection of the specific tasks was not explained in most studies. In the 

research practice, these is a challenge to choose the most appropriate DT paradigms to study 

not only healthy young versus older adults (Muir-Hunter and Wittwer, 2016; Nieborowska 

et al., 2019; Asai et al., 2021; Goh et al., 2021) but also, healthy adults versus people with 

vestibular disorders or people with vestibular disorders alone (Danneels et al., 2020; Chari 

et al., 2022) due to the heterogeneity in the available literature and methodological 

approaches used. Recently, Danneels and colleagues (2020) proposed that researchers use a 

static motor task as a low complexity task, and a dynamic motor task (e.g., walking) as a 

high complexity task to assess DT interference. The authors (Danneels et al., 2020) also, 

suggested that researchers should combine both static and dynamic motor tasks with 

cognitive or auditory tasks that represent all different vestibular cognitive domains 

(visuospatial cognition, processing speed, executive function, memory, and attention) which 

might provide them with a more accurate representation of the cognitive and motor 

impairments and their interactions in people with various vestibular disorders. 

 

Assessing sleep 

Current global recommendations are that adults aged between 18 to 64 years old should have 

seven to nine hours sleep every day while for those 65 years of age and over, seven to eight 

hours are suggested (Cirelli et al., 2019). Insufficient sleep and increased daytime sleepiness 

are global problems, even among healthy adults and increase with ageing (Chattu et al., 

2019; Fabrega-Cuadros et al., 2020). Considerable evidence exists which links poor sleep 

quality and quantity and increased daytime sleepiness to adverse health outcomes, such as 

hypertension, hyperglycemia, inflammation, and dyslipidemia (Iftikhar et al., 2015) leading 

to increased risk of cardiovascular diseases and mental conditions, such as anxiety, 

depression, and tendency for suicide (Chattu et al., 2019).  Poor sleep quality has, also, been 

associated with many types of metabolic diseases, obstructive airway disease, and breast 

cancer (Verkasalo et al., 2005).   
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More importantly, sleep problems affect postural control, thus, ability to carry out daily 

tasks. Studies show that sleep deprivation for just 36 hours causes postural instability and 

impair attention on demanding tasks even in healthy adults (Gomez et al., 2008).  Sleep 

problems reduce functional mobility, impair dynamic balance (Umemura et al., 2019; 

Serrano-Chera et al., 2020), DT gait performance (Agmon et al., 2016; Howell et al., 2018), 

decrease subjective balance confidence (Fabrega-Cuadros et al., 2020), and increase anxiety 

(Fabrega-Cuadros et al., 2020) and depression (Serrano-Chera et al., 2020) even in healthy 

young (Gomez et al., 2008; Micarelli et al., 2017) and middle aged (Rana et al., 2018) adults, 

while also, increase the risk of falls in older adults (Potvin et al., 2012). Sleep problems may, 

also, affect different cognitive domains including executive functioning specifically, 

attention and processing speed, and episodic and working memory even in healthy adults 

(Thomas et al., 2000; Chattu et al., 2019; Umemura et al., 2019).  

 

Recently studies started investigating sleep behavior with actigraphy and questionnaire-

based outcome measures such as Pittsburgh Sleep Quality Index (PSQI) (Buysse et al., 1989) 

and Epworth Sleep Scale (ESS) (Johns, 1991) in various ages and diseases (Qin et al., 2020) 

including people with vestibular disorders (Sugaya et al., 2017; Albathi and Agrawal, 2017; 

Smith et al., 2019; Micarelli et al., 2021; Andrade Junior et al., 2021). Forty-four percent of 

people with CVD reported daytime sleepiness on the ESS, and 78% scored above cut-off on 

the PSQI (Smith et al., 2019). Reduced evidence yet exists to describe the clear impact sleep 

difficulties have on subjective and objective symptoms, QoL and treatment outcome 

(Albathi and Agrawal, 2017; Micarelli et al., 2021; Andrade Junior et al., 2021).  

 

However, the severity of dizziness was associated with poorer sleep quality in various 

populations with vestibular disorders including VM, MD, VN, and BPPV with strongest 

associations in those with VM (Kim et al., 2020). Worse QoL due to handicap perceived 

from dizziness, poorer postural stability, and higher risk of falls was evident in people with 

CVD who had poorer quality of sleep as assessed on PSQI compared to those with better 

sleep quality and healthy controls (Andrade Junior et al., 2021). Moreover, poor quality of 

sleep causes loss of concentration and memory, irritability, decreased ability to perform 

ADLs, decreased pleasure in the social and family relationships and increased daytime 

sleepiness, lack of motivation and depressive mood (Victor et al., 2019). It is not clear 

whether vestibular function impacts sleep behavior or the other way around and this is 

currently an area of evolving research (Besnard et al., 2018). Shih and colleagues (2018) 
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found that patients with different types of non-apnea sleep disorders including chronic and 

acute insomnia, organic sleep disorders and sleep disturbances carry increased risks of 

developing BPPV. 

 

Measuring physical activity levels 

Muscle strength, bone health and the ability to balance reduce later in life which can impact 

person’s independency, increase falls risk, and reduce the overall QoL (Skelton and 

Mavroedi, 2018). Studies (Warburton et al., 2010; Skelton and Mavroedi, 2018) show that 

regular participation in regular PA may decrease all causes for non-infectious morbidity, 

mortality, and disease while also, have benefits for the musculoskeletal system, improve 

mental well-being, cognitive function performance, sleep, and overall QoL in the long term 

(Warburton et al., 2010). These factors can be affected even in healthy young to middle aged 

adults with reduced PA levels (Cox et al., 2016) but in older adults the impact of reduced 

PA levels and sedentary behavior is more significant (Garcia Meneguci et al., 2021). 

Longitudinal studies now aim to collect objectively PA via accelerometers so that their 

relationship to various health conditions can be understood, and possible preventative and 

treatment measures proposed (Doherty et al., 2017; Clarke et al., 2017; Clarke et al., 2019).  

  

Accelerometers are an easy and convenient way to quantify PA levels objectively and more 

accurately outside clinical (Berlin et al., 2006; Colley et al., 2010; Wong et al., 2011) and 

research settings (Clarke et al., 2017; Doherty et al., 2017) compared to self-reported 

questionnaires which lack accuracy in reporting the exact amount of PA achieved throughout 

the day (Sallis and Saelens, 2000). Specifically, the disadvantages of self-reporting 

questionnaires are that people often over report PA, may find it difficult to recall how much 

PA they did and through which activities as well as usually forget to fill out the PA log diary 

(Sallis and Saelens, 2000). The accelerometers are usually comfortable, small wearable 

electrical sensors that often can be placed on the wrist, waist, or ankle (Berlin et al., 2006; 

Colley et al., 2010; Wong et al., 2011; Doherty et al., 2017; Clarke et al., 2017; Wellons et 

al., 2021).   

 

Activity monitors placed on the wrist, such as the Axivity Wrist Band 3-Axis logging 

accelerometer are among the most accurate in measurement of PA in people with balance 

problems and/or slow gait speeds (Clarke et al., 2017; Doherty et al., 2017). This monitor 

has been validated and accurately measures step count over a variety of surfaces in 
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community dwelling adults, older adults, and people with various gait impairments. 

Research using such monitors in people with CVD is very little, but the existing evidence 

shows that these people with CVD spend more time being sedentary and were less physically 

active than age-matched controls (Morimoto et al., 2018). There is insufficient evidence to 

suggest that people with vestibular disorders with lower PA levels have worse treatment 

outcome to propose assessment of PA levels. However, people after vestibular schwannoma 

resection in acute outpatient unit, had enhanced short-term balance recovery if they were 

more physically active and less sedentary (Gauchard et al., 2013).  

 

 

1.4 Symptoms associated with specific vestibular disorders   

 

For diagnostic, assessment, and treatment purposes, people with dizziness are commonly 

classified into the following different diagnostic groups (1) unilateral or bilateral vestibular 

disorder, (2) fluctuating and recurrent vestibular deficits (MD, BPPV), and (3) central 

vestibular disorders including VM (Bisdorff et al., 2009).  The ViD is a common symptom 

among people with chronic dizziness due to peripheral vestibular disorder (Pavlou et al., 

2006) but can be seen in people with central vestibular disorders such as VM (Pavlou et al.., 

2013) and will also, be discussed.  This thesis focuses on CVD including peripheral 

vestibular disorders and from central only VM. People with BPPV will be included, in the 

studies, due to the persistence of imbalance and dizziness after BPPV resolution (Blatt et al., 

2000; Bhattacharyya et al., 2017) but not those with an acute episode. “Acute” vestibular 

disorders are defined as vestibular disorders occurring in the first 2 weeks following onset 

of symptoms, “subacute” as disorders after the first 2 weeks and up to 3 months following 

onset of symptoms, and “chronic” as disorders with presence of symptoms longer than 3 

months (Staab, 2020; Hall et al., 2022).  

 

The lesions of peripheral and central vestibular systems can vary in their type and severity 

and people with vestibular disorders may present with wide range of physical and functional 

limitations (Thompson and Amedee, 2009), thus, as general principal, they should be 

assessed thoroughly independently from one another (Whitney and Sparto, 2011; Herdman 

et al., 2015; Whitney et al., 2016).  
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1.4.1 Unilateral vestibular disorder   

The UVD is a common cause of dizziness and disequilibrium associated with head 

movement. The most common etiology is VN (Baloh, 2003; Bae et al., 2022) which accounts 

for 7% of visits to vertigo clinics (Strupp and Brandt, 2009). Other etiologies include blast 

trauma (Scherer et al., 2011), neoplasms (Humphriss et al., 2003), iatrogenic causes, and 

cholesteatoma. 

 

People with an acute UVD may present with various symptoms including vertigo, nausea 

and/or vomiting, postural and gait abnormalities, ocular torsion, and a spontaneous 

horizontal nystagmus. The severity of the symptoms very much depends on the condition. 

For example, if VN or VL is caused as a viral infection or surgical accident, people may 

experience sudden severe symptoms (Bae et al., 2022). However, there are other conditions 

such as acoustic neuromas which involve slow progression of vestibular nerve pathology, 

thus, may cause less severe symptoms. In most cases with acute UVD, initially the vertigo 

may be constant, and people tend to lean their head and trunk towards the side of the lesion 

(Curthoys and Halmagyi, 1995). The spontaneous nystagmus is often towards the affected 

side. For the first weeks, people experience severe unsteadiness in situations which require 

vestibular input for orientation. Clinically, the Romberg test may result in fall and past 

pointing towards the side of the lesion (Brandt and Daroff, 1980; Brandt, 2000). People will 

often feel confused about the direction of their imbalance. In terms of their eye-head co-

ordination, this is usually disturbed both during active and passive head movements such as 

in voluntary head turns and HIT during clinical examination, respectively. 

  

These intense symptoms experienced by people following an acute episode of VN or VL, 

usually resolve spontaneously within a short period of time in most cases (Black et al., 1989; 

Bae et al., 2022) and most people will be able to compensate well within 6-8 weeks. 

However, even in people who compensated well, a slightly increased ocular torsion and 

spontaneous nystagmus in the dark may be seen (Tabak et al., 1997).  People often recover 

faster and better in their static than dynamic balance. Allum and Adkin (2003) showed that 

people regained quicker the control of their trunk in static tasks such as standing with feet 

together or on one leg, compared to dynamic gait tasks including climbing stairs and tandem 

(heel-toe) walking which were abnormal even after three months.  
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A percentage of people after any acute vestibular disorder may develop chronic dizziness 

and postural instability. This may be related to secondary musculoskeletal, sensory, or motor 

problems, and altered perception of stability and motion due to subjective symptoms of 

dizziness or vertigo or internal representation of posture (Tabak et al., 1997; Horak, 2006). 

Some people may also reduce or avoid movement to prevent triggering vertigo (Herdman et 

al., 2020; Herdman et al., 2021), or may have co-existing medical conditions, where one of 

the sensory cues has been altered such as in people with peripheral neuropathies (Schniepp 

et al., 2014; D’Silva et al., 2016) interfering with the normal process of vestibular 

compensation.  People with chronic symptoms such as vertigo, dizziness including ViD, 

postural and gait instability, including those with UVD have been shown to respond well to 

VRT (Herdman et al., 2000b; Herdman et al., 2003; Giray et al., 2009; Herdman et al., 2012; 

Bayat and Saki, 2017; Bae et al., 2022; Hall et al., 2022). 

 

In terms of gait during DT performance, one study found that people with BPPV and various 

CVD causing UVD walked significantly slower with eyes open and closed than controls, 

especially when performing the cognitive task (i.e., naming things) (Roberts et al., 2011). 

People had greater ataxia and began veering sooner than normal. Their veering increased 

significantly with the addition of cognitive tasks. Generally, in people with UVD, there are 

more variations in terms of DT interference, not only in gait (Roberts et al., 2011) and static 

postural tasks (Redfern et al., 2004) but also, in cognitive secondary task (Nascrimbeni et 

al., 2010). Nascrimbeni and colleagues (2010) showed that in people with persistent 

dizziness and unsteadiness after VN, counting backwards in 3s significantly worsened when 

this task was carried out at the same time with a walking task compared to alone in sitting 

position. These people had also significantly worse performance in DT compared to healthy 

controls (Nascrimbeni et al., 2010). People with UVD had, also, longer reaction times 

(Redfern et al., 2004) during DT performance.  

 

 

1.4.2 Bilateral vestibular disorder 

At acute stage, people with BVD are significantly unsteady but gradually regain their 

postural stability. They mainly experience postural and gait unsteadiness in dark 

environments because of insufficient input from the VOR (Baloh and Jacobson, 1989; 

Strupp et al., 2017). The degree of recovery depends on the cause and extent of BVD (Black 

et al., 1989; Calder and Jacobson, 2000). When ototoxicity is the causative factor, 
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improvement is often greater than when the cause of BVD is due to a slowly progressive 

vestibular deficit such as an autoimmune disease or neurodegeneration (Calder and 

Jacobson, 2000; Strupp et al., 2017). 

 

People with BVD have been shown to rely to a great extent on visual input for postural 

control (Black et al., 1989; Baloh and Jacobson, 1989; Bronstein, 1995). Gradually though 

they can utilise proprioceptive cues more effectively, so they become less unsteady in 

response to visual motion. Some people may be able to maintain postural stability without 

input from visual cues (Bisdorff and Bronstein, 1994).  Guerraz and colleagues (2001) 

showed that people with chronic BVD can resolve the conflict from visual stimuli with 

postural sway in a similar way as healthy adults do.  However, if BVD is closer to complete 

lesion, people never recover the ability to balance when both vision and surface information 

is inadequate for an orientation reference, even with substantial improvements following 

VRT (Hall et al., 2022). People with BVD also, experience falls to a greater extent than 

people with UVD and should be informed about this increased risk (Herdman et al., 2000a; 

Herdman et al., 2000b; Herdman et al., 2012).  

 

The unpleasant illusion of movement or blurring of images when travelling on cars, trains, 

or buses, walking, and running, especially in busy surroundings, or when performing head 

movements known as oscillopsia, is a common clinical sign in people with BVD (Baloh and 

Jacobson, 1989; Bronstein et al., 2005).  These people often complain to their clinicians that 

images “bounce up and down” during these situations but become clearer when the people 

stop moving (Bronstein, 2004).  There is a progressive improvement to oscillopsia over time 

which could be because of various compensatory mechanisms such as enhancement of the 

cervico-ocular reflex (Bronstein and Hood, 1987). Although, an early study did not find a 

direct relationship between the magnitude of this reflex and the severity of oscillopsia 

(Bronstein and Hood, 1987).  Other compensatory mechanisms include reduced voluntary 

head movements (Bronstein and Hood, 1987), substitution of slow phase compensatory eye 

movements by small, saccadic eye movements (Bronstein et al., 1991), and an increased 

tolerance to retinal slip through a decreased sensitivity to visual motion (Grunfeld et al., 

2000). Even though, most people adapt to oscillopsia and some experience a complete 

resolution of oscillopsia (Hess et al., 1978), others perceive severe handicap because of it 

with impact on ADLs and the development of a more sedentary lifestyle (Bronstein and 
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Hood, 1987; Bronstein et al., 2005).  Grunfeld (2000) found that the less control a person 

believed they have over their BVD, the higher the perception of disability score they had. 

 

Lastly but most importantly, people with BVD are significantly impaired in their gait and 

DT gait performance compared to healthy age-matched controls (Bessot et al., 2012) which 

may add to overall disability these people experience. Bessot and colleagues (2012) 

demonstrated that people with BVD, did not significantly differ from healthy age-matched 

controls in their walking speed when walked along a 10-meter walkway in the single task 

condition, and their cognitive performance (counting backwards by two) in both the single 

and DT conditions. However, they showed slower walking speed when simultaneously 

performed the cognitive numeracy task (Bessot et al., 2012).  

 

 

1.4.3 Benign Paroxysmal Positional Vertigo  

This thesis did not include people with fluctuating symptoms such as MD (Lopez-Escamez 

et al., 2015) and acute BPPV (Bhattacharyya et al., 2017). However, people with history of 

previous recurrent BPPV episodes, were included, if they experience postural unsteadiness 

despite following successful treatment with the repositioning manoeuvres (di Girolamo et 

al., 1998; di Girolamo et al., 2000; Blatt et al., 2000).  

 

BPPV is one of the most commonly occurring peripheral vestibular disorder, with a lifetime 

prevalence of 2.4% (Bhattacharyya et al., 2017) and characterised by acute, short-lived 

attacks of severe vertigo brought about by sudden head movements, turning over in bed, and 

getting in and out of bed. Other symptoms may include external vertigo (e.g., the visual 

sense the surrounded environment is moving that often accompanies the internal vestibular 

sense), unsteadiness, and vegetative symptoms such as nausea, sweating, and tachycardia 

(Bisdorff et al., 2009; von Brevern et al., 2015). Many people who have recurrent episodes 

of BPPV, may show multiple deficits including postural instability (Blatt et al., 2000), 

psychological symptoms such as anxiety, depression, or fear avoidance of movement 

(Kozak et al., 2018; Wei et al., 2018), reduced PA levels (Lin and Bhattacharyya et al., 2014) 

or sleep problems (Shih et al., 2018) even between the episodes. Recent studies observed 

that especially older adults are prone to develop BPPV (Fujimoto et al., 2018; Lindell et al., 

2021). They may be also more likely to experience remaining balance difficulties and worse 

scores on DHI (Sim et al., 2019). The higher incidence of BPPV may be partially due to 
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dysfunction of the utricle (Fujimoto et al., 2018) but also perhaps because older adults are 

less active (Serrano-Checa et al., 2020). A study found that older adults were 2.5 times more 

likely to have utricular dysfunction than younger controls (Fujimoto et al., 2018). 

 

Traditionally, in people with BPPV there is a variety of simple and effective techniques 

(e.g., Epley, Sémont, Brandt-Daroff, and self-Epley) available for treatment according to the 

semicircular canal which is affected by the condition (Brandt and Daroff, 1980; Sèmont et 

al., 1988; Epley, 1992; Radtke et al., 2004).  However, the selection of technique and the 

provision of any additional balance and gait training should be based on a multifactorial 

assessment of the person with BPPV (Herdman et al., 1993; Herdman et al., 2000b).  

Postural instability is a common characteristic of BPPV that is well documented in between 

episodes (Di Girolamo et al., 1998; di Girolamo et al., 2000; Blatt et al., 2000), but often not 

addressed or ignored.  Following treatment using the Sèmont or Epley maneuver for people 

with posterior canal BPPV, the authors in two independent studies (Blatt et al., 2000; Di 

Girolamo et al., 2000) noted an overall improvement in postural stability, although many 

people had balance scores which remained below those compared to controls.  Therefore, 

the current BPPV clinical practice guideline recommends a short course of VRT to improve 

residual symptoms and/or postural instability (Bhattacharyya et al., 2017). 

 

1.4.4 Vestibular Migraine 

Predominantly women are affected by VM (i.e., 1.5– 5.6:1 female preponderance) in their 

late 30s to mid-40s (Neuhauser et al., 2006; Beh et al., 2019). VM is currently the most 

common cause of spontaneous vertigo other than BPPV (Dietrich et al., 2016) and often 

underdiagnosed (Beh et al., 2019; Zwergal and Dietrich, 2020). People with VM may 

describe a wide variety of peripheral and central vestibular symptoms. The most common 

vestibular symptoms that occur during VM attacks include spontaneous and/or positional 

vertigo, especially after a change in head position, dizziness or vertigo triggered or 

aggravated by head movements, postural unsteadiness, oscillopsia (von Brevern et al., 2005; 

Neuhauser et al., 2006; Teggi et al., 2018; Beh et al., 2019), ViD (Pavlou et al., 2006; 

Bisdorff et al., 2009), and directional pulsion (Teggi et al., 2018; Beh et al., 2019). Most 

people with VM may complain of more than one vestibular symptom during VM episodes 

(Beh et al., 2019). The duration of vestibular symptoms varies widely between and within 
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people but could be between five minutes and 72 hours (Dietrich et al., 2016; Lempert et al., 

2022). 

 

Instead of a painful headache, some people with VM may only perceive a sensation of head 

pressure or fullness, lightheadedness, blurriness, or light dizziness but these symptoms are 

just as severe as a head pain is to others (Zwergal and Dietrich, 2020; Lempert et al., 2022). 

Because headaches may not be associated with vestibular symptoms, to make the diagnosis 

of VM, it is important to inquire about other migranous features, including photophobia, 

phonophobia, and aura (Neuhauser et al., 2001; Neuhauser et al., 2006; Beh et al., 2019; 

Lempert et al., 2022). Aura is a complex, reversible neurological manifestation that occurs 

during or before the onset of the headache phase in migraine (IHS-3, 2018). Visual aura is 

the most common form of aura occurring either alone or in combination with other auras in 

98% of cases (Eriksen et al., 2004). It is characterised by bright scintillating lights or zigzag 

lines, often accompanied by a scotoma that interferes with reading (Lempert et al., 2022). 

Typically, visual auras last between five and 20 minutes and for less than 60 minutes. They 

are often, but not always restricted to one hemifield. Other types of migraine aura, e.g., 

somatosensory, or dysphasic aura, are not included as diagnostic criteria because their 

phenomenology is less specific, and most people also have visual auras.  

Aural symptoms accompany VM attacks in more than 60%, including tinnitus which is the 

most common, pressure in the ear, and hearing disturbances (Neuhauser et al., 2006; Teggi 

et al., 2018; Beh et al., 2019; Lempert et al., 2022). Some unusual aural symptoms may be 

described as well, including bubbling, pulsating, or vibrations in the ear (Beh et al., 2019). 

Other migranous symptoms, which are not part of the diagnostic criteria, include 

osmophobia (von Brevern et al., 2005), fatigue, emotional disturbances, and cognitive signs 

including problems with focusing and finding words when talking, autonomic symptoms, 

nonspecific sensory changes, and visual symptoms (Beh et al., 2019). Some stroke like 

neurological signs may be present during acute attacks such as sudden numbness or 

weakness in the face, speech difficulties, trouble walking or lack of co-ordination and 

positional central nystagmus and positional central nystagmus (von Brevern, 2005).  

This population of people will report dizziness or vertigo which may lead to premature 

exclusion of VM unless more detailed questioning is undertaken to reveal a pattern of 

presentation, baseline dizziness with overlapped episodes of vestibular symptoms 

accompanied by migranous features (Beh et al., 2019; Zwergal and Dietrich, 2020; Lempert 



63 
 

et al., 2022). VM in people who experience persistent interictal dizziness, can be due to 

chronic migraine, where people suffer from headache for at least 15 days out of a month 

with overlapped migraine attacks. The common migraine triggers are also, triggers for VM 

and include stress, bright lights, sleep deprivation, missing meals, and weather changes. In 

10-15% of people food triggers especially, red wine, caffeine, and chocolate (Mikulec et al., 

2012) exist. In some women, menstruation is a trigger (Noseda et al., 2012; Beh et al., 2019). 

Prolonged or excessive exposure stimuli that trigger ViD (Bronstein, 1995; Pavlou et al., 

2006; Pavlou et al., 2013), as well as tasks that require excessive head movements, may also 

trigger VM episodes. (Beh et al., 2019). 

 

Psychiatric comorbidities are very common in VM (Lahmann et al., 2015; Teggi et al., 2018; 

Beh et al., 2019). Anxiety and mood disorders are common in migraineurs even without 

vestibular symptoms (Lahmann et al., 2015). However, in those who experience both 

migraine and vestibular symptoms, anxiety levels and mood disorders may be more common 

(Lahmann et al., 2015). A history of anxiety and depression is also, associated with a higher 

risk of developing VM (Formeister et al., 2018). Functional neurological disorders may also 

be present, particularly in people with longstanding symptoms (Beh et al., 2019). It is 

common that people complaining of vestibular symptoms and exhibiting anxiety may be 

dismissed as having a psychological or psychiatric disorder only (Zhu et al., 2020; Herdman 

et al., 2021; Herdman et al., 2022).  

 

To the best of my knowledge, there is no peer-reviewed evidence on people with VM in 

relation to their DT gait performance. People may feel unsteady when walking and 

incorporating head movements (Pavlou et al., 2013; Pavlou et al., 2015). Some people with 

VM because of their over-reliance on visual cues, may struggle to perform static and 

dynamic tasks with reduced visual input or in presence of busy visual environments (Pavlou 

et al., 2015). Some may perform poorly in dynamic gait tasks such as walking with head 

turns, walking and bending over, walking with reduced visual cues, and may be identified 

at increased falls risk, especially at chronic stage of their condition (Pavlou et al., 2013). 

Furthermore, commonly people with VM report cognitive function performance problems 

such as focusing on their work, paying attention when people talk to them or difficulties 

finding words during conversation (Lauritsen and Marmura, 2017) which may contribute to 

poorer DT performance.  
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1.4.5 Visually induced dizziness  

Some people with balance problems may complain that their symptoms are triggered or 

exacerbated by complex visual surroundings (Jacob et al., 1993; Bronstein, 1995; Pavlou et 

al., 2006) such as those encountered while walking down supermarket aisles, in crowds or 

viewing moving scenes (Jacob et al., 1988; Bronstein, 1995; Bisdorff et al., 2009).  These 

symptoms have commonly been referred to as space and motion discomfort (Jacob et al., 

1988), visual vertigo (Bronstein, 1995), visual vestibular mismatch (Longridge et al., 2002) 

and more recently, ViD (Pavlou et al., 2006; Bisdorff et al., 2009). Symptoms may also be 

precipitated by driving, particularly in certain conditions such as going over the brow of a 

hill or around bends in what is known as motorist disorientation syndrome (Page and Gresty, 

1985).  It has been suggested that ViD occurs because of excessive reliance on visual input 

for spatial orientation (i.e., visual dependence) (Pavlou et al., 2006; Cousins et al., 2014; 

Pavlou et al., 2016). Increased visual dependence was identified in people with chronic 

visual vertigo that followed a variety of acute peripheral and central vestibular disorders 

(Bronstein, 1995; Guerraz et al., 2001; Pavlou et al., 2006). Some people with anxiety (Jacob 

et al., 1988; Jacob et al., 1993; Yardley et al., 1994; Staab and Ruckenstein, 2003) and 

motion sickness (Yardley et al., 1992; Bronstein et al., 2020) may be visually dependent but 

not necessarily have ViD.  

 

People diagnosed with ViD are more destabilised by the visually disorienting stimuli than 

people with labyrinthine deficiency (Guerraz et al., 2001) or vestibular people without ViD 

(Bronstein, 1995).  ViD leads to a significant degree of symptoms, and perceived disability 

that cannot be explained by a susceptibility to motion sickness and anxiety (Guerraz et al., 

2001).  Two studies (Guerraz et al., 2001; Pavlou et al., 2013) suggested that treatment 

incorporating visual desensitisation through exposure to visual motion may be beneficial for 

people who experience ViD. People who experience ViD should be offered specific 

rehabilitation exercises regardless to what causes their symptoms (Bronstein, 2016). This 

has been confirmed in studies which incorporated customised visual desensitisation through 

low- and high-tech virtual reality (VR) equipment (Pavlou et al., 2012), and optokinetic 

stimulation (OKS), as part of VRT (Pavlou et al., 2013) and showed significant 

improvements in ViD.  
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1.5 Physiologic basis for vestibular rehabilitation  

 

The aim of VRT is to facilitate the ability of the CNS to compensate for vestibular deficits 

or otherwise to achieve vestibular compensation (Curthoys and Halmagyi, 1995; Curthoys 

and Halmagyi, 1999; Lacour et al., 2016).  Over the years, several physiologic mechanisms 

have been proposed to account for the significant improvements often reported in dizziness 

and postural unsteadiness following VRT.  However, little is known as to why this treatment 

approach improves dizziness and decreases a person’s sensitivity to motion.  Possible 

mechanisms include (1) reweighting of sensory systems, (2) rebalancing of tonic activity in 

central pathways, (3) habituation, and (4) retinal slip (Curthoys and Halmagyi, 1999; Lacour 

et al., 2016).   

 

Sensory reweighting mechanisms are the basis by which the CNS can alter the use of specific 

sensory cues (visual, vestibular, somatosensory) for orientation according to specific 

pathological, task and/or environmental constraints (Peterka, 2002; Assländer and Peterka, 

2014).  Vestibular pathology alters the relative reliance on sensory cues for dynamic and 

static orientation whereby people may show an increased reliance on visual (Redfern and 

Furman, 1994; Bronstein, 1995; Keshner et al., 2004; Kabbaligere et al., 2017) or 

somatosensory (Bronstein et al., 1987) information.  Inappropriate use of sensory 

reweighting mechanisms may result in postural instability and falls (Nashner et al., 1982; 

Peterka, 2002). Exercises, which focus on asking people to maintain balance in situations 

where the availability and accuracy of one or more sensory inputs is varied, are often 

provided as they are thought to help the people improve their use of sensory cues for 

orientation (Horak et al., 1997). In a person with visual dependence for postural control 

(Bronstein, 1995; Pavlou et al., 2006; Cousins et al., 2014; Pavlou et al., 2016), a therapist 

may focus on stimulating the proprioceptive input through exercise. For example, the 

therapist may ask the person to close their eyes during a static balance exercise, practice a 

balance exercise in dark indoor environment, or perform a heel-toe exercise on a foam rather 

than firm surface with their eyes open. 

 

In terms of tonic activity in the central pathways, normal vestibular afferent neurons have a 

certain firing rate even when stationary.  This firing rate increases or decreases accordingly 

with angular and linear head movements.  The CNS interprets asymmetrical changes in 
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firing rate as movement.  When an individual has a UVD, the firing rate on that side either 

decreases or is absent causing a constant asymmetry as the intact side will continue to fire 

even at rest.  Early study by Brandt (2000) proposed that this asymmetry, together with the 

disruption in cortical spatial orientation, is the reason for vertigo that people experience.  

Recovery of symmetric tonic activity in the vestibular nuclei is considered a direct measure 

of CNS compensation.  As this occurs, abnormal eye movements and asymmetrical postures 

following a unilateral vestibular lesion resolve.  Compensatory processes which re-establish 

tonic vestibular nuclei activity symmetry include cerebellar disinhibition, increased 

sensitivity to visual and somatosensory input, and sensorimotor activity (Curthoys and 

Halmagyi, 1995; Curthoys and Halmagyi, 1999). 

 

Habituation is generally defined as a decrease in response magnitude to repetitive sensory 

stimuli.  Exercises to promote habituation involve repeatedly exposing the patient to 

positions or stimuli that trigger the person’s subjective symptoms and/or postural 

unsteadiness until they no longer produce a response (Guerraz et al., 2001). These exercises 

that are probably the result of multiple physiologic mechanisms (Monnier et al., 1976), have 

been known for many years and form the basis for the early Cawthorne-Cooksey exercises 

(Cawthorne, 1946; Cooksey, 1946). 

 

Adaptation exercises that cause retinal slip have been suggested as a reason for the 

improvement achieved with VRT (Shubert et al., 2008; Shubert et al., 2010).  Retinal slip, 

defined as movement of a visual image across the retina, causes an error signal resulting in 

a change in the gain of the VOR (Curthoys, 2000).  It is thought that this modification in 

VOR gain is the reason for symptomatic and functional improvement (Herdman et al., 1989; 

Herdman, 1998).  However, the reality is that it is not known whether increased gain is 

related to improved symptoms and functional ability in people with peripheral vestibular 

disorders (Herdman, 1998).  Viirre and colleagues (1998) found that the increase in VOR 

gain following exposure to a virtual environment with active head movements was faster 

than that achieved during traditional customised exercises. On the other hand, Cohen, and 

Kimball (2002) did not report any substantial changes in VOR gains post-treatment although 

people’ symptoms had improved significantly.  
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1.6 Management approach in people with vestibular disorders  

 

The primary approach to the management of people with peripheral vestibular disorders is 

exercise-based (Porciuncula et al., 2012; McDonnell and Hillier, 2016; Hillier and 

McDonnell, 2016; Hall et al., 2016; Hall et al., 2022). The management of the person in the 

acute stage following VN or VL may include medications, such as vestibular suppressants 

or antiemetics (Hall et al., 2022). In chronic stage, the evidence does not support medication 

as management of people with CVD (Horak et al., 1992; Hall et al., 2022).  

 

The traditional vestibular exercises were developed by Cawthorne and Cooksey in the 1940s 

(Cawthorne et al., 1946). Cawthorne-Cooksey initially introduced vestibular exercises to 

enhance the neurophysiological habituation in people with UVD due to surgery and 

symptoms such as dizziness induced by motion. The Cawthorne-Cooksey protocol included 

a standardised series of exercises that involved a progression of eye movements only, head 

movements with eyes open or closed, bending over, sit-stand, throwing a ball, climbing 

ladders, and walking. Currently, VRT, or the use of exercises to treat dizziness and balance 

disorders, are part of the standard care for people with UVD and BVD (Hall et al., 2016; 

Hall et al., 2022). 

 

VRT aims to encourage CNS compensation and provide the opportunity for recovery of 

sensorimotor co-ordination, over a wide range of orientations and movements (Curthoys and 

Halmagyi, 1995). Physiotherapists use customised exercises to person’s needs to optimise 

the effectiveness of VRT (Klatt et al., 2015; Herdman et al., 2015; Whitney et al., 2016; Hall 

et al., 2022). VRT is an exercise-based approach that includes a combination of four 

different exercise components to address the physical impairments, activity limitations, and 

participation restrictions identified during assessment: (1) exercises to promote gaze 

stability (including adaptation and substitution exercises), (2) exercises which include 

repetitive head movements under habituation, (3) exercises to improve balance and gait 

(balance and gait training), and (4) walking for endurance (Horak et al., 1997; Herdman, et 

al., 2015; Whitney et al., 2016).  

 

Exercises for gaze stability were developed based on the concepts of VOR adaptation. 

Exercises based on the principles of substitution were developed with the goal to promote 
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alternative visual strategies, which substitute for vestibular hypofunction (Shubert et al., 

2008; Shubert et al., 2010).  Adaptation has referred to long-term changes in the neuronal 

firing rate of the vestibular system in response to head movements with the goal to reduce 

retinal slip (Gauthier and Robinson, 1975). Clinically, this change in firing rate results in 

reduced symptoms, normalised gaze stability during head movements, and improvements in 

postural stability (Herdman, 1989). Exercises to promote gaze stability based on the 

principles of vestibular adaptation involve head movement while maintaining focus on a 

target, which may be stationary or moving. One week of incremental VOR adaptation 

exercises showed to significantly improve gain, gait with head rotation, balance during gait, 

and symptoms in people with CVD (Rinaudo et al., 2021). Adaptation and substitution 

exercises are typically performed with head movements in the horizontal and vertical planes.  

 

Habituation has referred to the reduction in a behavioral response after repeated exposure to 

a triggering stimulus, with the goal to reduce symptoms related to the vestibular system. 

Exercises to promote habituation are chosen based on specific movements or situations (e.g., 

busy visual environments) that provoke symptoms. During habituation exercises, the person 

is asked to perform several repetitions of body or visual motions that cause mild to moderate 

symptoms (Clendaniel et al., 2010). Habituation involves repeated exposure to the specific 

stimulus that triggers dizziness, and this systematic repetition of triggering movements leads 

to decrease in symptoms over time (Guerraz et al., 2001). As a principle, habituation 

exercises do not involve the people fixating their eyes on a target whist moving the head or 

body.  

 

VRT often includes balance and gait training under challenging sensory and dynamic 

conditions. These balance and gait exercises are usually “low-tech” exercises, which aim to 

optimise functioning of the systems underlying postural control (Klatt et al., 2015; Herdman 

et al., 2015; Whitney et al., 2016). These may include center of gravity control training, 

anticipatory and reactive balance control, multisensory training, and gait training (Klatt et 

al., 2015) Center of gravity control exercises may involve weight shifting in stance and/or 

changing the base of support (e.g., Romberg, tandem, and single leg stance) to increase the 

challenge. Anticipatory and reactive balance exercises may involve the training of different 

balance recovery strategies (e.g., ankle, hip, or stepping strategy) under voluntary and 

involuntary conditions (Jacobs et al., 2007). Multisensory balance exercises involve 

balancing under conditions of altered visual (e.g., OKS or without visual input), vestibular 
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(e.g., head moving), and/or somatosensory (e.g., foam or moving surfaces) input (Pavlou et 

al., 2012; Pavlou et al., 2013). Gait exercises involve dynamic conditions and may include 

walking with head turns or performing a secondary task (e.g., cognitive task such as counting 

backwards) while walking (Klatt et al., 2015).  

 

General conditioning, such as gradually introduced customised walking program for 

endurance or using machine in the gym such as static bike and cross-trainer are often 

included in VRT because people with peripheral vestibular disorders often limit PA to avoid 

triggering their symptoms (Morimoto et al., 2018; Shiozaki et al., 2021). However, general 

conditioning exercises such as stationary bicycle and isometric strengthening in isolation, 

without a balance component, have not been found to be beneficial in people with vestibular 

disorders (Horak et al., 1992).    

 

1.7 Effectiveness of vestibular rehabilitation 

 

There is extended evidence that VRT exercises help to improve subjective dizziness, 

postural stability, gait speed, and visual acuity during head movements in people with 

vestibular disorders (Horak et al., 1992; Herdman et al., 2000a; Herdman et al., 2000b; 

Herdman et al., 2003; Giray et al., 2009; Pavlou et al., 2013; Herdman et al., 2015; Allum 

et al., 2016; Smolka et al., 2020). Recent clinical practice guidelines concluded that there is 

moderate to strong evidence supporting VRT for the management of people with UVD and 

BVD (Hillier and McDonnell, 2016; Porciuncula et al., 2012; McDonnell and Hillier, 2016; 

Hall et al., 2016; Hall et al., 2022). People with BVD improve following VRT but not as 

much as people with UVD (Hall et al., 2022). Also, there is weak evidence for the 

effectiveness of VRT in people with VM (Lauritsen and Marmura, 2017; Alghadir and 

Anwar, 2018; Koc and Akkilic, 2022), yet it is recommended to be offered to people with 

VM who experience symptoms or fear of movement related to head and body movements 

and busy visual surroundings, but a gentler approach is needed (Pavlou et al., 2013; 

Lauritsen and Marmura, 2017). 

 

A considerable number of studies demonstrated the superiority of supervised VRT (Yardley 

et al.., 2004; Kao et al., 2010; Pavlou et al., 2013; Itani et al., 2017; Smolka et al., 2020) 

compared to home-based unsupervised exercise programme. Supervision may promote 
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greater adherence and improvements in postural stability (Pavlou et al., 2013). Supervised 

VRT may be also effective in enhancing PA in daily life and may subsequently improve 

subjective dizziness and gait instability in people with CVD (Shiozaki et al., 2021). 

Supervised VRT seems to help with improvement in psychological symptoms, because 

supervision aims to increase patient confidence and independence, provide reassurance, and 

emphasise the potential benefits of vestibular exercises, thus, the compliance to VRT may 

be higher and affect indirectly treatment outcome as a comparison of those who complete 

the VRT versus those who drop out because they did not receive supervision (Black et al., 

2000; Pavlou et al., 2012; Pavlou et al., 2013).  Apart from any possible placebo effect due 

to therapist attention, it is also believed to increase motivation and compliance, and allows 

the therapist to evaluate the patient’s progress regularly, modifying and progressing 

exercises as required and making sure exercises are being performed correctly (Black et al., 

2000; Cohen and Kimball, 2003; Pavlou et al., 2012; Pavlou et al., 2013).  Therefore, it is 

generally advised that some form of supervision is beneficial to promote better treatment 

outcome (Hall et al., 2016; Hall et al., 2022).   

 

In addition, as each person may have a different clinical presentation, customised VRT is 

essential to achieve better treatment outcomes (Black et al., 2000; Hall et al., 2022). 

Customised exercise approach may assist prescription of exercises based on individual’s 

needs and closer monitoring of the exercises, as worsening symptoms during the first few 

weeks of a VRT program can occur (Hall et al., 2022). Black and colleagues (2000) were 

the first to include both normal and abnormal control groups and to compare the success of 

customised VRT based on a return to normal ranges for scores on both subjective and 

objective measurements. According to the current clinical guidelines customised VRT 

produced significant improvements in postural control, vertigo symptoms, and ADLs (Hall 

et al., 2022).  

 

This thesis includes people with CVD, therefore, the effectiveness of VRT will be discussed 

only in relation to people with CVD. 
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1.7.1 Effectiveness of vestibular rehabilitation in people with unilateral vestibular 

disorder 

Moderate to strong evidence exists to support VRT in people with UVD (Hall et al., 2022). 

Current clinical guidelines recommend that VRT should be offered to people with chronic 

UVD who are still experiencing symptoms (e.g., dizziness, unsteadiness, motion sensitivity, 

and oscillopsia) (Hall et al., 2022). Treatment outcomes were improved following VRT in 

people with UVD as compared to controls who received either no exercise or sham exercise 

therapy (Herdman et al., 2000b; Herdman et al., 2003; Giray et al., 2009; Herdman et al., 

2012; Bayat and Saki, 2017). Herdman and colleagues (2003) in a RCT study showed that 

a programme of gaze stability exercises was significantly more beneficial than general 

exercises in 21 people with chronic UVD aged 20-86 years old with impaired dynamic visual 

acuity and oscillopsia. Later, Giray et al (2009) in their RCT of 42 people with chronic UVD 

showed that VRT consisting of gaze stabilisation, visual desensitisation, and balance 

exercises for four weeks, was more beneficial than no intervention in terms of improvements 

on disability perceived from dizziness, and postural stability. A retrospective study (but low 

evidence study as there was no control group) in 21 people older adults (e.g., 61-74 years 

old) with chronic UVD who were offered an 8-week VRT (e.g., gaze stabilisation exercises), 

observed significant improvements on disability perceived from dizziness (Bayat and Saki, 

2017).  

 

A large cohort study in people with UVD showed that the duration of vestibular pathology 

did not play a significant role in treatment outcome (Herdman et al., 2012). Also, Pavlou 

and colleagues (2013) found that the symptom duration did not affect treatment outcome in 

people with CVD including those with VM. Although, other studies reported that the balance 

outcome was better for people with UVD who received VRT earlier (Herdman et al., 2012). 

Also, people with UVD who were offered an appointment in clinic within 6 months since 

the onset of their pathology scored lower in DHI compared with those who were seen in 

clinic after 6 months (Bamiou et al., 2000).  

 

1.7.2 Effectiveness of vestibular rehabilitation in people with bilateral vestibular 

disorder  

In a systematic review conducted by Porciuncula et al., (2012), people with BVD appeared 

to improve in their gaze and postural stability and showed functional improvements 
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following VRT. However, none of the studies included in that review reported that people 

with BVD recovered fully following VRT. Many people with BVD will not be able to 

mobilise in complete darkness or on uneven surfaces (Strupp et al., 2017). More recent 

studies also have reported improvements in postural control, dynamic visual acuity, and 

handicap perceived from dizziness in people with chronic BVD following VRT (Herdman 

et al., 2015; Lehnen et al., 2018; Allum et al., 2019). Herdman and colleagues (2015) 

reported that in 69 people with chronic BVD, significant clinically meaningful changes were 

achieved on dynamic balance, gait speed, and balance confidence (e.g., 38-86% 

improvement depending on the specific outcome measured examined) following VRT. The 

authors (Herdman et al., 2015) suggested that VRT may help to decrease risk of falling and 

improve overall health in people with chronic BVD, but the full recovery remained less 

common. 

 

The treatment outcome may not be as favorable for people with vestibular disorders with 

other co-existing health problems (Whitney et al., 2020). For example, peripheral 

neuropathy in combination with BVD may cause further impairments, as people may present 

with more arhythmic walking patterns, and were observed to be at higher risk of falling 

(Schniepp et al., 2014) which may prolong recovery time. A recent study (Allum et al., 2019) 

reported that balance and gait can improve even 6-12 months after the acute onset of BVD 

if the person follows regular VRT for at least 6 months (Allum et al., 2019). Overall, current 

guidelines recommend that clinicians continue to provide VRT to people with BVD who are 

likely to benefit from a combination of gaze stabilisation exercises and static and dynamic 

balance exercises performed several times a day and possibly over an extended period (Hall 

et al., 2016; Hall et al., 2022).  

 

1.7.3 Effectiveness of vestibular rehabilitation in people with vestibular migraine 

The primary care for VM is medicine and includes symptomatic relief and prophylactic 

treatment (Maldonado Fernández et al., 2015) and alternative medicines (Lauritsen and 

Marmura, 2017). People are also, advised for lifestyle modifications (e.g., food, sleep, 

exercise, controlling/treatment for distressing symptoms) (Miculec et al., 2012; Beh et al., 

2019; Byun et al., 2020). Despite the above treatments, some people with VM may still 

present with complaints of vestibular symptoms such as dizziness, vertigo, and unsteadiness 

(Pavlou et al., 2013; Vitkovic et al., 2013; Lauritsen and Marmura, 2017).  
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There is a growing research evidence supporting the use of VRT in people with VM 

(Lauritsen and Marmura, 2017; Alghadir and Answer, 2018; Beh et al., 2019) but the 

approach should be much gentler with gradual progression through exercise (Pavlou et al., 

2013; Vitkovic et al. 2013; Lauritsen and Marmura, 2017; Beh et al., 2019). The reason for 

the gentler VRT approach is because in these people, normal exercise intensity is likely to 

trigger migraine (Lauritsen and Marmura, 2017; Alghadir and Answer, 2018; Beh et al., 

2019; Koc and Akkilic, 2022). The VRT can be helpful in people with VM if symptoms are 

triggered by head or body movements or there is presence of ViD (Alghadir and Answer, 

2018). Also, it may be helpful if there is associated vestibular disorder causing interictal 

balance problems (Lauritsen and Marmura, 2017; Alghadir and Answer, 2018; Koc and 

Akkilic, 2022).  

 

Evidence shows that people with or without migraine improved similarly following VRT in 

objective balance and subjective dizziness measures (Wrisley et al., 2002; Vitkovic et al., 

2013). Sugaya and colleagues (2017) reported significant improvement with VRT involving 

repeated training of the VOR and vestibulo-spinal reflex, in headache, dizziness, anxiety, 

and depression scores in people with VM and tension-type headache, but the headache 

scores increased after a period of treatment. Pavlou and colleagues (2013) in their RCT, 

included people with CVD with and without VM aged 28-73 years old. The study provided 

customised VRT including OKS with weekly supervised and customised sessions over 8 

weeks. People showed improvements on posturography, FGA, SCQ, VSS and Beck 

Depression and Anxiety Inventory for postural stability and gait, ViD, vestibular/autonomic 

symptoms, and anxiety and depression respectively, independently from their pathology or 

VM presence and VM history did not influence dropout rates. The authors (Pavlou et al., 

2013) concluded that people who experience symptoms associated with VM can tolerate 

gradual, progressive exposure to OKS and other VRT exercises and achieve significant 

improvements following 8-week VRT. Overall, customised VRT should be considered in 

addition to medical treatment in people who present with symptoms due to VM (Vitkovic et 

al., 2013; Pavlou et al., 2013) or where benefits from medical treatment are insufficient 

(Lauritsen and Marmura, 2017; Alghadir and Answer, 2018; Koc and Akkilic, 2022).  
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1.7.4 Novel approaches to vestibular rehabilitation 

Over the past 10 years, there have been new rehabilitation approaches available in VRT to 

enhance treatment outcomes in terms of dizziness, vertigo, and unsteadiness. Examples 

include the use of OKS, Virtual Reality, YouTube videos, innovative computer-based ways 

to change the VOR gain, vibrotactile feedback, and Tai-Chi. DT training (i.e., incorporating 

various balance and/or gait exercises with a secondary task has been used as treatment 

intervention in people with various neurological pathologies (De Freitas et al., 2018; 

Plummer & Iyigün, 2018; Postigo-Alonso et al., 2019) as well as in community-dwelling 

older adults with and without concern of falling (Sinsupadol et al., 2006; Sinsupadol et al., 

2009; Woollesen et al., 2017). DT training may be in future an approach to treatment in 

people with CVD. Currently, there is no evidence. A brief reference will be made to DT 

training in the end of this section as this thesis will investigate it for its effectiveness in 

people with CVD (Chapter 4).  

Optokinetic Stimulation  

A common symptom in people with chronic dizziness is ViD (Pavlou et al., 2006; Bisdorff 

et al., 2009). Guerraz et al., (2001) suggested that including repeated exposure to OKS and 

situations with visual-vestibular conflict in VRT protocols may improve postural stability 

and optokinetic nystagmus in people with peripheral vestibular disorders who experience 

visual vertigo. Loader and colleagues (2007) in their RCT, allocated 24 people with chronic 

UVD to a treatment group consisting of OKS while standing or a control group. After three 

weeks of intervention, the treatment group showed significant improvements in ViD 

compared to the control group. However, the intervention group practised standing balance, 

which was closely related to the treatment outcome measure. Pavlou and colleagues (2013) 

in their RCT examined the effect of simulator-based treatment on improving ViD and 

balance in people with CVD (Pavlou et al., 2013). They demonstrated that OKS delivered 

via high-tech versus low-tech technologies (DVD) provide similar results in terms of people’ 

treatment outcomes. Also, both supervised and unsupervised OKS training were effective in 

improving postural stability, ViD, and indirectly reducing depression and anxiety levels 

(Pavlou et al., 2013). Overall, 100% of migraineurs and 82% of non-migraineurs with CVD 

improved for ViD as measured with SCQ which was the primary outcome measure of the 

study.  
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Virtual reality 

Virtual Reality (VR) is an emerging technology which has the potential to enhance 

rehabilitation outcomes because it is engaging and interesting (Whitney et al., 2009; Pavlou 

et al., 2012; Meldrum et al., 2015; Keshner et al., 2021). The primary aim of the VR systems 

is to decrease severity of vertigo, dizziness, and ViD, and improve VOR gain, optokinetic 

responses adaptation and postural stability (Sparto et al., 2004; Pavlou et al., 2004; Whitney 

et al., 2006). Two main types of VR have been investigated in people with vestibular 

disorders. The first involves high-tech systems consisting of head-mounted devices 

(Meldrum et al., 2012; Micarelli et al., 2017; Song et al., 2019; Xie et al., 2021) and wide 

field of vision (Pavlou et al., 2012; Alahmari et al., 2014; Sessoms et al., 2015). The other 

type of devices involves off-the-shelf systems such as head-mounted devices delivering 

rehabilitation application (Miccarelli et al., 2017; Stankiewicz et al., 2021; Choi et al., 2021), 

Nintendo Wii, Microsoft Kinect, and hybrid systems to create vestibular specific exercises 

(Sparrer et al., 2013; Meldrum et al., 2015).  

 

Both expensive and inexpensive versions of VR hardware and software have been shown to 

be effective at decreasing symptoms in people with acute and chronic peripheral vestibular 

disorders (Pavlou et al., 2012; Meldrum et al., 2012; Alahmari et al., 2014; Meldrum et al., 

2015). Wide field of view equipment is not superior to standard rehabilitation (Pavlou et al., 

2012; Alahmari et al., 2014) but the former allows for more challenging, multidimensional 

tasks to be practiced in a safe environment (Sessoms et al., 2015; Keshner et al., 2021). 

However, they are expensive, space consuming, require special training and confined within 

the laboratory research settings. It is likely that they will remain in use as experimental 

equipment for research purposes (Pavlou et al., 2012; Alahmari et al., 2014; Sessoms et al., 

2015; Keshner et al., 2021). 

 

On the other hand, head-mounted devices are cheaper and more accessible for clinical and 

research practice. They are not space consuming and various applications for VRT can be 

compatible with those (Miccarelli et al., 2017; Stankiewicz et al., 2021; Choi et al., 2021). 

Professional systems such as these provided by companies as Sensing Future, C2CARE, 

Virtualis, and Interacoustics provide three dimensional applications for VRT delivered via 

head-mounted devices. However, these applications could be compatible also, with head-

mounted devices bought off-the-shelf such as Oculus Go, Rift and Quest. The Oculus Quest 

2 is wireless which may be more practical and easier to use as it allows less set up and freer 
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movement. Overall, it is proposed that VR delivered via head-mounted devices could be a 

possible supplement to VRT for people with chronic UVD (Micarelli et al., 2017; Viziano 

et al., 2019). However, the head-mounted devices and associated applications have not been 

investigated for their effectiveness compared to other low tech VRT approaches such as 2D 

YouTube videos or DVD delivering OKS (Pavlou et al., 2012). There is no current high-

quality evidence on the effectiveness of 2D YouTube videos as supplementary approach to 

VRT in people with vestibular disorders.  

 

Computerised methods to improve VOR abnormalities  

Some people with peripheral or central vestibular disorders may experience ViD due to 

increase or decrease of the VOR, thus some eye exercises aim to address adaptation of the 

VOR such as the VORx1 exercise which is prescribed to minimise the retinal slip and 

decrease ViD (Alghadir et al., 2013).  Shubert and colleagues (2008) introduced a promising 

mechanism for VOR adaptation is via an increase in retinal image velocity slip during self-

generated head movements in dim light. An increase in the VOR gain was noted after a 15 

min training session in both people with UVD and controls. A new head-mounted device 

has been piloted (Migliaccio and Schubert, 2014) that can increase the VOR gain in people 

with vestibular hypofunction while the StableEyes (Todd et al., 2018), a portable VRT 

device aims to improve unilateral short-term adaptation.  

 

Dizziness can also decrease by method of saccadic substitution (Macdougall and Curthoys, 

2012). In people with BVD and UVD, gaze position error was reduced when compensatory 

saccades were recruited as part of the gaze-stabilising strategy (Schubert et al., 2010). 

Shubert and colleagues (2010) showed that symptoms may be improved due to a 

combination of reduced retinal slip and saccadic substitution that decreases dizziness during 

active head movement. A small study by Crane and Schubert (2018) included people with 

chronic UVD with at least mild disability perceived from dizziness as assessed with DHI. 

People performed a 10-minute daily computerised dynamic visual acuity task that 

encouraged angular head velocity. After four weeks of home-based computer head 

movement tasks, average DHI scores decreased (e.g., improved) by 73% (e.g., 30.5 points 

on DHI). 
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Software algorithms for online training 

There is emerging but insufficient evidence on software algorithms for online training. A 

study by van Vugt and colleagues (2019) found that their internet-based intervention was 

significantly better than usual care in adults with CVD over 50 years old, for disability 

perceived from dizziness and vertigo symptoms reduction. The HOLOBalance system 

provides an evidence-based balance training programme delivered to people in their home 

environment using a novel technological approach including an augmented reality virtual 

physiotherapist, exergames and a remote monitoring system (Liston et al., 2021).  Overall, 

software algorithms may have the potential to remotely supervise exercise participation 

based on predefined objective criteria such as symptom reports, dynamic visual acuity score, 

or peak head velocity. 

 

Vibrotactile feedback 

Vibrotactile feedback was first introduced by Wall and colleagues (2001) for people with 

vestibular disorders, especially those with BVD but also, UVD. The authors (Wall et al., 

2001) proposed that vibration can provide an external information about postural sway 

before patient loses balance. Kingma and colleagues (2019) observed that a period of two 

hours wearing the balance belt, allowed a good preselection of people with severe BVD that 

might have a clear benefit of using continuous vibrotactile feedback. Twenty-three out of 

the 31 people experienced a relatively big improvement ranging between 60-200% in QoL 

and wanted to keep the belt and use it permanently. Brugnera and colleagues (2015) 

examined the effect of two weeks of balance training using a vibrotactile belt to improve 

postural control in people who did not achieve significant improvements previously with 

VRT.  The 9 of 13 people in their study (Brugnera et al., 2015) had chronic BVD. 

Improvements in postural control and self-perceived balance confidence occurred only for 

people who practised the exercises whist wearing a vibrotactile belt than without it 

(Brugnera et al., 2015). The effects of incorporating vibrotactile sensory augmentation on 

balance performance was also, investigated in people with UVD (Basta et al., 2017; Bao et 

al., 2019). It was suggested that the vibrotactile sensory augmentation as part of VRT, may 

lead to additional benefits that may be retained up to six months after training compared to 

training without vibrotactile sensory augmentation (Bao et al., 2019).  
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Tai-Chi  

Tai-Chi has been recognised as an exercise that decreased falls and falls risk, especially in 

elderly people (Wayne et al., 2004; Kuramoto et al., 2006; Huang et al., 2019). It offers 

numerous cardiopulmonary, musculoskeletal, and postural benefits (Kuramoto, 2006), and 

has been utilised as a rehabilitative technique in stroke people (Taylor-Piliae et al., 2014), 

Parkinson’s disease (Hackney and Earhart, 2008), and arthritis (Song et al., 2003).  

 

The effectiveness of Tai-Chi as a form of VRT was evaluated using the ABC and DGI scales 

on a mixed population including people with central balance disorders, vestibular disorders, 

and healthy controls (Lee et al., 2012).  The results revealed significant improvement on 

ABC in people who had normal vestibular testing and significant improvement on DGI in 

people who had abnormal vestibular testing. Collectively, the results of the existing studies 

suggest that Tai-Chi can be a practical complementary therapy for VRT as it is beneficial to 

symptomatic people with dizziness and/or unsteadiness (McGibbon et al., 2004; Lee et al., 

2012; Huang et al., 2019). Tai-Chi may improve flexibility, attentional control, emotional 

state (Wayne et al., 2004), balance control (Wayne et al., 2004; McGibbon et al., 2004) and 

gait (McGibbon et al., 2004) in people with vestibular disorders (Lee et al., 2012). However, 

due to lack of homogeneity in terms of outcome measures, styles, duration, and frequency 

of the Tai-Chi intervention among available studies, it is challenging to establish the best 

parameters, or time of intervention to optimise treatment outcomes (Huang et al., 2019).  

 

Dual-task training 

DT interference is significantly more severe in people with vestibular disorders 

(Nascrimbeni et al., 2010; Roberts et al., 2011; Bessot et al., 2012; Lin et al., 2018), older 

adults with balance and cognitive impairments (Sinsupadol et al., 2006; Sinsupadol et al., 

2009; Fritz et al., 2015; Woollesen et al., 2017) and other neurological populations (Coelho 

et al., 2013; Plummer and Iyigün, 2018; De Freitas et al., 2018; Postigo-Alonso et al., 2019) 

compared to healthy controls. The DT training incorporates various gait and/or balance 

exercises with a simultaneous performance of a secondary cognitive or auditory task. It is 

not known if DT training in addition to VRT will benefit further people with CVD in terms 

of their subjective symptoms and postural stability compared to VRT alone. However, DT 

training has been shown to improve dynamic gait and balance parameters in community-

dwelling older adults with and without concern of falling (Woollesen et al., 2017), DT gait 

speed in people with Stroke (Plummer and Iyigün, 2018; Timmermans et al., 2018; Baek et 
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al., 2021) and Multiple Sclerosis (Postigo-Alonso et al., 2019), and gait and balance in 

closed-eyes tests in people with mild to moderate Parkinson’s disease (De Freitas et al., 

2018).  

 

Although, the effectiveness of DT training has not been investigated on VRT outcome in 

people with CVD, considering the significance of cognitive-motor interference that exist in 

these people compared to healthy controls (Danneels et al., 2020; Chari et al., 2022), current 

theoretical lines of physiotherapy hypothesise that adopting more difficult or complex task 

training may alleviate deficits in ADLs (Sinsupadol et al., 2009; Klatt et al., 2015; Whitney 

et al., 2016). DT training could be introduced during the rehabilitation in people with 

vestibular disorders as it was carrying out in other neurological populations with balance 

problems (Coelho et al., 2013; Plummer and Iyigün, 2018; De Freitas et al., 2018; Postigo-

Alonso et al., 2019; Baek et al., 2021) and older adults with and without risk of falling 

(Sinsupadol et al., 2006; Sinsupadol et al., 2009; Woollesen et al., 2017). Current limitations 

concerning DT training interventions include studies using different frequencies, intensities, 

durations, type of DT interventions (e.g., in terms of primary and secondary task selection), 

outcomes measures, and different prioritisation strategies during DT interventions 

(Sinsupadol et al., 2006; Silsupadol et al., 2009; Fritz et al., 2015; De Freitas et al., 2018; 

Postigo-Alonso et al., 2019). 

 

1.8 Dizziness and postural unsteadiness following COVID-19 

 

The following sections have been added to this PhD thesis because of the need to replace an 

experiment (Chapter 5) which was not possible to perform due to most recent COVID-19 

disease. The PhD thesis limitations related to COVID-19 outbreak are described in detail in 

section 6.4.2 of the Chapter 6. The sections below aim to provide a brief background for the 

online anonymous survey (Chapter 5) on COVID-19 disease and its relation to dizziness and 

postural instability.  
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1.8.1 COVID-19 disease outbreak, dizziness, unsteadiness, and falls 

On 11th of March 2020 the World Health Organisation (WHO) declared COVID-19, an 

infectious disease caused by the SAR-CoV-2 virus, a global pandemic disease (WHO, 

2020). Within weeks the virus had spread to over 200 countries. As per 14th of December 

2022, there have been 646,266,987 confirmed global cases of COVID-19, 

including 6,636278 deaths (WHO, 2022). In UK, there have been 24,053,576 confirmed 

cases of COVID-19 with 197,723 deaths. People infected with the COVID-19 virus may 

have a wide range of symptoms ranging in severity. Symptoms may appear 2-14 days after 

exposure to the virus. Anyone can have mild to severe symptoms. The Centre for Disease 

Control and Prevention (CDC) listed as main acute symptoms the fever or chills, cough, 

shortness of breath or difficulty breathing, fatigue, muscle or body aches, headaches, new 

loss of taste or smell, sore throat, congestion, nausea, or vomiting, and diarrhea (CDC, 

2022).   

 

Although, COVID-19 is a respiratory virus, early studies observed that dizziness with or 

without associated postural unsteadiness was among the most common neurological 

manifestations of COVID-19 (Chen et al., 2020; Liotta et al., 2020; Mao et al., 2020; 

Saniasiaya and Kulasegarah, 2021) while vertigo, hearing loss and tinnitus were also 

reported in systematic (Almuffarij et al., 2020; Almufarrij and Munro, 2021) and narrative 

(Saniasiaya and Kulasegarah, 2021) reviews based mainly on evidence from case reports. A 

meta-analysis published by Jafari, and colleagues (2022) demonstrated that the occurrence 

rate of dizziness, hearing loss and tinnitus in COVID-19 patients was 12.2%, 3.1% and 4.5%, 

respectively (Jafari et al., 2022). Alde and colleagues (2022) showed that the types of 

dizziness varied among people infected with the SARS-CoV-2. Among 1512 people with 

acute COVID-19 infection, new onset of dizziness was reported by 251 people among whom 

110 complained of lightheadedness, 70 of disequilibrium, 41 of presyncope, and 30 of 

vertigo (Alde et al., 2022). Viola and colleagues (2021) showed that approximately 18% of 

patients had balance problems after being diagnosed with the COVID-19 virus. Also, based 

on low evidence, COVID-19 infection was associated with incidence of falls (Norman et al., 

2020) and increased falls in older adults (Gawronska et al., 2021).  
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1.8.2 Causes of dizziness, unsteadiness and falls in people infected with COVID-19 

Dizziness and/or vertigo have been described among other clinical manifestations of 

COVID-19 and may be a direct consequence of SARS-CoV-2 affecting the vestibular 

function in one or more peripheral and/or central audiovestibular pathways (Saniasiaya 

Kulasegarah, 2021). Therefore, SARS-CoV-2 neurotropism may result in wide range of 

neuropathic effects some of which may impact neuronal networks responsible for postural 

stability and hearing (Saniasiaya and Kulasegarah, 2021). Specifically, viral infections 

including COVID-19 could directly cause inner ear damage as the receptors necessary for 

tissue invasion by SARS-CoV-2 are expressed in the human inner ear (Jeong et al., 2021). 

This may lead to dizziness and vertigo, balance problems and auditory symptoms including 

tinnitus and hearing loss (Karimi-Galougahi et al., 2020; Jafari et al., 2022). Further, 

following the COVID-19 infection, occlusions of the cochlear or vestibular 

microvasculature may happen, probably because of hypercoagulation which is often 

observed in people infected with the SARS-CoV-2 (Smadja et al., 2021). Consequently, 

audiovestibular symptoms including hearing loss tinnitus, dizziness and/or vertigo and 

unsteadiness may occur.  

 

In contrast to vertigo, which is a specific type of dizziness and often present in case of 

peripheral or central vestibular disorders (Bisdorff et al., 2009), dizziness is a general term 

in medical diagnosis and may represent a wide range of other medical conditions apart from 

vestibular disorders, such as hypoglycaemia (Piarulli and Lapolla, 2020), low blood pressure 

(Saedon et al., 2020), postural tachycardia syndrome (PoTS) (O’Sullivan et al., 2021), 

cardiac arrythmias (Lippi et al., 2021) and anaemia (Kim et al., 2019; Saedon et al., 2020). 

Such medical conditions may co-exist in people infected with the COVID-19 virus or may 

present together with other neurological symptoms as part of a direct neurotropic 

consequence of COVID-19 (Whittaker et al., 2020). Dizziness and less often vertigo may 

also occur as an indirect consequence of COVID-19, such as in presence of respiratory 

hypoxia, hypotonia, fever, and associated dehydration or may be exacerbated by 

psychophysical stress following acute COVID-19 infection and mandatory quarantine (Alde 

et al., 2022). Such causes of dizziness and/or unsteadiness may also, result in headache 

generation while the generation of vestibular migraine, especially in people who have an 

underlying susceptibility to migraine, with SARS-CoV-2 acting as a triggering event, is also 

possible (Korres et al., 2022).  
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Other causes for dizziness and/or vertigo and unsteadiness following COVID-19 infection 

include a proinflammatory process and associated immune response to the SARS-CoV-2 

virus of the audiovestibular system, particularly, in people with general susceptibility. 

Occurrence of MD (Frejo and Lopez-Escamez, 2022), BPPV (Tsai et al., 2016) and vascular 

vertigo (Qian et al., 2019) have been associated with increased Interleukin-6 and tumor 

necrosis factor–alpha levels, indicating an inflammatory process. Further, balance and 

hearing problems may be directly related to inner ear vascular damage because the labyrinth 

is particularly susceptible to ischemia due to the features of terminal vasculature of its 

vessels and its high energy requirement (Viola et al., 2021). It was also, proposed that people 

who were hospitalised for COVID-19 and those who had a prolonged bed rest during their 

COVID-19 infection can experience otolith detachment (Viola et al., 2021), which is 

assumed that can lead to BPPV and otolithic disturbance. Additionally, central causes for 

acute vertigo following COVID-19 infection may include posterior circulation stroke, 

especially in people with indication of hypercoagulability (Spiezia et al., 2020). Lastly, 

dizziness postural unsteadiness as well hearing loss or tinnitus may be a result of ototoxicity 

following the use of synthetic quinine drugs such as chloroquine and hydroxychloroquine 

as well as antiviral drugs such as remdesivir and lopinavir which have been used as treatment 

against SARS-CoV-2 (Ciorba et al., 2020). 

 

1.8.3 Long-COVID, dizziness, unsteadiness, and falls  

Some people who have been infected with the SARS-CoV-2 virus can experience long-

term effects known as post-COVID conditions or long-COVID (or long-haul COVID, 

post-acute COVID-19, post-acute sequelae of SARS CoV-2 infection, long-term effects 

of COVID, and chronic COVID) (CDC, 2022). Long-COVID are found more often in 

people who had severe COVID-19 illness but anyone who has been infected with SARS-

CoV-2 can experience long-COVID, even people who had mild illness or no symptoms 

from COVID-19 (Pawelek DAA, 2021; Pérez-González et al., 2022; CDC, 2022). People 

with long-COVID may experience health problems from different types and combinations 

of symptoms happening over different lengths of time including weeks, months and even 

years (CDC, 2022). Most people’ symptoms slowly improve with time.  

 

The list of long-COVID symptoms is wide and includes among others neurological and 

sensory symptoms such as difficulty thinking or concentrating, headache, sleep problems, 
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dizziness, depression and anxiety, pins, and needles feelings, and change in smell or taste 

(Augustin et al., 2021; CDC, 2022) as well as neuro-otological symptoms such as tinnitus, 

hearing loss (Fancello et al., 2022; Jafari et al., 2022), vertigo and postural instability 

(Vanaparthy et al., 2020; Maslovara and Kosec, 2021; Mat et al., 2021; Perret et al., 2021; 

Lambert et al., 2022). Lambert and colleagues (2022) questioned participants about 101 

distinct symptoms related to COVID-19 infection and showed that nearly 38% of long-

COVID patients reported dizziness and 17% complained of tinnitus for mean duration of 80 

and 93 days, respectively (Lambert et al., 2022).  

Current data from cohort studies suggests that neuro-otological symptoms like vertigo 

and/or dizziness and associated postural unsteadiness and tinnitus are more common among 

long-COVID patients compared to general population, with prevalence estimates ranging 

between 37 and 43% for vertigo and/or dizziness and associated postural instability and 16 

and 26% for tinnitus (Davis et al., 2021; Thrane et al., 2021). Even 6 (Huang et al., 2021) 

and 12 (Zhao et al., 2021) months following COVID-19 infection 6-10% of patients 

continued experiencing dizziness and unsteadiness but otherwise, little is known about the 

clinical characteristics of dizziness, unsteadiness and/or falls in these people and what other 

symptoms they might experience following SARS-CoV-2 infection. 

Dizziness and postural unsteadiness in people who were infected with the SARS-CoV-2 

virus are nonspecific symptoms that may prolong the burden of people’s illness and impact 

on QoL (Meys et al., 2020), return to work ability (Tenforde et al., 2020), and independence 

(Nabavi et al., 2020). Awareness of what causes these symptoms, and their clinical 

presentation may help health care professionals to support and direct care for COVID-19 

people and to differentiate COVID-19 from other illnesses (Demeco et al., 2020; Korres et 

al., 2022). Further, little data from small studies exists on falls related to COVID-19 and is 

mainly in older adults (Norman et al., 2020). The VRT is considered necessary for people 

who experience dizziness, unsteadiness and/or falls (Hall et al., 2022). VRT has been 

proposed even in those post-COVID (Saniasiaya and Kulasegarah, 2021; Sheehy, 2020; 

Demeco et al., 2020; Mat et al., 2021) but the evidence is low and VRT would be appropriate 

for people who experience dizziness, unsteadiness and/or falls following COVID-19 in 

relation to body and head movements. However, the prevalence, clinical features and impact 

of dizziness, unsteadiness and falls following COVID-19 infection remain under researched.  
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1.9 Thesis aims 

 

 

The following will provide a brief description of the purpose of each study included in this 

thesis.   

 

Various factors such as age-related decline in cognitive function (Yogev-Seligmann et al., 

2008; Lacour et al., 2008; Al-Yahya et al., 2011), balance confidence (Powell and Myers, 

1995; Lajoie and Gallagher, 2004) and hearing capacity (Loughrey et al., 2018; Bruce et al., 

2019), reduced PA levels (Garcia Meneguci et al., 2021), poor sleep (Fabrega-Cuadros et 

al., 2020), and anxiety and depression (Silva et al., 2020) may affect gait and DT 

performance which are essential for maintaining postural stability and navigating an 

independent life. Also, people with CVD show significantly greater attentional interference 

when walking under DT conditions compared to healthy controls (Roberts et al., 2011; 

Bessot et al., 2012; Lin et al., 2018). Gaining a better understanding of factors that predict 

better gait and DT performance in healthy adults and people with CVD, may help provide 

advice on preventative approaches for maintaining better functional gait, and appropriate 

assessment and treatment interventions in people with vestibular disorders, respectively. 

Thus, the Chapter 2 aimed to investigate the predictive factors for functional gait and DT 

gait performance in healthy adults while Chapter 3 in people with CVD.  

 

Chapter 4 focused on VRT. DT training has been used in balance programmes for older 

adults at increased falls risk (Woollesen et al., 2017), and people with Parkinson’s (De 

Freitas et al., 2020) and Alzheimer’s disease (Coelho et al., 2013), stroke (Plummer and 

Iyigün, 2018), and multiple sclerosis (Postigo-Alonso et al., 2019). People with CVD show 

significant gait and balance impairments and perform poorer in DT paradigms compared to 

healthy age-matched controls (Roberts et al., 2011; Bessot et al., 2012; Lin et al., 2018). 

Currently, these is no evidence on DT training in people with CVD. Therefore, Chapter 4 

aimed to investigate the effect of VRT with and without additional DT exercises on treatment 

outcomes including firstly the Functional Gait Assessment (FGA) and average FGA DTC 

score and then, subjective symptoms, cognitive function performance, sleep, anxiety, and 

depression. 
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The last experiment of this thesis (Chapter 5) was developed because of the COVID-19 

outbreak in 2020 (WHO, 2022) and the need to understand better the relationship of this 

disease with dizziness, unsteadiness, and falls as well as the clinical characteristics of these 

symptoms. Thus, Chapter 5 aimed to investigate the prevalence, clinical presentation (self-

reported) and impact of dizziness, unsteadiness and/or falls in people who were tested 

positive for COVID-19. 

 

Chapter 6 includes the general discussion on the previous experimental chapters and their 

limitations including those related to COVID-19.  
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CHAPTER 2 PREDICTIVE FACTORS FOR GAIT 

PERFORMANCE IN HEALTHY ADULTS 

 

2.1 Abstract 

 

Background 

Multiple factors may affect person’s ability to dual task (DT) or otherwise, perform two 

tasks simultaneously. Such factors include age-related decline in cognitive function 

performance, balance confidence, hearing capacity, reduced physical activity (PA) levels, 

and poorer sleep, general health, and emotional state. Any of these factors may lead to gait 

and balance impairments which are among the most common causes of falls in older adults, 

leading to injury, disability, loss of independence, reduced PA levels, and poorer quality of 

life. Gaining a better understanding of factors that predict better gait performance in healthy 

adults, may help provide advice on preventative approaches for maintaining better 

functional gait, and appropriate assessment and treatment interventions in people with gait 

and balance disorders. Thus, this investigation aimed to explore the predictive factors for 

functional gait and DT gait performance in healthy adults. 

Methods 

Participants underwent a single-day assessment at the university gait laboratory. The testing 

procedure involved completing a functional gait test, the Functional Gait Assessment 

(FGA), with and without a DT (e.g., numeracy, literacy or auditory), set of subjective 

questionnaires, hearing tests, and cognitive function performance tasks. After the testing was 

completed, they wore a PA monitor for seven consecutive days, 24 hours a day, to record 

their PA levels. The predictive models were developed under a multiple linear regression 

modelling framework. Log base 10 (i.e., Log10) transformation of the dependent variables 

(e.g., FGA, FGA-Numeracy, FGA-Literacy, FGA-Auditory) was performed before the 

multiple regression. A backwards selection approach was applied to a full model including 

all potentially relevant predictors (e.g., independent variables) that met assumption criteria 

to derive the model for each of the dependent variables in 100 healthy adults aged 18-80 

years old (64 females, 36 males, mean age ± SD = 44.90 ± 20.91 years). Potential predictors 

included the Cambridge Neuropsychological Test Automated Battery, level of formal 

education (LoE), Pure Tone Audiometry (PTA), Speech in Babble test, PA levels, and 
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questionnaires for balance confidence, sleep quality and quantity, daytime sleepiness, 

general health, and psychological state. Statistical significance was set at p < 0.05. 

Results 

Age, LoE, cognitive function tasks assessing new learning ability and visual processing 

speed, and hearing loss determined performance on FGA in isolation FGA [F (5,93) = 24.89, 

p < 0.001, R² = 0.57]. Age, LoE and cognitive task assessing new learning ability determined 

FGA-Auditory performance [F (3,95) = 29.09, p < 0.001, R² = 0.48]. Age, LoE, daytime 

sleepiness and cognitive tasks assessing new learning ability and multitasking skills 

determined FGA-Numeracy performance [F (5,93) = 24.78, p < 0.001, R² = 0.55]. Age, LoE 

and cognitive tasks assessing new learning ability and visual processing speed determined 

FGA-Literacy performance [F (4,94) = 18.73, p < 0.001, R² = 0.44].   

Conclusion 

Age, LoE, and cognitive tasks assessing episodic memory and aspects of executive function 

predicted 44-57% of the variance for all FGA conditions. It is important to consider 

cognitive function performance assessment and its preserve in healthy older adults to help 

maintain better gait performance. Moreover, cognitive function performance training should 

be considered in assessment and treatment interventions in clinical populations with balance 

and gait disorders. 

 

2.2 Introduction 

 

Age-related changes in balance control, cognitive function, especially, executive function 

including divided attention and processing speed, and episodic and working memory 

(Woollacott and Shumway-Cook, 2002; Yogev-Seligmann et al., 2008; Lacour et al., 2008; 

Al-Yahya et al., 2011; Li et al., 2018), and hearing capacity (Loughrey et al., 2018; Bruce 

et al., 2019; Nieborowska et al., 2019) may reduce the ability to perform complex gait tasks 

including gait in dual-task (DT) conditions (Al-Yahya et al., 2011; Ayers et al., 2014; 

Menant et al., 2014; Muir-Hunter and Wittwer, 2016). The DT often involves 

simultaneously completing a physical/motor task (i.e., walking) and a secondary cognitive 

task (i.e., numeracy: reciting numbers or literacy: letters of the alphabet) (Yogev-Seligmann 

et al., 2008; Brustio et al., 2017; Lin et al., 2018) or an auditory task (i.e., passive listening 

to noise) (Springer et al., 2006; Bruce et al., 2019; Nieborowska et al., 2019; Buyle et al., 
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2021). Research shows that in older adults, poor gait and DT gait performance are 

considered among the most common causes of falls (Springer et al., 2006; Hollman et al., 

2007; Ayers et al., 2014; Muhaidat et al., 2014; Muir-Hunter and Wittwer, 2016; Asai et al., 

2021) leading to injury, disability, loss of independence, decreased overall physical activity 

(PA) levels, and poorer quality of life (PHE 2017, PHE 2018). 

  

One of the possible theories related to when two tasks that demand attention are performed 

concurrently is that this action, the DT, will result in competition between two tasks for 

attention, specifically, divided attention and will challenge the brain to prioritise the two 

tasks (Woollacott and Shumway-Cook, 2002; Yogev-Seligmann et al., 2008; Yogev-

Seligmann et al., 2010). As demonstrated by laboratory studies, healthy older adults aged 

65-80 years old, are less efficient in performing two tasks at the same time compared to a 

single task and show slower gait speed and pooper postural stability in DT paradigms 

compared to healthy young adults 18-35 years of age (Hollman et al., 2007; Krampe et al., 

2011; Ayers et al., 2014; Belur et al., 2020; Buyle et al., 2021; Goh et al., 2021), and middle-

aged adults of 36-64 years of age (Jabourian et al., 2014; Brustio et al., 2017). Older adults 

often have the tendency to recruit alternative neural resources predominantly from pre-

frontal and temporal brain regions to compensate for walking during DT (Lin et al., 2018; 

Al-Yahya et al., 2019; Kahya et al., 2019). However, there are other characteristics specific 

to an individual apart from their age, such as general mobility, cognitive function 

performance, and lifestyle that may contribute to gait and DT gait performance variations 

(Woollacott and Shumway-Cook, 2002; Yogev-Seligmann et al., 2008).  

 

The DT gait paradigms have been used to assess age- and health-related changes in gait and 

postural control (Beauchet et al., 2005; Ayers et al., 2014; Goh et al., 2021), cognitive 

function (Yogev-Seligmann et al., 2008; Nieborowska et al., 2019) and predict falls risk in 

community-dwelling older adults at risk of falling but also, healthy older adults without 

concerns of falling or cognitive impairment (Hollman et al., 2007; Menant et al., 2014; 

Muhaidat et al., 2014; Muir-Hunter and Wittwer, 2016; Asai et al., 2021). Gaining a better 

understanding of factors that predict better gait and DT gait performance may assist in 

providing advice on preventative measures to maintain better gait performance and 

delivering preventative assessments in healthy older adults without risk of falling. 

Investigating such factors may also help in carrying out more appropriate physical 

assessments and interventions in clinical populations who experience gait and balance 
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disorders and are at risk of falling (Al-Yahya et al., 2011; Muir-Hunter and Wittwer, 2016; 

Danneels et al., 2020).  

 

Recent studies have observed specific factors that are associated with better or worse 

balance, gait, and DT gait performance in healthy adults and therefore, should be 

investigated for their predictive ability in gait and DT gait performance. Factors associated 

with better balance, gait, and DT gait performance include better score for the self-perceived 

balance confidence (Powell and Myers, 1995; Lajoie and Gallagher, 2004; Muhaidat et al., 

2014) and general health state (Herdman et al., 2011; Devlin et al., 2018), higher level of 

formal education (LoE) (Puccioni et al., 2012; Vallesi, 2016; Opdebeeck et al., 2016; 

Seblova et al., 2020), and lower anxiety and depression score (Silva et al., 2020). Moreover, 

healthy adults with higher PA levels were observed to have increased gait speed, and better 

postural stability (Brauer et al., 2008; Mansfield et al., 2010; Cox et al., 2016) which were 

also associated with better cognitive function performance (Carvalho et al., 2014; Prakash 

et al., 2015).  

 

On the other hand, factors associated with poorer balance, gait and DT gait performance in 

healthy adults include poorer PA levels, increased sedentary behaviour and sleep 

abnormalities.  Healthy adults who had poorer PA levels presented with poorer self-esteem, 

greater postural instability (Garcia Meneguci et al., 2021), higher anxiety and depression 

(Silva et al., 2020), and poorer performance on cognitive function tasks (Cox et al., 2016; 

Silva et al., 2020). Poor sleep quality and quantity, and daytime sleepiness have been 

consistently associated with an increased risk profile for several adverse health outcomes. 

Such outcomes include increased falls risk in older adults (Potvin et al., 2012), reduced 

functional mobility, impaired dynamic balance (Umemura et al., 2019; Serrano-Chera et al., 

2020) and DT gait performance (Agmon et al., 2016; Howell et al., 2018) as well as lower 

balance confidence (Fabrega-Cuadros et al., 2020) even in healthy young (Gomez et al., 

2008; Micarelli et al., 2017) and middle aged (Rana et al., 2018) adults. Sleep problems may, 

also, affect different cognitive function constructs such as sustained attention, processing 

speed, and episodic memory (Thomas et al., 2000; Umemura et al., 2019).  

Currently, it is not known which factors combined in a model predict functional and DT gait 

performance in healthy adults with no concern of falling. Investigating these factors could 

assist in maintaining a good cognitive and physical health which has the potential to reduce 
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medical costs and allow healthy adults, particularly the older, to maintain their independence 

in the community for longer (Muhaidat et al., 2014; Menant et al., 2014; Muir-Hunter et al., 

2016; Asai et al., 2021). Therefore, the first aim of this study was to explore which factors 

combined in a model best predict the Functional Gait Assessment (FGA) and FGA DT 

performance in healthy adults. The FGA was included for the DT paradigms because it 

includes various walking tasks performed on the ground that are applicable to daily life 

(Wrisley et al., 2004; Walker et al., 2007) and has been used to predict falls in the 

community-dwelling adults (Wrisley and Kumar, 2010). The hypothesis was that better 

performance on FGA and FGA DT may be predicted by one or more factors that have been 

shown in the literature to be associated with better gait and DT gait performance in healthy 

adults such as younger age, better scores on the cognitive function tasks assessing sustained 

attention, processing speed and episodic and working memory  (Woollacott and Shumway-

Cook, 2002; Lacour et al., 2008; Yogev-Seligmann et al., 2008), higher LoE and PA levels, 

and better self-perceived balance confidence and general health state.  

 

Moreover, three conditions for DT were included to be tested simultaneously with FGA, a 

cognitive numeracy or literacy, and auditory (i.e., passive listening to restaurant noise) task. 

One reason for including these three conditions is because such cognitive and auditory tasks 

were often investigated in previous studies for the impact on the gait and secondary task in 

healthy adults (Krampe et al., 2011; Muhaidat et al., 2014; Buyle et al., 2021; Nieborowska 

et al., 2019; Asai et al., 2021; Goh et al., 2021). Another reason for investigating more than 

one DT condition is because from current available literature, it is not known which the most 

appropriate DT paradigm is to use when assessing gait performance in healthy adults due to 

the methodological differences in the previous studies (Muhaidat et al., 2014; Muir-Hunter 

and Wittwer, 2016; Nieborowska et al., 2019; Goh et al., 2021; Asai et al., 2021). Therefore, 

the second aim was to investigate the predictive factors for DT gait performance under three 

DT conditions described above and explore their DT cost (DTC) which is the percentage 

difference in FGA performance impairment and in each of the cognitive and auditory tasks 

between single and DT conditions (Plummer and Eskes, 2015) It was hypothesised that the 

DTC may be greater for the numeracy and literacy compared to the auditory task.   
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2.3 Methods 

 

This was an independent case-controlled study conducted at King’s College London (KCL), 

London, England, United Kingdom (UK). Ethics committee approval from KCL was 

obtained prior to commencing the study (reference number: LRS-18/19-8994). The study 

conformed to the principles of the Declaration of Helsinki. All data was collected between 

February and August 2019 in a single session in a gait laboratory, at the Centre for Human 

and Applied Physiological Sciences (CHAPS), KCL, SE1 1UL, by a senior physiotherapist 

and an audiologist, who received appropriate training prior to data collection. Written 

informed consent (Appendix A) was obtained from all participants prior testing.  

 

2.3.1 Participants’ recruitment and eligibility 

Independently mobile, community-dwelling, healthy adults aged 18–80 years old, who were 

able to read and speak English, were recruited via circular email sent to staff and students at 

KCL, and posters placed around academic departments at KCL and in local community 

centres. Potential participants were screened for eligibility via telephone and sent a 

participant information sheet (Appendix B) by email or post according to their preference 

after they contacted the research team. Individuals were excluded if they had (self-reported): 

(a) an acute limb or other orthopaedic injury; (b) neurological or cardiovascular conditions 

(Lin et al., 2018); (c) diagnosis of cognitive problems such as Mild Cognitive Impairment 

or Dementia; (d) diagnosed hearing problem or a hearing aid; (e) > 3 migraine headaches 

monthly; f) a score of < 26/30 on the Montreal Cognitive Assessment (MoCA) (Nasreddine 

et al., 2005; Carson et al., 2018); and/or (g) a score of > 15/21 on the Hospital Anxiety and 

Depression Scale (HADS) for the depression (HADS_D) and anxiety (HADS_A) 

component (Zigmond et al., 1983; Bjelland et al., 2002). The MoCA and HADS were not 

screened over the telephone but during the face-to-face testing session.  

 

2.3.2 Testing procedures 

The face-to-face testing session took place at a gait laboratory, CHAPS, Shepherd’s House, 

Guy’s Campus, KCL, SE1 1UL, London. If the participant met the inclusion criteria and 

consented to participate, all measures were collected in a single session. The dependent and 

independent variables listed in the section below (2.3.3 Variables) were collected in a 
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randomised order (subjective questionnaire set, hearing tests, objective cognitive function 

balance and gait tests) to minimise fatigue bias, apart from the MoCA and HADS which 

were always completed first because these tests screened for exclusion criteria. Following 

consent, the first test was the MoCA (Nasreddine et al., 2005) tool. People with scores < 

26/30 were not included in the study and referred to their general practitioner (GP) for 

further assessment and onward referral as required. This information was included in the 

participant information sheet and written consent form. Following that, the HADS, was 

completed (Zigmond et al., 1983; Bjelland et al., 2002). People with scores > 15/21 for 

HADS_A and/or HADS_D were not included. In that case, people were given the 

information about how to self-refer to the local Improving Access to Psychological Therapy 

(IAPT) service as per normal clinical practice and a letter was sent to their GP. That people 

were excluded from the study at that stage and their data withdrawn.  

 

All the selected variables have standardised instructions which were delivered by the 

members-assessors of the research team. Two assessors were always present for each 

participant, a senior physiotherapist and audiologist. On the day of the appointment, all 

testing lasted approximately three hours including a 20-minute break for each participant. 

All questionnaires and iPad-based cognitive tasks were completed with the participant sat in 

a comfortable chair at a desk in the research laboratory, as is standard practice. The dynamic 

gait testing was assessed on a 6-meter walkway, in a spacious gait laboratory with 

appropriate lighting and no hazards or external disturbance. Also, a series of physical 

measurements (e.g., height, weight) were administered. After the participants have 

completed the above testing, the PA was also recorded using a PA data-logger. The 

participants were asked to wear it for 24 hours per day, seven days a week around their non-

dominant wrist without taking it off. After wearing it for a week, they were asked to return 

it by post in a pre-paid envelope which was provided to them during their appointment. 

 

2.3.3 Variables 

Dependent variables 

There were four dependent variables chosen as primary outcome measures. These are 

listed below. 
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Functional Gait Assessment (FGA) 

The FGA (Appendix C) is a 10-item test and was chosen as dependent variable because it 

assesses performance on complex gait tasks (i.e., walking and turning, walking with head 

turns, stepping over an obstacle, and climbing stairs) (Wrisley et al., 2004; Walker et al., 

2007). Scores for each item range between 0-3. The total highest score is 30 and lowest 0. 

Greater scores are indicative of better performance. The FGA has been validated in healthy 

people, older adults with a history of falls and balance impairments, and people with a 

vestibular disorder (Wrisley and Kumar, 2010; Marchetti et al., 2014). Another reason why 

this scale was chosen is because this measure has been used to predict falls. A cut-off score 

of 22/30 identifies falls risk and can predict unexplained falls in community-dwelling older 

adults within 6 months (Wrisley and Kumar, 2010). This test takes approximately 10 

minutes to complete. Clinicians and researchers can easily implement FGA as it requires 

minimum training and equipment (e.g., 6-meter walkway, stairs, a stopwatch, and an 

obstacle such as a shoe box).  

 

The standard FGA in isolation was always completed first followed by the three DT test 

conditions, which were completed in random order. The cognitive DT conditions completed 

with FGA involved a numeracy (FGA-Numeracy) and literacy (FGA-Literacy) task, and the 

auditory (FGA-Auditory) stimuli which involved a restaurant noise. The numeracy task 

involved counting backwards from 100 in 7’s and multiplication and division of the 7- and 

8-times table up to x12. The literacy task involved reciting alternate letters of the alphabet, 

days of the week and months of a year. Participants performed the cognitive DT tests in 

order of a→ b→ c→ a. Participants also, completed in isolation the cognitive numeracy and 

literacy tasks whist seated, in isolation before completing these simultaneously with FGA. 

For FGA-Auditory, the FGA was performed in the presence of a restaurant noise via 

headphones as per previous publication (Buyle et al., 2021). A multi-speaker babble noise 

in a restaurant environment was used as this is the most common environmental background 

noise where listeners report difficulties with (Spyridakou et al., 2012). No specific 

instructions regarding task prioritisation were given for any of the FGA test conditions. The 

scoring sheet is attached in Appendix D. 
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Independent Variables 

The independent variables below were chosen based on previous literature as referred to in 

introduction (2.2 Introduction) to explore the predictive factors combined in a model for 

FGA and FGA DT conditions. Age, gender, and Body Mass Index (BMI) were also, chosen 

as independent variables.  

 

Montreal Cognitive Assessment (MoCA) 

The MoCA (Nasreddine et al., 2005) tool is a rapid screening tool for mild cognitive 

impairment. It assesses different cognitive domains: attention and concentration, executive 

function, memory, language, visuo-constructional skills, conceptual thinking, calculations, 

and orientation. It has been recommended that cut-off scores of < 26/30 to be used to identify 

multi-domain cognitive impairment (Nasreddine et al., 2005; Carson et al., 2018). 

 

Hospital Anxiety and Depression Scale (HADS) 

The HADS (Zigmond et al., 1983; Bjelland et al., 2002) is a 14-item scale which assesses 

non-somatic anxiety (HADS_A) and depression (HADS_D) symptoms. Scores range from 

0-21 for each subscale; a score ≥ 8 is considered abnormal for both depression and anxiety 

while scores > 15/21 indicate clinical anxiety/depression (Bjelland et al., 2002).  

 

Cambridge Neuropsychological Test Automated Battery (CANTAB)  

The CANTAB core cognition battery is a semi-automated computer program that utilises 

touch screen technology and a press pad (CANTAB, 2015). This system can assess multiple 

components of cognitive function, including attention, visual memory, spatial memory, 

executive function, and reaction time (Égerházi et al., 2007) and may detect subtle cognitive 

changes in healthy adults (De Luca et al., 2003; De Rover et al., 2011; CANTAB, 2015). 

Each subject was comfortably seated at approximate distance of 0.5m away from the screen 

iPad monitor, which was positioned on a reading desk adjustable incline, on the desk, and 

was asked to complete the CANTAB tests, after instructions were provided by the system, 

by using the index finger of their dominant hand only (Égerházi et al., 2007). The tests were 

conducted in a random order for each participant and included the Rapid Visual Information 

Processing (RVP), Paired Associates Learning (PAL), Spatial Working Memory (SWM), 

Reaction Time (RTI), Delayed Matching to Sample (DMS), and Multitasking Test (MTT). 

The CANTAB tests took approximately 50 minutes to complete. See Table 2.1 for brief 

description of CANTAB cognitive function tests. 
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Table 2.1 Brief description of CANTAB cognitive function tests. 

Test and time 

to complete 

Measure of the test used Cognitive aspect that 

the test measures 

Task procedure 

 

 

Rapid Visual 

Information 

Processing 

(RVP) 

 

10 minutes 

 

RVP Median Response 

Latency: The median 

response latency on trials 

where the subject 

responded correctly. 

Calculated across all 

assessed trials. 

This test: 

 

a) is sensitive to 

dysfunction 

in the 

parietal and 

frontal lobe 

areas of the 

brain  

b) assesses 

visual 

sustained 

attention  

A white box appears in the middle of 

the computer screen. Numbers from 2 

to 9, appear in a pseudo-random order 

inside this box, at the speed of 100 

numbers per minute on a fast mode, or 

during the slow version at a speed of 40 

numbers per minute. Participant is 

asked to find target sequences of 

numbers such as 2-4-6, 3-5-7, 4-6-8 and 

to confirm his responses using the press 

pad. Target sequences occur at the rate 

of 16 every 2 minutes in the fast and 16 

every 5 minutes during the slow mode.  

 

 

Paired 

Associates 

Learning 

(PAL) 

 

10 minutes 

 

PAL Total Errors 

(Adjusted): The number of 

times the subject chose the 

incorrect box for a stimulus 

on assessment problems, 

plus an adjustment for the 

estimated number of errors 

they would have made on 

any problems, attempts, and 

recalls they did not reach. 

This test:  

 

a) is sensitive to 

functional 

changes in 

medial 

temporal 

lobe  

b) tests visual 

(episodic) 

memory and 

new learning 

Each mode of the task includes several 

stages, which the participant must 

finish in order. In every stage, boxes are 

displayed on the screen and open 

randomly one at a time. One or more of 

these boxes will contain a pattern. The 

patterns shown in the boxes are then 

displayed in the center of the screen, 

one at a time, and the person has 

touched the box where the pattern was 

initially present. Each stage may have 

up to six or ten attempts (trials) in total. 

This depends on the mode If the person 

does a mistake, the patterns are 

presented again to remind the 

participant of their locations. The 

person moves to the next stage when he 

gets all the locations correct. If the 

subject is not able to complete a stage, 

the test ends.   

 

 

Spatial 

Working 

Memory 

(SWM) 

 

8 minutes 

 

 

 

 

 

 

SWM Strategy (6-8 boxes): 

The number of times a 

subject begins a new search 

pattern from the same box 

they started with 

previously. If they always 

begin a search from the 

same starting point, we 

infer that the subject is 

employing a planned 

strategy for finding the 

tokens. Therefore, a low 

score indicates high 

strategy use (1 = they 

always begin the search 

from the same box), a high 

score indicates that they are 

beginning their searches 

from many different boxes. 

Calculated across assessed 

trials with 6 tokens or 8 

tokens. 

This test: 

 

a) is sensitive to 

dysfunction 

of frontal 

lobe and 

executive 

function  

b) assesses 

subject’s 

ability to 

recall spatial 

information 

and to 

operate 

remembered 

items in 

working 

memory  

Several coloured boxes are shown on 

the screen. The aim of this test is that 

the subject must find one blue ‘token’ 

in each of several boxes and use them 

to fill up an empty column on the right-

hand side of the screen. If subject 

touches any box in which a blue ‘token’ 

has been found previously, it is 

considered as an error. The number of 

boxes is gradually increased from three 

to ten boxes. The colour and position of 

the boxes used are changed from trial to 

trial to discourage the participants using 

stereotyped search strategies.  
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Reaction 

Time (RTI) 

 

5 minutes 

 

RTI Simple Median 

Movement Time: The 

median time taken for a 

subject to release the 

response button and select 

the target stimulus after it 

flashed yellow on screen. 

Calculated across correct, 

assessed trials in which the 

stimulus could appear in 

one location only. 

Measured in milliseconds. 

This test: 

 

a) is sensitive 

measure of 

motor and 

cognitive 

functions 

b) measures 

person’s 

speed of 

response to a 

visual target 

when the 

stimulus is 

predictable 

(simple 

reaction 

time) or 

unpredictable 

(choice 

reaction 

time) 

In the simple release and touch stage, 

the person is instructed to hold down 

the press pad button until the yellow 

spot appears in the centre of the screen, 

and then must touch the screen where 

the spot appears. Touching too soon or 

too late is an error. In the five-choice 

release and touch stage, the choice 

reaction task is again introduced, and 

by this stage the participant has been 

trained to hold down the press pad 

button until the spot appears, then leave 

the press button and touch the position 

on the screen where the spot was 

presented. Touching too soon or too 

late is considered a mistake. In both 

stages, the person is trained to a 

criterion, within a minimum and 

maximum number of trials given for 

each stage. If the participant fails to 

reach the criterion on any of these 

stages, the task ends.  

 

 

Delayed 

Matching to 

Sample 

(DMS) 

 

10 minutes 

DMS Percent Correct (all 

delays): The percentage of 

assessment trials containing 

a delay during which the 

subject chose the correct 

box on their first box 

choice. Calculated across 

all assessed trials 

containing a delay. 

  

This test: 

 

a) is sensitive to 

dysfunctions 

mainly in the 

medial 

temporal 

lobe, and less 

in the frontal 

lobe 

b) assesses 

short-term 

recognition 

memory 

The participant is shown a complex 

visual pattern (the sample) and then, 

after a short delay, four patterns. Each 

pattern is made up of four sub-

elements, each of a different colour. 

The person is requested to touch the 

pattern that matches the sample. In 

some trials the sample and the choice 

patterns are shown concomitantly, 

while in others there is a delay of 0, 4, 

or 12 seconds between covering the 

sample pattern and showing the choice 

patterns. If the first choice is wrong, the 

person must make a second choice, and 

so on, until a correct choice is done.  

 

 

Multi-Tasking 

Test (MTT) 

 

8 minutes 

Multitasking cost (median): 

The difference between the 

median latency of response 

(from stimulus appearance 

to button press) during 

assessed blocks in which 

both rules are used versus 

assessed blocks in which 

only a single rule is used. 

Calculated by subtracting 

the median latency of 

response during single task 

block(s) from the median 

latency of response during 

multitasking block(s). A 

positive score indicates that 

the subject responds more 

slowly during multitasking 

blocks and indicates a 

higher cost of managing 

multiple sources of 

information. 

 

This test: 

a) assesses 

participant’s 

ability to 

manage 

conflicting 

information 

provided by 

the direction 

of an arrow 

and its 

location on 

the screen 

and to 

ignore task-

relevant 

information. 

         

     

 

 

 

 

The test displays an arrow which can 

appear on either side of the screen 

(right or left) and can point in either 

direction (to the right or to the left). 

Each trial displays a cue at the top of 

the screen that indicates to the 

participant whether they must select the 

right or the left button according to the 

‘side on which the arrow appeared’ or 

the ‘direction in which the arrow was 

pointing.  

In some sections of the task this rule is 

consistent across trials (single task) 

while in others it may change from trial 

to trial in a randomized order (multi-

tasking). Using both rules in a flexible 

manner places a higher demand on 

cognition than using a single rule.    
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Level of formal Education (LoE) 

The LoE was self-reported by the participants and inputted by the assessors in the CANTAB 

battery before they initiated the cognitive tests. Education is classified into levels 1-6 

(CANTAB, 2015), which are in accordance with the International Standard Classification 

of Education (UNESCO, 2012) and range from school level before age 16 (level 1) to person 

holding a doctoral or equivalent degree (level 6).   

 

Axivity Wrist Band AX3 3-Axis logging accelerometer 

All participants were provided a waterproof wrist-worn PA data-logger (AX3 3-Axis 

Logging Accelerometer, released under Creative Commons V3.0, calibrated by Axivity Ltd, 

Newcastle Upon Tyne, UK). They were asked to wear the AX3 accelerometer on their non-

dominant wrist, starting from the time they completed the laboratory-based assessment, for 

seven consecutive days, 24 hours a day. The AX3 data logger contains 3-axis of 

accelerometer with flash memory and clock. This device is small and easy to use, its 

dimensions are 23x32.5x7.6 mm and its weight is 11 grams.  The device comes with pre-

installed software. The AX3 has been validated (Clarke et al., 2017) and widely used in 

population-based studies to collect longitudinal movement data and assess PA levels 

(Doherty et al., 2017; Clarke et al., 2019). 

  

The outcome measure for PA was percentage (%) for mild, moderate, vigorous, and total 

PA levels per seven days. Firstly, the PA intensity (mild, moderate, vigorous) and sedentary 

behaviour were measured in activity counts per minute (cpm) by the software. The range 0-

100 cpm represents sedentary behaviour, 101-1535 cpm mild PA levels, 1536-3961cpm 

moderate, and ≥ 3962 cpm vigorous (Colley et al., 2011; Wong et al., 2011). Then the 

percentage for each of the mild, moderate, vigorous PA levels per seven days were 

calculated as a sum of mild, moderate, and vigorous activity in cpm respectively, divided by 

100. Total PA levels were calculated as sum of mild, moderate, and vigorous PA levels. 

Average PA levels per seven days were calculated. Published guidelines were followed to 

identify and remove invalid data during accelerometer data reduction (Colley et al., 2010). 

Total daily accelerometer wear time was determined by identifying non-wear time and 

subtracting it from 24 hours (Colley et al., 2010; Clarke et al., 2019). Non-wear time was 

defined as periods of minimum 60 consecutive minutes of zero counts, allowing for one or 

two minutes of counts between 0 and 100 cpm (Colley et al., 2010) A valid day was defined 

as having at least 21 hours of wear time a day. 
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Standard Pure Tone Audiometry (PTA) 

The PTA (BSA, 2017) is considered a 'gold' standard test of audiologic examination and 

completed using a portable calibrated audiometer (GSI Pello Standard model with DD45's, 

IP30 and B81, Serial Number: GS0071085, calibrated by Guymark UK Ltd). Participants 

were seated and wore headphones during the test. Tones were presented across the speech 

spectrum (measured in Hertz; Hz) at different hearing limits (measured in decibels; dB). 

Participants were asked to respond to the tone by raising their dominant hand. The test was 

conducted as per previously published study (Buyle et al., 2021). Normal hearing is defined 

as a PTA below 25 dB at all frequencies (WHO, 2019).  

 

Speech in Babble Test (SiB)  

The SiB test is an adaptive, low redundancy speech in a babble type noise test, that uses real 

words as targets, pronounced by a phonetically trained adult female speaker of Standard 

Southern British English origin and presented in the background of a 20-talker babble noise 

(Spyridakou et al., 2012). The test was presented monaurally on a calibrated computer using 

custom written Matlab software via Sony WIRELESS COMFORT MDRRF811RK 

headphones (Buyle et al., 2021). A signal to noise ratio (SNR) threshold value is calculated 

as the mean of six to eight reversals, which represents the SNR needed for a performance 

level of about 50% correct, also known as the Speech Reception Threshold (SRT), which is 

referred to as SiB score (Spyridakou et al., 2012). An extended normative data study revised 

the cut off mean value for both ears at 4.4 decibel (dB).  

 

Body Mass Index (BMI) 

The BMI is defined as body mass (in kilogram; kg) divided by the square of body height (in 

meter; m), and is universally expressed in units of kg/m2 (Global BMI, 2016). Its ranges are 

underweight (< 18.5 kg/m2), normal weight (18.5 to 25), overweight (25 to 30), and obese 

(> 30) (WHO, 2019). BMI < 20 and > 25 have been associated with higher all-causes 

mortality. For the normative ranges between 20 and 25, the higher the BMI, the greater the 

risk of morbidity and mortality (Global BMI, 2016).  

 

Activity-specific Balance Confidence (ABC) 

The ABC (Powell and Myers, 1995; Lajoie and Gallagher, 2004) is a 16-item questionnaire 

which assesses self-perceived balance confidence in daily activities. Scores range from 0-

100; scores ≤ 67/100 are associated with increased fall risk (Lajoie and Gallagher, 2004). 

https://en.wikipedia.org/wiki/Human_body_weight
https://en.wikipedia.org/wiki/Square_(algebra)
https://en.wikipedia.org/wiki/Human_height
https://en.wikipedia.org/wiki/Units_of_measurement
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Pittsburgh Sleep Quality Index (PSQI) 

The PSQI (Buysse et al., 1989) includes seven component scores: subjective sleep quality, 

sleep latency, sleep duration habitual sleep efficiency, sleep disturbance, use of sleeping 

medication, and daytime dysfunction. Scores range from 0-21 with a higher total score 

indicating worse sleep quality. In distinguishing good and poor sleepers, a global PSQI 

score > 5 yields sensitivity of 89.6% and specificity of 86.5% (Buysse et al., 1989). 

 

Epworth Sleepiness Scale (ESS) 

The ESS (Johns, 1991) is a validated questionnaire exploring daytime sleepiness. It consists 

of eight questions that are summed together to obtain a single number. Higher scores indicate 

the presence of a sleeping disorder. The reference range for normal ESS scores is 0-10 while 

ESS scores of 11-24 represent increasing daytime sleepiness (Johns, 1991).  

 

EQ-5D-5L  

The EQ-5D-5L (Herdman et al., 2011; Devrin et al., 2018) is a generic measure of health 

status which includes two components, the EQ_5D_5L Visual Analogue Scale (VAS) and 

Index. The EQ-5D-5L VAS records a respondent’s self-rated health on a vertical, 20 cm 

VAS where the endpoints are labelled between 100 and 0 for best and worst imaginable 

health state, respectively. The means for healthy adults between 18-80 years old are 75.3-

87/100 (Herdman et al., 2011). The EQ-5D-5L Index was calculated according to the 

updated E5-5D-5L value set for England (Devrin et al., 2018). Normative scores are ≥ 

0.90/1.00.  

 

2.3.4 Data recording  

Data was recorded on paper documents (questionnaires, functional balance, and gait and DT 

measures). The data file was extracted as Microsoft Excel Worksheet file. Any clinical 

letters to GP were transferred using the Egress system (https://www.egress.com/). 

Pseudoanonymised data for the PA monitors was extracted from AX3 activity monitors 

though Open Movement software (OmGui; version 1.0.0.43, Newcastle University, UK), 

saved as CSV file and formatted in Microsoft Excel Worksheet file. For the cognitive 

function tasks, data was downloaded from password protected online CANTAB research 

account (https://app.cantab.com/admin/index.html), saved as CSV, and formatted in 

Microsoft Excel Worksheet. Data for PTA was manually recorded and formatted in 

https://www.egress.com/
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Microsoft Excel Worksheet Data. Data for SiB was recorded in Matlab programme version 

R2017b (MathWorks, UK) and formatted in Microsoft Excel Worksheet. All datasheets and 

computer-based tests were password protected, pseudoanonymised and did not include any 

identifiable information.  

 

2.3.5 Statistical analysis  

IBM SPSS version 27 (IBM Corp, Armonk, New York, United States of America) was used 

for statistical analysis of all data. Data was checked for normality of distribution by Shapiro-

Wilk test and presented as mean ± Standard Deviation (SD). Frequencies for categorical 

data are presented in absolute (numbers; n) and relative (percentage; %) values. The DTC 

was calculated to assess percentage change in FGA performance due to the DT condition, 

separately, for FGA-Auditory, FGA-Numeracy and FGA-Literacy using the following 

equation (Plummer and Eskes, 2015):   

      

 FGA (Auditory or Numeracy or Literacy) Dual task cost (%) = 

100 ∗ (
FGA Auditory or Numeracy or Literacy Dual task − FGA Single task

FGA Single task
) 

 

A greater DTC (e.g., negative greater value) implicates greater performance deterioration 

under DT conditions. Within-group differences between FGA DT conditions, and between 

DTC were assessed using Friedman rank test. Wilcoxon Signed Ranks test was used to 

assess the difference between the cognitive numeracy and literacy errors when the cognitive 

numeracy and literacy tasks, respectively, were performed in isolation versus with 

simultaneous FGA performance. Pearson correlation coefficient was computed to assess the 

linear relationship between dependent and independent variables in each model. Spearman’s 

rank correlation was used to assess relationships between cognitive performance tasks, 

cognitive numeracy and literacy errors, PA levels, hearing tests, subjective measures, and 

demographic variables.  

 

The predictive models were developed under a multiple linear regression modelling 

framework as the variables were continuous (Casson and Farmer, 2014; Hickey et al., 2019). 

Log base 10 (i.e., Log10) transformation of the dependent variables (e.g., FGA, FGA-

Auditory, FGA-Numeracy, and FGA-Literacy) was performed before the multiple 
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regression because they were not normally distributed. A backwards selection approach was 

applied to a full model including all potentially relevant independent variables as stated 

above (that met assumption criteria to derive the models for FGA, FGA-Auditory, FGA-

Numeracy, and FGA-Literacy. The assumption criteria were a) independence of residuals 

(Durbin Watson test with values between 1.5-2.5/4); b) linearity, assessed by partial 

regression plots and a studentised residuals against predicted values plot; c) 

homoscedasticity, assessed by visual inspection of a studentised residuals vs. unstandardised 

predicted values plot; d) no multi-collinearity assessed by tolerance values greater than 0.1 

and no correlations between predictors > 0.7, e) no significant outliers (Casson and Farmer, 

2014; Hickey et al., 2019). Data was checked for studentised deleted residuals > ± 2 SD, 

leverage values > 0.2, and values for Cook's distance > 1 and f) the assumption of normality 

was met, assessed by a Q-Q Plot. 

 

If highly correlated predictors were identified, only one was included in the multivariable 

modelling; outliers were filtered out of the data set and the multiple regression analysis was 

re-run. Only predictors that were significantly correlated (e.g., correlation r = ± 0.2-0.7) with 

the dependent variable were explored in each model. Model performance was assessed by 

calculating the adjusted R2. A bias corrected accelerated bootstrap resampling procedure 

with n = 1000 samples was used to correct for optimism and quantify and adjust the model 

for overfitting (Casson and Farmer, 2014; Hickey et al., 2019). Statistical significance was 

set at p < 0.05. 

 

2.3.6 Sample size calculation 

Sample size calculation was performed using Gpower version 3.1.9.7 (University of Kiel, 

Germany). Given alpha (a-error probability) of 0.05, a power (1-β error probability) of 80% 

and effect size f2 of 0.15, the required sample size for this study was 100 participants. For a 

sample size of every 10 participants, a maximum of one independent variable per model was 

selected to be examined as potential predictor. Typically, to run a multiple regression 

equation using more than five independent variables per model, an absolute minimum of 10 

participants per independent variable is appropriate per model with no more than 10 the total 

number of independent variables to be examined as predictors per model based on a sample 

size of 100 participants (Voorhis and Morgan, 2007). A retrospective power calculation was 

performed on the final FGA models. 
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2.4 Results 

 

2.4.1 Participants’ demographics 

One-hundred community-dwelling healthy adults (males = 36; females = 64) were screened 

for eligibility and recruited into the study. No participants were excluded. Participants’ 

demographic data and LoE are reported in Tables 2.2 and 2.3, respectively. Please refer to 

Appendix E for mean, range, ± SD for all independent variables (except for age, BMI, 

gender, hearing tests which are presented in Table 2.2 and LoE which is presented in Table 

2.3). Twenty-eight participants were aged ≥ 65 years old; 21 had at least a Bachelor of 

Science (BSc) degree. Age-related (sensorineural) hearing loss was found in 39% (11/28) 

of adults ≥65 years old for at least one ear as assessed with PTA. Fourteen percent (14/100) 

of participants had an abnormal SiB for at least one year. Of these, 10% (10/100) were adults 

≥ 65 years old. Abnormal score on PSQI was found for 44% (44/100) of participants. 

Abnormal score on ESS was found for 10% (10/100) of participants.  

 

2.4.2 FGA and FGA DT conditions 

There was a statistically significant difference between FGA conditions, ꭓ²F (3) = 213.63, p 

< 0.001. FGA mean ± SD scores were significantly lower for FGA-Numeracy and FGA-

Literacy compared to both FGA and FGA-Auditory (Figure 2.1). No significant mean ± SD 

differences were noted between FGA single and FGA-Auditory (Figure 2.1). All participants 

achieved > 22/30 score on the FGA when it was performed in isolation. The 98% (98/100), 

85% (85/100) and 90% (90/100) of all adults achieved normal FGA scores when the 

auditory, numeracy or literacy task was added, respectively. All participants aged < 65 years 

old, achieved > 22/30 on all four FGA conditions, with exception one participant aged 62 

years old who had an FGA-Numeracy score 21/30. For adults ≥ 65 years old, the 39% 

(11/28), 36% (10/28) and 7% (2/28) had < 22/30 score on FGA when the numeracy, literacy 

and auditory task was added, respectively. 
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Table 2.2 Participants’ demographics. 

Participants' demographics 

Gender   Age  

 (years)  

Height 

(m) 

Weight 

(kg) 

BMI 

kg/m2 

PTA  

L ear 

PTA  

R ear 

SiB  

L ear  

SiB R 

ear 

MoCA 

male Mean, 

range 

45.90,  

19- 

78 

1.81, 

1.63-

2.01  

83.11, 

67- 

152 

25.73, 

20.01-

49.63  

16.61, 

5- 

49 

14.72, 

5- 

32 

0.65, -

3.40-

6.15 

0.72, -

3.75-

6.15 

28.61, 

27- 

30 

  SD 20.20 0.08 13.35 4.70 10.43 6.27 2.06 2.16 1.02 

female Mean, 

range 

44.40,  

18- 

80 

1.65, 

1.43-

1.83 

63.65, 

45.5-

111 

23.12, 

17.86-

35.03 

16.34, 

5- 

43 

15.33,  

2- 

48 

1.70, -

2.23-

6.25 

1.34, -

2.25-

6.65 

28.61, 

26- 

30 

  SD 21.50 0.09 10.42 3.35 9.98 9.52 2.20 1.97 1.23 

Total Mean, 

range 

44.90,  

18- 

80 

1.71, 

1.43-

2.01  

70.66, 

45.50-

152 

24.06, 

17.86-

49.63 

16.44,  

5-49 

15.11,  

2- 

48 

1.12, -

3.75-

6.65 

1.32, -

3.40-

6.25 

28.61, 

26- 

30 

  SD 21.00 0.10 14.80 4.05 10.09 8.47 2.05 2.20 1.15 

 

SD = Standard deviation; m = meter; kg = kilogram; BMI = Body Mass Index; PTA = Pure 

Tone Audiometry; L = Left; R = Right; SiB = Speech in Babble; MoCA = Montreal 

Cognitive Assessment.  

 

 

 

 

Table 2.3 Participants’ formal education level reported in absolute (n=) and relative (%) 

frequencies. 

Level of formal education Frequency (n =) Percentage (%) 

left school before age 16 1 1 

left school at age 16 4 4 

left school at age 17-18 18 18 

BSc degree 38 38 

MSc degree 29 29 

PhD degree 10 10 

Total 100 100 

 

BSc = Bachelor of Science; MSc = Master of Science; PhD = Doctor of Philosophy; n = 

number of responses. 
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Figure 2.1 Mean scores and standard deviation (illustrated as vertical arrows) are presented 

for FGA, FGA-A, FGA-N and FGA-L tasks in healthy adults 18-80 years old, indicating 

significantly lower mean scores for FGA-N and FGA-L tasks compared to both FGA single 

and FGA-A tasks. The standard deviations are 1.74, 1.96, 2.76, and 2.62 for FGA, FGA-A, 

FGA-N and FGA-L, respectively. FGA = Functional Gait Assessment; FGA-A = FGA-

Auditory; FGA-N = FGA-Numeracy; FGA-L = FGA-Literacy; **p < 0.01; ** = indicate 

statistical significance. 

 

 

 

2.4.3 FGA DTC effects 

There was a statistically significant difference between DTC conditions, ꭓ²F (2) = 126.35, p 

< 0.001. The DTC mean ± SD scores were significantly lower for DTC-Numeracy and DTC-

Literacy (e.g., greater cost effect) compared to DTC-Auditory (Figure 2.2). The greatest 

effect of Numeracy DTC on FGA was 32% for one participant followed by 28% as second 

greatest.  The effect of Numeracy DTC on FGA was ≥ 20% for 21% (21/100) of participants. 

The 86% (18/21) of these participants had FGA-Numeracy score ≤ 22/30. The greatest effect 

of Literacy DTC on FGA was 36% for one participant followed by second greatest the 28%. 

The effect of Literacy DTC on FGA was ≥ 20% for 16% (16/100) of participants. The 63% 

(10/16) of these participants had FGA-Literacy score ≤ 22/30. The greatest effect of 
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Auditory DTC on FGA was observed for two participants, 16.0% and 16.7%. The participant 

who had Auditory DTC 16.0%, scored on FGA-Auditory 21/30.   

 

 

 

 
 

Figure 2.2 Mean and standard deviation (illustrated as vertical arrows) percentages are 

presented for DTC of auditory, numeracy and literacy tasks on FGA in healthy adults aged 

18-80 years old, indicating significantly lower scores (e.g., greater cost effect) of numeracy 

and literacy and no significant effect of auditory task on FGA. The standard deviations are 

4.81, 7.79, and 7.28 for DTC-A, DTC-N and DTC-L, respectively. FGA = Functional Gait 

Assessment; DTC = Dual-Task Cost; DTC-A = DTC-Auditory; DTC-N = DTC-Numeracy; 

DTC-L = DTC-Literacy; **p < 0.01; ** = indicate statistical significance. 

 

 

 

 

2.4.4 Cognitive errors  

Cognitive numeracy errors were significantly higher when numeracy task was assessed 

simultaneously with FGA (mean ± SD = 2.70 ± 2.70) than in isolation (mean ± SD = 0.46 ± 

0.81); T = 3305.50, Z = -7.15, p < 0.001. Cognitive literacy errors were significantly higher 
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when literacy task was assessed simultaneously with FGA (mean ± SD = 2.45 ± 2.16) than 

in isolation (mean ± SD = 0.36 ± 0.73); T = 3388.50, Z = - 7.87, p < 0.001. The cognitive 

errors were not significantly associated with any of the other independent variables. 

Eleven percent (3/28) of participants ≥ 65 years old deviated from ‘posture first strategy’ 

when performing FGA-Numeracy task. Four percent (1/28) of participants ≥ 65 years old 

deviated from ‘posture first strategy’ when performing FGA-Literacy task.  

 

2.4.5 Correlations of dependent with independent variables 

The FGA_Log10 was significantly correlated with the LoE (r = 0.338, p = 0.000), age (r = 

-0.637, p = 0.000), ABC (r = 0.279, p = 0.003), BMI (r = -0.350, p = 0.000), DMS (r = 0.265, 

p = 0.004), PAL (r = -0.598, p = 0.000), RTI (r = -0.220, p = 0.014), SWM (r = -0.356, p = 

0.000), RVP (r = -0.495, p = 0.000) and PTA (r = -0.588, p = 0.000).  

The FGA-Auditory_Log10 was significantly correlated with the LoE (r = 0.236, p = 0.009), 

age (r = -0.640, p = 0.000), BMI (r = -0.260, p = 0.004), DMS (r = 0.356, p = 0.000), PAL 

(r = -0.564, p = 0.000), RTI (r = -0.301, p = 0.001), SWM (r = -0.322, p = 0.001), RVP (r = 

-0.419, p = 0.000), MTT (r = -0.290, p = 0.002), and PTA (r = -0.552, p = 0.000).  

The FGA-Numeracy_Log10 was significantly correlated with the LoE (r = 0.475, p = 0.000), 

age (r = -0.553, p = 0.000), ESS (r = 0.236, p = 0.009), DMS (r = 0.333, p = -0.000), PAL 

(r = -0.525, p = 0.000), ABC (r = 0.252, p = 0.006), SWM (r = -0.348, p = 0.000), RVP (r = 

-0.482, p = 0.000), MTT (r = -0.332, p = 0.000), and PTA (r = -0.408, p = 0.000).  

The FGA-Literacy_Log10 was significantly correlated with the LoE (r = 0.341, p = 0.000), 

age (r = -0.540, p = 0.000), BMI (r = -0.245, p = 0.007), DMS (r = 0.279, p = 0.003), PAL 

(r = -0.513, p = 0.000), RTI (r = -0.337, p = 0.000), SWM (r = -0.302, p = 0.001), RVP (r = 

-0.484, p = 0.000), MTT (r = -0.355, p = 0.000), and PTA (r = -0.436, p = 0.000). 

 

2.4.6 Spearman correlations for ageing  

Older age was significantly correlated with poorer performance on all cognitive function 

tasks including DMS (r = -0.325, p < 0.001), MTT (r = 0.221, p < 0.001), PAL (r = 0.671, p 

< 0.001), SWM (r = 0.384, p < 0.001), RVP (r = 0.503, p < 0.001), and RTI (r = 0.356, p < 

0.001). Ageing was also, associated with poorer hearing capacity (r = 0.717, p < 0.001) and 
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poorer levels for moderate (r = -0.284, p = 0.004) and vigorous (r = -0.222, p = 0.026) PA 

levels. No significant correlations were found between any of the cognitive function tasks 

and hearing tests. There were no significant correlations between ageing and sleep 

questionnaires, and between ageing and BMI.  

 

2.4.7 Predictive models for FGA_Log10 and FGA_Log10 DT conditions 

For all transformed FGA models, assumptions of linearity, homoscedasticity, 

multicollinearity, normality, and independence of residuals (Durbin-Watson: FGA_Log10 

= 2.06, FGA-Auditory_Log10 = 1.85, FGA-Numeracy_Log10 = 1.87, FGA-

Literacy_Log10 = 1.63) were confirmed. Outliers with studentised deleted residuals > ± 2 

SD were identified for FGA_Log10 (n = 3), FGA-Auditory_Log10 (n = 4), FGA-

Numeracy_Log10 (n = 3) and FGA-Literacy_Log10 (n = 3) and were excluded from 

multiple regression analyses. 

Predictive models for the Log10 transformed FGA single, FGA-Auditory, FGA-Numeracy 

and FGA-Literacy are shown in Table 2.4. In addition, graphical representation of 

FGA_Log10 single, FGA-A_Log10, FGA-N_Log10 and FGA-L_Log10 models is shown 

in Figure 2.3 a, b, c, and d, respectively. The LoE, age, hearing loss (PTA), and RVP and 

PAL tasks significantly predicted FGA_Log10 single, F (5,93) = 24.89, p < 0.001, adjusted 

R² = 0.57. The LoE, age and PAL task predicted FGA-Auditory_Log10, F (3,95) = 29.09, p 

< 0.001, adjusted R2 = 0.48. The LoE, age, ESS, PAL and MTT tasks significantly predicated 

FGA-Numeracy_Log10 in the initial model, F (5,93) = 24.78, p < 0.001, adjusted R2 = 0.57, 

while LoE, age, PAL and RVP tasks significantly predicted FGA-Literacy_Log10, F (4,94) 

= 18.73, p < 0.001, adjusted R2 = 0.44. All variables added significantly to the predictive 

models for each transformed FGA single and DT condition (p < 0.05). After bootstrapping, 

all variables remained significant (p < 0.05) for FGA-Auditory_Log10 and FGA-

Numeracy_Log10, however, for FGA_Log10 and FGA-Literacy_Log10, RVP and PAL 

were not a substantial predictor for FGA, p = 0.06 and FGA-Literacy, p = 0.09, respectively.  
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Table 2.4 Multiple regression models for transformed FGA in isolation and DT conditions.  

Model B 95% CI for B SE B β R2 ΔR2 

  LL UL     

FGA 

_Log10 

 

 

 

    .57 .55 

Constant 1.472499*** 1.445006 1.499991 .013844  

LoE .006038** .002169 .009908 .001948 .223** 

Age 

PAL 

PTA 

-.000387* 

.000373* 

-.000567* 

-.000684 

-.000714 

-.001099 

.000090 

-.000032 

-.000034 

.000150 

.000172 

.000268 

-.286** 

-.201* 

-.203* 

RVP -.000043 -.000087 .000002 .000022 -.153 

 

FGA-A 

_Log10 

     .48 .46 

        

Constant 1.456333*** 1.433527 1.479139 .011488  

LoE -.005471* .000811 .010132 .002348 .176* 

Age 

PAL 

-.000762* 

.000464* 

-.001060 

-.000880 

 

-.000463 

-.000047 

 

.000150 

.000210 

 

-.492* 

-.218* 

FGA-N 

_Log10 

 

     .57 .55 

Constant 1.339407*** 1.301707 1.377107 .018985  

LoE .020135*** .013236 .027034 .003474 .408*** 

Age 

ESS 

PAL 

-.000810*** 

.002953** 

-.000615* 

-.001266 

.000770 

-.001221 

-.000354 

.005135 

-.000009 

.000230 

.001099 

.000305 

-.330*** 

.195** 

-.182* 

MTT -.000052* -.000099 -.000004 .000024 -.161* 

 

FGA-L 

_Log10 

 

     .44 .42 

Constant 1.425002*** 1.371520 1.478484 .026936  

LoE .011668** .004110 .019226 .003807 .247** 

Age 

PAL 

RVP 

-.000764** 

.000574 

-.000093* 

-.001256 

-.001240 

-.000181 

-.000272 

.000091 

-.000005 

.000248 

.000335 

.000044 

-.325** 

-.178 

-.192* 

      

                        

Model = “Backward” method in SPSS statistics 27; Log10 = log base 10; DT = Dual-Task; 

B = unstandardised regression coefficient; CI = confidence interval; LL = lower limit; UL = 

upper limit; SE B= standard error of the coefficient; β = standardized coefficient; R2 = 

coefficient of determination; ΔR2 = adjusted R2; LoE = Level of formal Education; PAL = 

Paired Associates Learning; PTA = Pure Tone Audiometry; RVP = Rapid Visual 

Information Processing; ESS = Epworth Sleepiness Scale; MTT = Multi-Tasking test; 

FGA_Log10 = log base 10 Functional Gait Assessment ; FGA- A, -N and -L_Log10 = log 

base 10 FGA which was performed simultaneously with auditory, numeracy or literacy task, 

respectively; *p < 0.05 **p < 0.01 ***p < 0.001; *, **, *** = indicate statistical significance.  
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a) 

 
 

 

b) 
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c) 

 
 

d) 

 
 

Figure 2.3 Scatter plot for multiple regression analysis is shown for a) FGA_Log10 single, 

b) FGA-A_Log10, c) FGA-N_Log10 and d) FGA-L_Log10 models in 100 healthy adults 

aged 18-80 years old. The LoE, age, PAL, PTA, and RVP contributed to the FGA_Log10 

model 0.0006038**, -0.000387*, 0.000373*, -0.000567*, and -0.000043, respectively. The 

LoE, age and PAL contributed to the FGA-A_Log10 model -0.0054471*, -0.000762* and 
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0.000464*, respectively. The LoE, age, ESS, PAL, and MTT contributed to the FGA-

N_Log10 model 0.020135***, -0.000810***, 0.002953**, -0.000615* and -0.000052*, 

respectively. The LoE, age, PAL and RVP contributed to the FGA-L_Log10 model 

0.011668**, -0.000764**, 0.000574 and -0.000093*, respectively. R2 = coefficient of 

determination; LoE = Level of formal Education; PAL = Paired Associates Learning; PTA 

= Pure Tone Audiometry; RVP = Rapid Visual Information Processing; ESS = Epworth 

Sleepiness Scale; MTT = Multi-Tasking test; FGA_Log10 = log base 10 Functional Gait 

Assessment; FGA- A, -N and -L_Log10 = log base 10 FGA which was performed 

simultaneously with auditory, numeracy or literacy task, respectively; *p < 0.05 **p < 0.01 

***p < 0.001; *, **, *** = indicate statistical significance. 

 

 

 

2.5 Discussion 

 

 The aim of this study was to examine the DTC of secondary cognitive numeracy or literacy, 

or auditory tasks, on gait performance and explore the factors that combined in a model best 

predict gait and DT gait performance in healthy adults 18-80 years old. The study hypothesis 

was that the DTC on FGA may be greater for the numeracy and literacy compared to the 

auditory task.  Moreover, it was hypothesised that better performance on FGA and FGA DT 

may be predicted by one or more factors such as younger age, better scores on the cognitive 

function tasks assessing sustained attention, processing speed and episodic and working 

memory, higher LoE, higher PA levels, and better self-perceived balance confidence and 

self- general health state. The discussion is separated in 2.5.1) FGA and FGA DT results, 

2.5.2) FGA and FGA DT predictive models, 2.5.3) retrospective power calculation, 2.5.4) 

study limitations, and 2.5.5) conclusion.  

 

2.5.1 FGA and FGA DT results  

The FGA was used to assess gait performance as it includes timed walking at speeds required 

to safely cross a street (0.5 m/s) (Robinett and Vondran, 1988) and many tasks necessary for 

functional mobility (Wrisley et al., 2004; Walker et al., 2007; Wrisley and Kumar, 2010). 
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Currently, it is not known which secondary tasks best predict DT gait interference in healthy 

adults and previous research recommended comparing various cognitive and auditory tasks 

for these purposes (Muir-Hunter et al., 2016; Brustio et al., 2017; Bruce et al., 2019; 

Nieborowska et al., 2019; Asai et al., 2021; Goh et al., 2021). This study used cognitive 

tasks including reciting letters of the alphabet and backward counting by -7s which are 

widely used to explore DT interference in healthy adults (Springer et al., 2006; Krampe et 

al., 2011; Muhaidat et al., 2014; Brustio et al., 2017 Goh et al., 2021). Also, this study 

included an auditory task involving passive listening to noise (Buyle et al., 2021) which 

might be particularly relevant to examine as we live in a very busy and noisy world where 

we get often distracted (Guski et al., 2017).  

 

Healthy independent community-dwelling adults participated in this study. All of them 

achieved normative scores on the FGA when it was performed in isolation (Wrisley et al., 

2004; Walker et al., 2007; Wrisley and Kumar, 2010; Buyle et al., 2021). However, the 

addition of the secondary DT altered FGA scores and placed at increased falls risk people ≥ 

65 years old (Hollman et al., 2007; Krampe et al., 2011; Brustio et al., 2017; Buyle et al., 

2021; Asai et al., 2021; Goh et al., 2021). As reported in previous work, younger age was 

correlated with better performance on all DT conditions (Hollman et al., 2007; Brustio et 

al., 2017; Bruce et al., 2019; Nieborowska et al., 2019; Belur et al., 2020; Asai et al., 2021; 

Buyle et al., 2021; Goh et al., 2021). It has been suggested that this is due to increased 

capacity in overall cognition and cognitive flexibility in younger versus older adults 

(Woollacott and Shumway-Cook, 2002; Yogev-Seligmann et al., 2008; Liston et al., 2014b; 

Li et al., 2018; Belur et al., 2020; Buyle et al., 2021). 

 

Our results, also, support the theory of ‘shared attention or capacity’, depending on the 

challenging nature of DT condition (Woollacott and Shumway-Cook, 2002; Lacour et al., 

2008; Yogev-Seligmann et al., 2008). In other words, when the FGA was performed in 

isolation, all people achieved normative scores, probably due to lower attentional-sharing 

demand of the FGA in isolation compared to FGA DT tasks.  There were no significant 

differences between FGA and FGA-Auditory scores. Participants were advised to passively 

listen to noise during FGA-Auditory which means that they could choose to ignore the input 

of the auditory task and just walk, thus, have more attentional capacity available for 

performing better on FGA (Buyle et al., 2021). They also, did not have to reply-talk back to 

the assessors during FGA-Auditory performance. On the contrary, concurrent performance 
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of FGA with a cognitive numeracy or literacy task challenged significantly more the 

available attentional resources and impaired gait performance (Woollacott and Shumway-

Cook, 2002; Yogev-Seligmann et al., 2008; Lacour et al., 2008; Goh et al., 2021; Asai et al., 

2021) than auditory task did (Springer et al., 2006; Brustio et al., 2017; Nieborowska et al., 

2019; Buyle et al., 2021).   

 

Also, the average errors on the cognitive numeracy and literacy tasks were significantly 

higher when these were performed concurrently with FGA compared to when these were 

completed in isolation whist seated.  This agrees with previous studies (Springer et al., 2006; 

Hollman et al., 2007; Brustio et al., 2017; Bruce et al., 2019; Belur et al., 2020; Asai et al., 

2021; Goh et al., 2021) and might be a result of increased complexity of the secondary task 

(Liston et al., 2014b; Goh et al., 2021). Typically, the healthy young adults tend to use 

‘posture first strategy’ to prioritise their dynamic stability to prevent falls (Yogev-Seligmann 

et al., 2010; Yogev-Seligmann et al., 2012; Liston et al., 2014b). This ability may decline 

when facing a demanding situation as simultaneous performance of a complex cognitive and 

walking task, or potentially threatening situation (Woollacott and Shumway-Cook, 2002; 

Yogev-Seligmann et al., 2008; Yogev-Seligmann et al., 2010; Yogev-Seligmann et al., 

2012). However, the young adults were still able to successfully carry out the tasks, with 

more cognitive errors, and prioritise their posture in FGA-Numeracy and FGA-Literacy 

tasks. On the contrary, as it was observed in previous studies (Hollman et al., 2007; Liston 

et al., 2014b; Asai et al., 2021; Buyle et al., 2021; Goh et al., 2021) here also some older 

adults (11%) deviated from ‘posture first strategy’. 

 

Based on the findings, a DT paradigm with a Numeracy or Literacy DT compared with 

Auditory (e.g., involving passive listening) may be more indicative of identifying healthy 

individuals at higher risk of falls in future. Especially numeracy DTs included in previous 

studies, have been shown to have a greater negative effect in older adults (Krampe et al., 

2011; Goh et al., 2021). Average FGA single and a 20% or greater DTC for gait velocity 

has a destabilising effect and increases falls risk (Hollman et al., 2007). The DTC for FGA-

Numeracy and FGA-Literacy surpassed this threshold for 21 and 16 participants, 

respectively. This finding has potential implications for clinical practice where DT 

functional gait is often not considered within assessment and rehabilitation programs. Also, 

it is not known what factors predict better gait and DT gait performance in healthy adults.   
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2.5.2 FGA and FGA DT predictive models   

Better hearing capacity, even after adjusting for age, was a predictive factor for better score 

on FGA in isolation. The average scores for hearing tests were within normal levels but 

poorer hearing capacity was associated with advancing age while an age-related hearing loss 

was observed in 39% (11/28) of adults ≥ 65 years old. Earlier laboratory study showed that 

hearing loss was associated with 2.39 times greater odds of falling in older adults (Viljanen 

et al., 2009). These adults also, performed worse on cognitive function tasks requiring 

attentional resources and processing speed which are critical for maintaining postural control 

and balance (Woollacott and Shumway-Cook, 2002; Lacour et al., 2008; Yogev-Seligmann 

et al., 2008; Al-Yahya et al., 2011; Li et al., 2018; Loughrey et al., 2018; Bruce et al., 2019) 

and predict gait speed in ageing (Muhaidat et al., 2014; Asai et al., 2021). On the contrary, 

the results of this study, although, showed that increasing age was associated with poorer 

performance on the cognitive function tasks, there was no association between hearing loss, 

and cognitive performance, probably because the adults were cognitive intact according to 

their normative MoCA score.   

Better performance on all FGA tasks was explained by better performance in one or more 

CANTAB tests. The PAL, one of the predictors in all FGA DT models (although not 

statistically significant in FGA-Literacy model) can assess in healthy adults the ability to 

learn new skills and tasks, thus, carry out tasks more effectively (Robbins et al., 1998; De 

Rover et al., 2011; Lenehan et al., 2016) and detect age-related episodic memory loss. The 

RVP which explained the FGA-Literacy model measures the visual processing speed of 

individuals when they must carry out a task, particularly, a complex task (Yogev-Seligmann 

et al., 2008). The MTT test which was a predictor in FGA-Numeracy model, assesses an 

individual’s ability to divide attention when they perform at the same time two tasks 

(Woollacott and Shumway-Cook, 2002, Yogev-Seligmann et al., 2008).  Both RVP and 

MTT measure components of executive function which are essential for optimal 

performance in gait and DT (Yogev-Seligmann et al., 2008). Impairment of one or more of 

components of executive function may impact one’s ability to walk efficiently and safely in 

single and DT conditions (Yogev-Seligmann et al., 2008; Li et al., 2018). While better 

performance on RVP and MTT predicted better performance on FGA and FGA DT. 

 

Although, the average cognitive scores were consistent with CANTAB normative data based 

on healthy adults aged 18-80 years old (Robbins et al., 1998; De Luca et al., 2003; De Rover 
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et al., 2011), this study found an ageing effect on all cognitive tests. Imaging studies would 

agree that there is an overall cognitive slowing with ageing from probably early 40s (Mihara 

et al., 2008; Leff et al., 2011; Al-Yahya et al., 2019; Kahya et al., 2019). Thus, there is a 

decline in some aspects of cognitive domains, but this does not necessarily reach the level 

of dysfunction (Al-Yahya et al., 2011; Li et al., 2018; Al-Yahya et al., 2019; Kahya et al., 

2019). Some aspects of executive function such as visual processing speed, and divided 

attention show decline with increasing age and may affect gait and DT performance 

(Woollacott and Shumway-Cook, 2002; Lacour et al., 2008; Yogev-Seligmann et al., 2008; 

Li et al., 2018; Al-Yahya et al., 2019; Kahya et al., 2019).  

The LoE was a predictor for FGA single and all DT conditions. It is possible that the LoE 

may have affected gait and DT gait performance via cognitive function performance 

(Seblova et al., 2020). Previous studies hypothesised that LoE may have important 

implications for cognitive ageing (Seblova et al., 2020), functional ability and walking 

(Puccioni et al., 2012; Vallesi, 2016). Opdebeeck and colleagues (2016) reported that even 

one additional year of education resulted in better cognitive performance for episodic and 

working or short-term memory and perceptual speed, and visuospatial ability which are all 

essential cognitive components to carry out effectively gait and DT gait tasks (Yogev-

Seligmann et al., 2008; Lacour et al., 2008; Li et al., 2018). They anticipated that a 5-year-

university degree would lead to a 50% increase in cognitive performance compared to a 

person with a high school diploma only. However, in contrast to previous studies (Puccioni 

et al., 2012; Opdebeeck et al., 2016; Vallesi, 2016), this study found only trends and no 

significant correlations between higher LoE and better scores on cognitive tasks, and LoE 

and ageing. The fact that all adults in this study were screened for mild cognitive impairment 

and had a normative MoCA score, and 21/28 adults ≥ 65 years old had at least a BSc degree 

may have contributed to these findings. If there is an association between LoE and cognitive 

performance or change related to ageing, the causality of these associations remains 

unexamined and should be investigated in future studies (Seblova et al., 2020).  

Finally, ESS was a predictor for FGA-Numeracy performance. Although, the average scores 

for ESS where within normal ranges, there were adults who had scores >10/21 up to 16/21 

which are abnormal and indicate increased daytime sleepiness. Previously, greater scores 

for daytime sleepiness were associated with increased postural variability during DT in 

healthy adults (Agmon et al., 2016; Bahureksa et al., 2017). Additionally, numeracy tasks 

such as counting numbers backward challenge working memory (Lee and Kang, 2002) and 
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compared to verbal fluency or auditory tasks, have a more direct relation to executive 

function (Yogev-Seligmann et al., 2008; Bahureksa et al., 2017). Further, counting numbers 

is a rhythmic task and may substantially interfere with rhythmic tasks of a different 

frequency such as walking or repetitive arm sway during walking (Beauchet e. al., 2005), 

thus, may be more demanding (Bahureksa et al., 2017; Goh et al., 2021). Consequently, the 

impact of higher ESS scores on the FGA-Numeracy may be greater (Bahureksa et al., 2017). 

There was no significant correlation between ageing and sleep. Indeed, previous studies 

reported that even in younger (Gomez et al., 2008; Micarelli et al., 2017) and middle aged 

(Rana et al., 2018) healthy adults daytime sleepiness as well as the accompanying decrease 

in attention, may lead to a slower reaction time for sensory re-weighting, poor choice of 

appropriate sensory input and poorer balance confidence, and gait performance (Serrano-

Chera et al., 2020) when executed together with a cognitive task (Agmon et al., 2016; 

Howell et al., 2018). Thus, sleep problems may have to be taken into consideration in healthy 

adults of all ages when they are assessed on complex DT tasks. 

 

2.5.3 Retrospective power calculation 

According to the retrospective power calculation, for the FGA and FGA-Numeracy models 

that were explained by 5 predictors with total number of predictors tested being 10 for each 

model, based on sample size of 100 participants, alpha of 0.05 and effect f2 of 0.15, the 

computed power is 84%. For the FGA-Literacy model that was explained by 4 predictors 

with total number of predictors tested being 10, based on 100 participants, alpha of 0.05 and 

effect f2 of 0.15, the computed power is 87%. For the FGA-Auditory model that was 

explained by 3 predictors with total number of predictors tested being 10, based on 100 

participants, alpha of 0.05 and effect f2 of 0.15, the computed power is 90%.  

 

2.5.4 Study limitations 

This study had some limitations which should be considered in future studies. Firstly, 

although, this study achieved above a minimum required power (e.g., > 80%) for all models, 

future studies should repeat the multiple regression for these models with larger sample sizes 

to enable inclusion of more independent variables for analysis per model. Moreover, we had 

a greater number of females compared to males. It has been reported that males are more 

effective in strategy searching (e.g., SWM test) (De Luca et al., 2003; De Rover et al., 2011) 
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but, also, may be more prone to develop severe age-related hearing deterioration than 

females (Li et al., 2018; Loughrey et al., 2018; Bruce et al., 2019). However, we did not find 

a statistically significant correlation between gender and SWM, PTA, or SiB scores. Finally, 

during FGA-Auditory, the restaurant noise was delivered through ear pods which could have 

masked the spatial aspect of the environmental sound because it can encourage localisation. 

In other words, it is possible that not using ear pods could have lowered the FGA scores 

(Buyle et al., 2021).  

 

 

2.5.5 Conclusion 

The type of DT condition significantly impacts on FGA scores. Functional gait performance 

decreased when practising numeracy and literacy DT, even in healthy adults. Age, LoE, and 

cognitive tasks assessing episodic memory and components of executive function predicted 

44-57% of the variance for all FGA conditions, single and DT. For FGA-Numeracy, daytime 

sleepiness was an additional predictor as part of the model.  In 39% and 36% of adults over 

65 years old, DT numeracy and literacy task, respectively, resulted in increased falls risk as 

indicated by FGA scores. DT performance is linked to increased falls risk and particularly 

in older adults. The DT paradigms should be included as part of a gait assessment to identify 

problematic areas for more targeted preventative interventions.  
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CHAPTER 3 PREDICTIVE FACTORS FOR GAIT 

PERFORMANCE IN PEOPLE WITH VESTIBULAR 

DISORDERS 

 

3.1 Abstract 

 

Background 

Dual tasking (DT) is an important component of daily life. It refers to the concurrent 

performance of a primary motor and a secondary cognitive or auditory task. People with 

chronic vestibular disorders (CVD) show significantly greater attentional interference when 

walking under DT conditions compared to healthy controls including impairments in various 

gait parameters and decline in secondary tasks. This study aimed to explore factors that 

predict functional gait and DT gait performance in people with CVD which may assist in 

delivering more appropriate assessment and treatment interventions.  

Methods 

A single-day assessment involved completing the Functional Gait Assessment (FGA), with 

and without a DT (e.g., numeracy, literacy or auditory), set of subjective questionnaires, 

hearing tests, and cognitive function performance tasks. After the testing was completed, 

participants wore a physical activity (PA) monitor for seven consecutive days, 24 hours a 

day, to record their PA levels. The predictive models were developed under a multiple linear 

regression modelling framework. The dependent variables (e.g., FGA, FGA-Numeracy, 

FGA-Literacy, FGA-Auditory) were log base 10 (i.e., Log10) transformed. A backwards 

selection approach was applied to a full model including all potentially relevant predictors 

(e.g., independent variables) that met assumption criteria to derive the model for each of the 

dependent variables in 41 people with CVD aged 18-80 years old (24 females, 17 males, 

mean age ± SD = 48.37 ± 14.73 years). Potential independent variables included the 

Cambridge Neuropsychological Test Automated Battery, level of formal education, Pure 

Tone Audiometry, Speech in Babble test, PA levels (mild, moderate, vigorous, and total 

levels, and sedentary behaviour presented in percentage; %), body mass index (BMI) and 

questionnaires for balance confidence, dizziness, vertigo, sleep, general health state, anxiety, 

and depression. Statistical significance was set at p < 0.05. 
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Results 

The 24.4% (10/41) of participants had abnormal score on FGA when it was performed in 

isolation, indicating falls risk. The 31.7% (13/41), 65.9% (27/41) and 85.4% (35/41) of 

participants had an abnormal FGA score when the auditory, literacy, or numeracy task was 

added to FGA, respectively. The Situational Characteristic Questionnaire (SCQ), PA total 

% and Epworth Sleepiness Scale significantly predicted FGA_Log10, [F (3,36) = 8.07, 

adjusted R² = 0.42, p < 0.001]. Age, SCQ, and BMI significantly predicted FGA-

Auditory_Log10, [F (3,39) = 12.16, adjusted R2 = 0.50, p < 0.001]. PA total %, age, and the 

cognitive function task Paired Associates Learning significantly predicated FGA-

Numeracy_Log10, [F (3,39) = 8.65, adjusted R2 = 0.42, p < 0.001]. The Activity-specific 

Balance Confidence questionnaire and age significantly predicted FGA-Literacy_Log10, [F 

(3,39) = 18.82, adjusted R2 = 0.50, p < 0.001].  

Conclusion 

For the assessments of gait and balance and delivery of vestibular rehabilitation programmes 

(VRT), a customised DT component of appropriate complexity should be included. Also, 

assessments of sleep should be offered to symptomatic people with gait and balance 

disorders. VRT should include supervision and education which may target more effectively 

issues such as reduced PA levels, abnormal BMI, sedentary behaviour as well as poor self-

perceived balance confidence. This may help further improve gait and ability to DT during 

walking, thus, may decrease overall falls risk, especially in older adults with vestibular 

disorders, and maintain people’s independence for longer.  

 

3.2 Introduction 

 

Dual-tasking (DT) is commonly seen in daily life and may involve concurrently carrying 

out a physical/motor task (i.e., walking) and a secondary cognitive or auditory task 

(Woollacott and Shumway-Cook, 2002). Examples of secondary cognitive tasks include 

numeracy and literacy tasks such as reciting numbers or letters of the alphabet, respectively 

(Roberts et al., 2011; Bessot et al., 2012; Sprenger et al., 2017; Danneels et al., 2020). An 

example of auditory task seen during everyday DT activities is passive listening to noise 

(Buyle et al., 2021) such as listening to music or sounds of road traffic (Guski et al., 2017). 

One of the common theories on the effect of DT, is that when two tasks that demand attention 
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are carried out at the same time, this will result in competition between two tasks for 

attention, specifically, divided attention and will challenge the brain to prioritise the two 

tasks (Woollacott and Shumway-Cook, 2002; Yogev-Seligmann et al., 2010; Yogev-

Seligmann et al., 2012).  

 

People with CVD are less efficient in performing two tasks concurrently compared to single 

task (Roberts et al., 2011; Bessot et al., 2012; Lin et al., 2018). They, also, show greater 

impairments in various gait parameters including walking reduced speed, cadence, stride 

time gait variability, and walking-adaptability performance (e.g., obstacle avoidance) 

(Roberts et al., 2011; Lin et al., 2018) and/or poorer performance on secondary tasks 

(Nascrimbeni et al., 2010) compared to healthy age-matched controls. Additionally, they 

have altered prioritisation strategies during DT paradigms compared to healthy controls 

(Roberts et al., 2011). More specifically, they tend to deviate from the ‘posture first strategy’ 

which aims to keep the postural stability a priority, so the person remains safe from falling 

and associated injuries (Woollacott and Shumway-Cook, 2002; Yogev-Seligmann et al., 

2010; Yogev-Seligmann et al., 2012). It is often observed that people with vestibular 

disorders have an increased falls risk when walking and performing a secondary cognitive 

or auditory task (Danneels et al., 2020).  

 

Using DT gait paradigms as functional assessment tools for people with vestibular disorders 

(Danneels et al., 2020) as well as other neurological populations that experience 

unsteadiness with or without cognitive problems (Plummer and Eskes, 2015; De Freitas et 

Al., 2020) and older adults (Muhaidat et al., 2014; Muir-Hunter and Wittwer, 2016) has been 

already proposed. DT gait paradigms are simple and cost-effective approaches that could be 

easily carried out in outpatient hospital, private, community, and research settings. 

Moreover, various DT paradigms have been included in balance training programmes 

known as DT training which showed to improve dynamic balance and gait parameters in 

community-dwelling older adults with and without concern of falling (Sinsupadol et al., 

2006; Sinsupadol et al., 2009; Woollesen et al., 2017), and various neurological populations 

with gait disorders such as stroke (Plummer and Iyigün, 2018), multiple sclerosis (Postigo-

Alonso et al., 2019), and Parkinson’s disease (De Freitas et al., 2020). However, the factors 

that predict gait and DT gait performance in people with vestibular disorders are currently 

not known. Gaining a better understanding of such factors may assist in delivering more 
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appropriate assessments and lead more effective treatment interventions in people with 

vestibular disorders who experience balance and gait problems. 

 

It is possible that some factors that are associated with gait and DT gait performance or co-

exist with poorer postural stability may play a role in any observed DT cost (DTC; the 

percentage difference in gait performance impairment between single and DT performance 

in cognitive numeracy or literacy, or auditory task) on gait (Plummer and Eskes, 2015).  

Specifically, studies in people with vestibular disorders report that a person’s greater 

perception of disability from dizziness including visually induced dizziness (ViD) (Whitney 

et al., 2009; Pavlou et al., 2013), poorer sleep quality and quantity (Albathi and Agrawal, 

2017; Sugaya et al., 2017; Smith et al., 2019; Andrade Junior et al., 2021) and hearing 

capacity (Dobbels et al., 2020; Livingston et al., 2020) are some of the factors that may 

impact self-perceived balance confidence and functional independence and decrease the 

overall physical activity (PA) levels (Morimoto et al., 2018) which may in turn, decrease 

function, balance and quality of life (QoL) leading to increased anxiety and depression 

(Yardley et al., 1992; Lahmann et al., 2015). Also, worse QoL due to handicap perceived 

from dizziness, poorer balance, and higher falls risk was reported in people with CVD who 

had poorer quality of sleep compared to those with better sleep quality and healthy controls 

(Andrade Junior et al., 2021). 

 

Further, it is well documented that compared to healthy controls, people with vestibular 

disorders often score lower on cognitive function performance tasks including those 

assessing spatial (Zheng et al., 2003; Popp et al., 2017; Anson et al., 2021) and nonspatial 

(Redfern et al., 2004; Nascrimbeni et al., 2010; Popp et al., 2017) cognition and often report 

problems with their memory and paying attention (Black et al., 2004; Bigelow and Agrawal, 

2015). Cognitive function impairments in people with vestibular disorders have been closely 

associated with poor postural stability, increased falls risk and reduced ability to perform 

activities of daily living (ADLs) such as shopping, travelling in the community, participating 

in social activities (Cohen and Kimball, 2003; Giray et al., 2009; Semenov et al., 2016) and 

DT (Nascrimbeni et al., 2010; Roberts et al., 2011; Bessot et al., 2012; Danneels et al., 2020). 

Older adults with vestibular disorders have greater impairments on cognitive tasks assessing 

visuospatial abilities, memory, and attention compared to younger adults with vestibular 

disorders (Agrawal et al., 2013; Bigelow and Agrawal, 2015).  They are also more unsteady, 

perform poorer on complex tasks including DT (Danneels et al., 2020), and may be at higher 
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falls risk compared to younger adults with vestibular disorders (Herdman et al., 2000b; 

Herdman et al., 2012; Whitney et al., 2020).  

 

Therefore, first aim of this study was to explore which factors combined in a model best 

predict the Functional Gait Assessment (FGA) and FGA DT performance in people with 

CVD. The FGA is a 10-item dynamic balance test which assesses complex gait tasks such 

as walking with head turns, walking and stepping over an obstacle, and climbing stairs and 

has been validated in people with vestibular disorders (Wrisley et al., 2004; Marchetti et al., 

2014). The hypothesis was that better performance on FGA and FGA DT may be predicted 

by lower disability perceived from dizziness including ViD, higher PA levels, better scores 

on cognitive function tasks, greater self-perceived balance confidence and general health 

state. Moreover, the best DT conditions to use when exploring predictive models for 

functional and DT gait performance in people with vestibular disorders are not known. 

Previous studies in DT gait performance conducted with people with vestibular disorders 

showed differences in the methodology, demographic characteristics/sample recruitment 

and/or DT paradigms (Danneels et al., 2020) including the type of secondary DT that should 

be used with gait testing and the category of cognitive task that should be performed. 

Therefore, the second aim of this study was to investigate the predictive factors for DT gait 

performance under three different DT conditions and explore their DTC on FGA 

performance with secondary cognitive (numeracy or literacy) or auditory (i.e., passive 

listening to noise) task. The hypothesis was that the DTC may be larger for the numeracy 

and literacy compared to the auditory task.  

 

3.3 Methods 

 

This was an independent case-controlled study conducted at King’s College London, (KCL), 

London, England, United Kingdom (UK). This study used the ethical approval which was 

obtained from London-Westminster Research Ethics Committee (reference number: 

19/LO/1066) via Integrated Research Application System (application number: 256173) for 

the DT rehabilitation study described in Chapter 4. The study conformed to the principles 

of the Declaration of Helsinki. For this study, all data was collected between December 2019 

and September 2021 in a single session in a gait laboratory, at the Shepherd’s House, Guy’s 
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Campus, KCL, SE1 1UL, by two senior physiotherapists and an audiologist, who received 

appropriate training prior to data collection. Written informed consent (Appendix F) was 

obtained from all participants prior testing.  

 

3.3.1 Participants’ recruitment and eligibility 

Participants were identified by the consultants working within the Audiovestibular 

department of the Royal National Ear Nose and Throat Hospital, University College London 

Hospital, National Health Service (NHS) Foundation Trust and the Balance clinic, Adult 

Audiology Services Guy’s Hospital, NHS Foundation Trust. The consultants screened 

participants attending their audiovestibular/balance clinic for suitability. All potential 

participants underwent a routine neuro-otologic examination performed by the consultants 

and their audiology team to determine vestibular function. The consultant provided each 

potential participant with the Participant Information Sheet (Appendix G) and asked the 

potential participant to read it carefully and/or discuss with friends, family, or their general 

practitioner (GP). The consultant then asked each suitable participant for their verbal consent 

to be contacted by a member of the research team.  

 

Inclusion criteria were a) clinical diagnosis of a peripheral vestibular disorder (Davies and 

Luxon, 1995); b) chronic dizziness and/or unsteadiness; c) 18 to 80 years old; and d) 

symptomatic people with no previous vestibular rehabilitation (VRT) completed or 

completed > 12 months before with partial/no improvement (Pavlou et al., 2013; Pavlou et 

al., 2015). 

 

Exclusion criteria were people with a) central nervous system involvement, excluding 

migraine (Neuhauser et al., 2001; Lempert et al., 2012; Lempert et al., 2022); b) fluctuating 

symptoms, for example, active Ménière disease (Lopez-Escamez et al., 2015); c) chronic 

functional vestibular disorders such as Persistent Postural Perceptual Dizziness (PPPD) 

(Staab et al., 2017; Staab, 2020); d) acute orthopaedic disorders influencing balance control 

and gait; e) a score of < 26/30 on the Montreal Cognitive Assessment (MoCA) (Nasreddine 

et al., 2005; Carson et al., 2018); f) patients with severe migraine (> 3 migranous headaches 

monthly) (Pavlou et al., 2013; Pavlou et al., 2015), or g) untreated severe anxiety and/or 

depression (e.g., a score of > 15/21 on the Hospital Anxiety and Depression scale (HADS) 
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(e.g., HADS_A and/or HADS_D for the anxiety and/or depression component, respectively) 

(Zigmond and Snaith, 1983; Bjelland et al., 2002).  

 

Patient diagnosis was based on clinical history and/or neuro-otological findings, according 

to published normal data and limits (Davies and Luxon, 1995). All patients with benign 

paroxysmal positional vertigo (BPPV) entered the study because of a persistent sense of 

imbalance and dizziness after the condition resolved (Bhattacharyya et al., 2017). In patients 

with recurrent headaches, migraine was diagnosed if all 5 major International Classification 

of Headache Disorders Headache Society (ICHD) criteria for migraine (ICHD-3, 2018) were 

met; vestibular migraine was diagnosed if symptoms fit the Neuhauser criteria (Neuhauser 

et al., 2001).  Diagnoses, vestibular findings, and presence of migraine headache for each 

group are listed in Table 3.2.  

 

3.3.2 Testing procedures 

The testing session took place at a gait laboratory, Shepherd’s House, Guy’s Campus, KCL, 

SE1 1UL, London. If the participant met the inclusion criteria and consented to participate, 

all measures were collected in a single session. The dependent and independent variables 

which are listed in section 3.3.3 below, were collected in a randomised order (subjective 

questionnaire set, hearing tests, objective cognitive function balance and gait tests) to 

minimise fatigue bias, apart from the MoCA and HADS which were always completed first 

because these tests screened for exclusion criteria. Following consent, the first test was the 

MoCA (Nasreddine et al., 2005) tool. People with scores < 26/30 were not included in the 

study and referred to the clinical team for further assessment and onward referral as required. 

The HADS was performed second on the day of the assessment to complete the eligibility 

screening of the participants. The participants were completing it on their own and scores 

were immediately calculated by a member of the research team. If HADS scores indicated 

increased symptoms of depression and/or anxiety (i.e., score > 15/21) the participant was 

provided with information about how to self-refer to the local Improving Access to 

Psychological Therapy (IAPT) service as per normal clinical practice and a letter was sent 

to the participant’s GP. The person was excluded from the study and their data withdrawn. 

This information was included in the participant information sheet and written consent form. 
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All the selected variables have standardised instructions which were delivered by the 

members-assessors of the research team. Three assessors were always present for each 

participant, two senior physiotherapists and an audiologist. On the day of the appointment, 

all testing lasted approximately three and a half hours including a 20-minute break for each 

participant.  All questionnaires and iPad-based cognitive tasks were completed with the 

participant sat in a comfortable chair at a desk in the research laboratory, as is standard 

practice. The dynamic gait testing was assessed on a 6-meter walkway, in a spacious gait 

laboratory with appropriate lighting and no hazards or external disturbance. Also, a series 

of physical measurements (e.g., height, weight) were administered. After the participants 

have completed the above testing, the PA was, also recorded using a PA data-logger. The 

participants were asked to wear it for 24 hours per day, seven days a week around their non-

dominant wrist without taking it off. After wearing it for a week, they were asked to return 

it by post in a pre-paid envelope which was provided to them during their appointment. 

 

3.3.3 Variables 

Dependent variables 

There were four dependent variables chosen as primary outcome measures. These are listed 

below.  

 

Functional Gait Assessment (FGA) 

The FGA (Appendix C) is a 10-item test and was chosen as dependent variable because it 

assesses performance on complex gait tasks (Wrisley et al., 2004; Walker et al., 2007). The 

total scores range between 0-30 with greater scores indicating better performance. The FGA 

has been validated in healthy people, older adults with a history of falls and balance 

problems (Wrisley and Kumar, 2010), and people with vestibular disorders (Wrisley et al., 

2004; Marchetti et al., 2014). This scale was also, chosen because it has been used to identify 

fallers. A cut-off score of 22/30 indicates falls risk and predicts unexplained falls in 

community-dwelling older adults within 6 months (Wrisley and Kumar, 2010). The FGA 

can be completed in approximately 10 minutes. It is considered an easy scale to implement 

for clinicians and researchers as it requires minimum training and equipment (e.g., 6-meter 

walkway, stairs, and an obstacle for which a shoe box can be used, and a stopwatch).  

 



126 
 

The standard FGA in isolation was always completed first followed by the three DT test 

conditions, which were completed in random order. The cognitive DT conditions completed 

with FGA involved a numeracy (FGA-Numeracy) and literacy (FGA-Literacy) task, and the 

auditory (FGA-Auditory) stimuli which involved a restaurant noise. The numeracy task 

involved counting backwards from 100 in 7’s and multiplication and division of the 7- and 

8-times table up to x12. The literacy task involved reciting alternate letters of the alphabet, 

days of the week and months of a year. Participants performed the cognitive DT tests in 

order of a→ b→ c→ a. Participants also, completed in isolation the cognitive numeracy and 

literacy tasks whist seated, in isolation before completing these simultaneously with FGA. 

For FGA-Auditory, the FGA was performed in the presence of a restaurant noise delivered 

via headphones as per previous publication (Buyle et al., 2021). A multi-speaker babble 

noise in a restaurant environment was used because this is the most common environmental 

background noise where listeners report difficulties with (Spyridakou et al., 2012). No 

specific instructions regarding task prioritisation were given for any of the FGA test 

conditions. The scoring sheet is attached in Appendix D. 

 

Independent Variables 

The independent variables below were chosen based on previous literature as introduced in 

3.2 section, to explore the predictive factors combined in a model for FGA and FGA DT 

conditions. Age, gender, and Body Mass Index (BMI) were also, chosen as independent 

variables.  

Montreal Cognitive Assessment (MoCA) 

The MoCA (Nasreddine et al., 2005) tool is a rapid screening tool for mild cognitive 

impairment. It assesses different cognitive domains: attention and concentration, executive 

function, memory, language, visuo-constructional skills, conceptual thinking, calculations, 

and orientation. Cut-off scores of < 26/30 can identify multi-domain cognitive impairment 

(Nasreddine et al., 2005; Carson et al., 2018).  

 

Hospital Anxiety and Depression Scale (HADS) 

The HADS (Zigmond et al., 1983; Bjelland et al., 2002) is a 14-item scale which assesses 

non-somatic anxiety (HAD-A) and depression (HAD-D) symptoms. Scores range from 0-

21 for each subscale; a score ≥ 8 is considered abnormal for both depression and anxiety 

while scores > 15/21 indicate clinical anxiety/depression (Bjelland et al., 2002).  
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Cambridge Neuropsychological Test Automated Battery (CANTAB)  

The CANTAB core cognition battery is a semi-automated computer program that uses touch 

screen technology and a press pad (CANTAB, 2015). It can assess multiple components of 

cognitive function, including attention, visual memory, spatial memory, executive function, 

and reaction time (Égerházi et al., 2007). The CANTAB core cognition battery may detect 

subtle cognitive changes in healthy ageing people and has been used to assess 

neurocognitive function in healthy adults and people with various psychiatric and 

neurological neurologic conditions (De Luca et al., 2003; Egerházi et al., 2007; De Rover et 

al., 2011) including people with vestibular disorders (Smith et al., 2019), thus was selected 

to measure cognitive function performance in this study.  

 

Each subject was comfortably seated at approximate distance of 0.5m away from the screen 

iPad monitor, which was positioned on a reading desk adjustable incline, on the desk, and 

was asked to complete the CANTAB tests, after instructions were provided by the system, 

by using the index finger of their dominant hand only (Égerházi et al., 2007). The tests were 

conducted in a random order for each participant and included the Rapid Visual Information 

Processing (RVP), Paired Associates Learning (PAL), Spatial Working Memory (SWM), 

Reaction Time (RTI), Delayed Matching to Sample (DMS), and Multitasking Test (MTT). 

The CANTAB tests took approximately 50 minutes to complete. See Appendix H for brief 

description of CANTAB cognitive function tests. 

 

Level of formal Education (LoE) 

The LoE was self-reported by the participants and inserted by the assessors in the CANTAB 

battery before they initiated the cognitive tests. Education is classified into levels 1-6 

(CANTAB, 2015), which are in accordance with the International Standard Classification 

of Education (UNESCO, 2012) and range from school level before age 16 (level 1) to person 

holding a Doctoral or equivalent degree (level 6).   

 

Axivity Wrist Band AX3 3-Axis logging accelerometer 

All participants were provided a waterproof wrist-worn PA data-logger (AX3 3-Axis 

Logging Accelerometer, released under Creative Commons V3.0, calibrated by Axivity Ltd, 

Newcastle Upon Tyne, UK). Participants were asked to wear the AX3 accelerometer on their 

non-dominant wrist, starting from the time they completed the laboratory-based assessment, 

for seven consecutive days, 24 hours a day. The AX3 data logger contains 3-axis of 



128 
 

accelerometer with flash memory and clock. This device is small and easy to use, its 

dimensions are 23x32.5x7.6 mm and its weight is 11 grams.  The device comes with pre-

installed software. The AX3 has been validated (Clarke et al., 2017) and widely used in 

population-based studies to collect longitudinal movement data and assess PA levels 

(Doherty et al., 2017; Clarke et al., 2019). 

  

The outcome measure for PA was percentage (%) for mild, moderate, vigorous, and total 

PA levels per seven days. Firstly, the software calculated the PA intensity (mild, moderate, 

vigorous) and sedentary behaviour were calculated in activity counts per minute (cpm). The 

range 0-100 cpm indicates sedentary behaviour, 101-1535 cpm mild PA levels, 1536-

3961cpm moderate, and ≥ 3962 cpm vigorous (Colley et al., 2011; Wong et al., 2011). Next 

the percentage for each of the mild, moderate, vigorous PA levels per seven days were 

measured as a sum of mild, moderate, and vigorous activity in cpm respectively, divided by 

100. Total PA levels were measured as sum of mild, moderate, and vigorous PA levels. 

Average PA levels per seven days were measured. Invalid data during accelerometer data 

reduction was identified and removed according to the published guidelines (Colley et al., 

2010). Total daily accelerometer wear time was determined by identifying non-wear time 

and subtracting it from 24 hours (Colley et al., 2010; Clarke et al., 2019). Non-wear time 

was defined as periods of minimum 60 consecutive minutes of zero counts, allowing for one 

or two minutes of counts between 0 and 100 cpm (Colley et al., 2010) A valid day was 

defined as having at least 21 hours of wear time a day. 

 

Standard Pure Tone Audiometry (PTA) 

The PTA (BSA, 2017) is considered a 'gold' standard test of audiologic examination and 

completed using a portable calibrated audiometer (GSI Pello Standard model with DD45's, 

IP30 and B81, Serial Number: GS0071085, calibrated by Guymark UK Ltd). Participants 

were seated and wore headphones during the test. Tones were presented across the speech 

spectrum (measured in Hertz; Hz) at different hearing limits (measured in decibels; dB). 

Participants were asked to respond to the tone by raising their dominant hand. The test was 

conducted according to the previously published study (Buyle et al., 2021). Normal hearing 

is defined as a PTA below 25 dB at all frequencies (WHO, 2019).  
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Speech in Babble Test (SiB)  

The SiB test is an adaptive, low redundancy speech in a babble type noise test, that uses real 

words as targets, pronounced by a phonetically trained adult female speaker of Standard 

Southern British English origin and presented in the background of a 20- talker babble noise 

(Spyridakou et al., 2012). The test was presented monaurally on a calibrated computer using 

custom written Matlab software via Sony WIRELESS COMFORT MDRRF811RK 

headphones (Buyle et al., 2021). A signal to noise ratio (SNR) threshold value is calculated 

as the mean of six to eight reversals, which represents the SNR needed for a performance 

level of about 50% correct, also known as the Speech Reception Threshold (SRT), which is 

referred to as SiB score (Spyridakou et al., 2012). An extended normative data study revised 

the cut off mean value for both ears at 4.4 dB.  

 

Body Mass Index (BMI) 

The BMI is defined as body mass (in kilogram; kg) divided by the square of body height (in 

meter; m), and is universally expressed in units of kg/m2 (Global BMI, 2016). Its ranges are 

underweight (< 18.5 kg/m2), normal weight (18.5 to 25), overweight (25 to 30), and obese 

(> 30) (WHO, 2019). BMI < 20 and > 25 have been associated with higher all-causes 

mortality. For the normative ranges between 20 and 25, the higher the BMI, the greater the 

risk of morbidity and mortality (Global BMI, 2016).  

 

Vertigo Symptom Scale (VSS)  

The VSS is used to assess the frequency and severity of common vestibular (VSS_V, e.g., 

vertigo, imbalance) and autonomic/somatic (VSS_A, e.g., heart pounding, heavy feeling in 

the arms or legs) symptoms (Yardley et al., 1992). Scores > 0.3/4 are indicative of vestibular 

pathology (Pavlou et al., 2006).  

 

Situational Characteristics Questionnaire (SCQ)  

The SCQ (Guerraz et al., 2001) - shortened version measures how frequently symptoms are 

provoked or exacerbated in environments with visual vestibular mismatch or intense visual 

motion (e.g., travelling on escalators, crowds, scrolling computer screens). Scores ≥ 0.7/4 

indicate ViD (Pavlou et al., 2006).  

 

 

 

https://en.wikipedia.org/wiki/Human_body_weight
https://en.wikipedia.org/wiki/Square_(algebra)
https://en.wikipedia.org/wiki/Human_height
https://en.wikipedia.org/wiki/Units_of_measurement
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Dizziness Handicap Inventory (DHI)  

The DHI is a 25-item self-assessment inventory designed to evaluate self-perceived 

disability imposed by symptoms of dizziness (Jacobson and Newman, 1990). It consists of 

three domains: emotional, functional, and physical. Total scores range from 0 to 100, with 

higher score indicating greater perceived handicap from dizziness. Scores between 0-30, 31-

60, and 61-100 on the DHI indicate mild, moderate, and severe perceived handicap 

respectively, and can differentiate a person's functional abilities (Whitney et al., 2004).  

 

Activity-specific Balance Confidence (ABC) 

The ABC (Powell and Myers, 1995; Lajoie and Gallagher, 2004) is a 16-item questionnaire 

which assesses self-perceived balance confidence in daily activities. Scores range from 0-

100; scores ≤ 67/100 are associated with increased fall risk (Lajoie and Gallagher, 2004). 

 

Pittsburgh Sleep Quality Index (PSQI) 

The PSQI (Buysse et al., 1989) includes seven component scores: subjective sleep quality, 

sleep latency, sleep duration habitual sleep efficiency, sleep disturbance, use of sleeping 

medication, and daytime dysfunction. Scores range from 0-21 with a higher total score 

indicating worse sleep quality. In distinguishing good and poor sleepers, a global PSQI 

score > 5 has sensitivity of 89.6% and specificity of 86.5% (Buysse et al., 1989). 

 

Epworth Sleepiness Scale (ESS) 

The ESS (Johns, 1991) is a validated questionnaire exploring daytime sleepiness. It consists 

of eight questions that are summed together to obtain a single number. Higher scores indicate 

the presence of a sleeping disorder. Normative ESS score range is 0-10 while ESS scores of 

11-24 indicates increasing daytime sleepiness levels (Johns, 1991).  

 

EQ-5D-5L  

The EQ-5D-5L (Herdman et al., 2011; Devrin et al., 2018) is a generic measure of health 

status which consists of the EQ_5D_5L Visual Analogue Scale (VAS) and Index. The EQ-

5D-5L VAS records a respondent’s self-rated health on a vertical, 20 cm VAS where the 

endpoints are labelled between 100 and 0 for best and worst imaginable health state, 

respectively. The normative EQ-5D-5L VAS means for adults between 18-80 years old are 

75.3-87/100 (Herdman et al., 2011). The EQ-5D-5L Index was calculated according to the 
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updated E5-5D-5L value set for England (Devrin et al., 2018). Normative EQ-5D-5L Index 

scores are ≥ 0.90/1.00.  

 

3.3.4 Data recording 

Data was recorded on paper documents (questionnaires, functional balance, and gait as well 

as DT measures). The data file was extracted as an excel file. After consent was obtained 

the patient’s clinical letter was requested by the research team to record diagnosis. The 

request was made via a password protected document. Hospital clinic letters were requested 

and transferred using the Egress system (https://www.egress.com/ ) as well as clinical letters 

to GP. Pseudoanonymised data for the PA monitors was extracted from AX3 activity 

monitors using the Open Movement software (OmGui; version 1.0.0.43, Newcastle 

University, UK), saved as CSV file and formatted in Microsoft Excel Worksheet file. Data 

for the cognitive function tasks was downloaded from password protected online CANTAB 

research account (https://app.cantab.com/admin/index.html), saved as CSV, and formatted 

in Microsoft Excel Worksheet. Data for PTA was manually recorded and formatted in 

Microsoft Excel Worksheet Data. Data for SiB was recorded in Matlab programme version 

R2017b (MathWorks, UK) and formatted in Microsoft Excel Worksheet. All datasheets 

were password protected and only include pseudoanonymised information and no 

identifiable information. 

 

3.3.5 Statistical analysis  

IBM SPSS version 27 (IBM Corp, Armonk, New York, United States of America) was used 

for statistical analysis. Data was checked for normality of distribution by Shapiro-Wilk test 

and presented as mean ± Standard Deviation (SD). Frequencies for categorical data are 

presented in absolute (numbers; n) and relative (percentage; %) values. The DTC was 

calculated to assess percentage change in FGA performance due to the DT condition, 

separately, for FGA-Auditory, FGA-Numeracy and FGA-Literacy using the equation below 

(Plummer and Eskes, 2015):     

    

 FGA (Auditory or Numeracy or Literacy) Dual task cost (%) = 

100 ∗ (
FGAAuditory or Numeracy or Literacy Dual task − FGA Single task

FGA Single task
) 

https://www.egress.com/
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A greater DTC (e.g., negative greater value) indicates greater performance deterioration 

under DT conditions. Friedman rank test was used to assess within-group differences 

between FGA DT conditions, and between DTC. The difference between the cognitive 

numeracy and literacy errors when the cognitive numeracy and literacy tasks, respectively, 

were performed in isolation versus with simultaneous FGA performance was assessed by 

Wilcoxon Signed Ranks test. Pearson correlation coefficient was computed to assess the 

linear relationship between dependent and independent variables in each model. The 

relationships between cognitive performance, cognitive numeracy and literacy errors during 

each FGA DT condition, subjective measures, PA levels, hearing tests and demographic 

variables was assessed by Spearman’s rank correlation. 

 

The predictive models were developed under a multiple linear regression modelling 

framework because the variables were continuous (Casson and Farmer, 2014; Hickey et al., 

2019). Log base 10 (i.e., Log10) transformation of the dependent variables (e.g., FGA, FGA-

Auditory, FGA-Numeracy, and FGA-Literacy) was performed before the multiple 

regression as they were not normally distributed. A backwards selection approach was 

applied to a full model including all potentially relevant independent variables as stated 

above (that met assumption criteria to derive the models for FGA, FGA-Auditory, FGA-

Numeracy, and FGA-Literacy. The assumption criteria were a) independence of residuals 

(Durbin Watson test with values between 1.5-2.5/4); b) linearity, assessed by partial 

regression plots and a studentised residuals against predicted values plot; c) 

homoscedasticity, assessed by visual inspection of a studentised residuals vs. unstandardised 

predicted values plot; d) no multi-collinearity assessed by tolerance values greater than 0.1 

and no correlations between predictors > 0.7, e) no significant outliers (Casson and Farmer, 

2014; Hickey et al., 2019). Data was checked for studentised deleted residuals > ± 2 SD, 

leverage values > 0.2, and values for Cook's distance > 1 and f) the assumption of normality 

was met, assessed by a Q-Q Plot. 

 

If highly correlated predictors were identified, only one was included in the multivariable 

modelling; outliers were filtered out of the data set and the multiple regression analysis was 

re-run. Only predictors that were significantly correlated (e.g., correlation r = ± 0.2-0.7) with 

the dependent variable were explored in each model. Model performance was assessed by 

calculating the adjusted R2. A bias corrected accelerated bootstrap resampling procedure 

with n = 1000 samples was used to correct for optimism and quantify and adjust the model 
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for overfitting (Casson and Farmer, 2014; Hickey et al., 2019). Statistical significance was 

set at p < 0.05. 

 

3.3.6 Sample size calculation  

Sample size calculation was performed using Gpower version 3.1.9.7 (University of Kiel, 

Germany). Given alpha (a-error probability) of 0.05, a power (1-β error probability) of 80% 

and effect size f2 of 0.37, the required sample size for this study was 41 participants. 

Traditionally, for a sample size of every 10 participants, a maximum of one independent 

variable is allowed to be included per model with no more than five independent variables 

in total per model to be tested based on total sample size ≤ 50 participants (Voorhis and 

Morgan, 2007). A retrospective power calculation was performed on the final FGA models. 

 

3.4 Results 

 

3.4.1 Participants’ demographics 

Fifty-five people were assessed for eligibility. Then seven declined to participate. 

Additionally, seven people did not participate because they live far away from the university 

site. The remaining 41 people with CVD (male = 17; female = 24) were recruited into the 

study.  Participants’ demographics are shown in Table 3.1, and LoE and vestibular diagnosis 

are reported in Table 3.2. Appendix I includes mean ± SD. for each independent variable 

used in the models (apart from age, BMI, gender, hearing tests which are presented in Table 

3.1 and LoE in Table 3.2). Six participants were aged ≥ 65 years old; 32 had at least BSc 

degree. Forty-one percent (17/41) of participants had an abnormal PTA score for at least one 

ear. Fifty-six percent (23/41) of participants had an abnormal SiB score for at least one ear. 

Abnormal score on PSQI was found for 71% (29/41) of participants. Abnormal score on 

ESS was found for 27% (11/41) of participants.  
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Table 3.1 Participants’ demographics. 

Participants' demographics 

Gender   Age  

(years)  

Height 

(m) 

Weight 

(kg) 

BMI 

kg/m2 

PTA  

L ear 

PTA  

R ear 

SiB  

L ear  

SiB  

R ear 

MoCA 

male Mean, 

range 

51.35,  

22- 

77 

1.79, 

1.68-

1.86 

80.27, 

65- 

113 

24.90, 

20.90-

36.10 

23.50 

4- 

45 

27.60, 

4- 

65 

4.50, 

0.30-

13.50 

5.50, 

0.40-

14.90 

28.24, 

26- 

30 

  SD 14.67 0.045 10.97 3.40 13.60 18.90 4.40 3.40 1.52 

female Mean, 

range 

46.25,  

19- 

74 

1.66, 

1.54-

1.79 

67.44, 

49- 

105 

24.25, 

19.40-

36.30 

17.90,  

3- 

55 

21.10,  

2- 

50 

4.40,  

0- 

16.80 

4.60, 

0.50-

14.10 

27.67, 

26- 

30 

  SD 14.71 0.07 14.23 4.00 13.40 13.80 4.10 3.30 1.31 

Total Mean, 

range 

48.37,  

19- 

77 

1.71, 

1.54-

1.86 

72.76, 

49- 

113 

24.50, 

19.40-

36.30 

20.20,  

3- 

55 

23.80,  

2- 

65 

5.20,  

0- 

16.80 

4.90, 

0.40-

14.90 

27.90, 

26- 

30 

  SD 14.73 0.089 14.34 3.70 13.60 16.30 4.30 3.40 1.41 

 

SD = Standard Deviation; m = meter; kg = kilogram; BMI = Body Mass Index; PTA = Pure 

Tone Audiometry; L = Left; R = Right; SiB = Speech in Babble; MoCA = Montreal 

Cognitive Assessment Tool.   
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Table 3.2 Participants’ formal education level and vestibular diagnosis reported in absolute 

(n =) and relative (%) frequencies. 

 Frequency (n =) Percent (%) 

Level of formal education 
  

left school before age 16 2 4.9 

left school at age 16 5 12.2 

left school at age 17-18 2 4.9 

BSc degree 18 43.9 

MSc degree 11 26.8 

PhD degree 3 7.3 

Diagnosis 
  

UVD 11 26.4 

BVD 5 12.4 

Probable VM 6 14.7 

VM 10 24.5 

UVD + VM 9 22 

BPPV 0 0 

Total 41 100 

 

n = number of responses; BSc = Bachelor of Science; MSc = Master of Science; PhD = 

Doctor of Philosophy; UVD = Unilateral Vestibular Disorder; BVD = Bilateral Vestibular 

Disorder; VM = Vestibular Migraine; BPPV = Benign Paroxysmal Positional Vertigo.  

 

 

 

3.4.2 FGA and FGA DT conditions  

There was a statistically significant difference between FGA conditions, ꭓ²F (3) = 101.30, p 

< 0.001. FGA mean ± SD scores were significantly lower for FGA-Auditory, FGA-

Numeracy and FGA-Literacy compared to FGA in isolation (Figure 3.1). Twenty-four 

percent (10/41) of participants had abnormal score on FGA when it was performed in 

isolation. Thirty-two percent (13/41), 65.9% (27/41) and 85.4% (35/41) of participants had 

an abnormal FGA score when the auditory, literacy, or numeracy task was added, 

respectively. For adults ≥ 65 years old, 33.3% (2/6) scored < 22/30 on the FGA in isolation. 

For adults ≥ 65 years old, 100% (6/6) scored < 22/30 on FGA when the numeracy or literacy 

task was added. For the FGA with auditory task 66.6% (4/6) adults ≥ 65 years old scored < 

22/30 on FGA.  
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Figure 3.1 Mean scores and standard deviation (illustrated as vertical arrows) are presented 

for FGA, FGA-A, FGA-N and FGA-L tasks in people with vestibular disorders 18-80 years 

old, indicating significantly lower mean scores for FGA-N and FGA-L tasks compared to 

both FGA single and FGA-A tasks. The standard deviations are 2.74, 4.42, 4.99, and 4.90 

for FGA, FGA-A, FGA-N and FGA-L, respectively.  FGA = Functional Gait Assessment; 

FGA-A = FGA-Auditory; FGA-N = FGA-Numeracy; FGA-L = FGA-Literacy; **p < 0.01; 

** = indicate statistical significance.  

 

 

 

 

3.4.3 FGA DTC effects 

There was a statistically significant difference between DTC conditions, ꭓ²F (2) = 65.61, p 

< 0.001. The DTC mean ± SD scores were significantly lower for DTC-Numeracy and DTC-

Literacy (e.g., greater cost effect) compared to DTC-Auditory (Figure 3.2). The greatest 

effect of Numeracy DTC on FGA was 61.54% for one participant followed by 56.25% as 

second and 52.38% third greatest, respectively.  The effect of Numeracy DTC on FGA was 

≥ 20% for 73% (30/41) of participants. The greatest effect of Literacy DTC on FGA was 

50% for one participant followed by 46.15% as second and 40.91% third greatest, 

respectively. The effect of Literacy DTC on FGA was ≥ 20% for 39% (16/41) of participants. 
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The greatest effect of Auditory DTC on FGA was 38.46% followed by 25% as second and 

24% third greatest, respectively. The effect of Auditory DTC on FGA was ≥ 20% for 7.3% 

(3/41) of participants.  All participants with ≥ 20% DTC on any FGA DT condition had also, 

FGA ≤ 22/30 on the respective FGA DT task.  

 

 

 

 

 

Figure 3.2 Mean and standard deviation (illustrated as vertical arrows) percentages are 

presented for DTC of auditory, numeracy and literacy tasks on FGA in people with CVD 

aged 18-80 years old, indicating significantly lower scores (e.g., greater cost effect) of 

numeracy and literacy compared to auditory task on FGA. The standard deviations are 7.08, 

12.05, and 10.45 for DTC-A, DTC-N and DTC-L, respectively. FGA = Functional Gait 

Assessment; CVD = chronic vestibular disorder; DTC = Dual-Task Cost; DTC-A = DTC-

Auditory; DTC-N = DTC-Numeracy; DTC-L = DTC-Literacy; **p < 0.01; ** = indicate 

statistical significance. 

 

 

3.4.4 Cognitive errors 

Cognitive numeracy errors were not significantly higher when numeracy task was assessed 

simultaneously with FGA (mean ± SD = 1.15 ± 1.37) than in isolation (mean ± SD = 1.63 ± 

2.57); T = 144.00, Z = -0.573 p = 0.567. Cognitive literacy errors were not significantly 

higher when literacy task was assessed simultaneously with FGA (mean ± SD = 0.73 ± 0.96) 

than in isolation (mean ± SD = 0.83 ± 1.16); T = 127.00, Z = - 0.410, p = 0.682. The cognitive 

-6.08391

-28.1791

-20.01765

-50

-40

-30

-20

-10

0

10

FGA-A DTC FGA-N DTC FGA-L DTC

DUAL TASK COST

                                                        **                                       ** 



138 
 

errors were not significantly associated with any of the other independent variables. Twenty 

percent (8/41) of participants deviated from ‘posture first strategy’ during FGA-Numeracy 

task and 15% (6/41) of participants during FGA-Literacy task.  

 

3.4.5 Correlations of dependent with independent variables 

The FGA_Log10 was significantly correlated with the age (r = 0.353, p = 0.030), ESS (r = 

-0.331, p = 0.042), ABC (r = -0.352, p = 0.030), SCQ (r = 0.423, p = 0.008), and PA total 

% (r = -0.405, p = 0.012). The FGA-Auditory_Log10 was significantly correlated with the 

age (r = 0.471, p = 0.002), ABC (r = -0.479, p = 0.002), BMI (r = 0.364, p = 0.021), SCQ (r 

= 0.319, p = 0.045), and SiB (r = 0.350, p = 0.027). The FGA-Numeracy_Log10 was 

significantly correlated with the age (r = 0.543, p < 0.001), ABC (r = -0.318, p = 0.043), 

PAL (r = 0.345, p = 0.027), RTI (r = 0.350, p = 0.025), and SiB (r = 0.406, p = 0.008). The 

FGA-Literacy_Log10 was significantly correlated with the age (r = 0.643, p < 0.001), ABC 

(r = -0.460, p = 0.002), PA total % (r = -0.338, p = 0.031), PAL (r = 0.347, p = 0.026), RTI 

(r = 0.318, p = 0.043), and SiB (r = 0.459, p = 0.003). 

 

3.4.6 Spearman correlations for subjective variables related to models  

Greater ABC was significantly correlated with: lower HADS_A (r = -0.405, p = 0.009), and 

HADS_D (r = -0.495, p < 0.001); higher score on EQ_5D_5L VAS (r = 0.338, p = 0.012) 

and Index (r = 0.449, p = 0.003); lower score on SCQ (r = -0.535, p < 0.001), DHI (r = -

0.546, p < 0.001), VSS_A (r = -0.332, p = 0.034) and VSS_V (r = -0.520, p < 0.001); and 

greater PA moderate % (r = 0.407, p = 0.009) and vigorous % (r = 0.325, p = 0.047). Greater 

ESS score was significantly correlated with poorer performance on RTI task (r = -0.330, p 

= 0.035). Greater SCQ score was significantly correlated with lower ABC (r = -0.535, p < 

0.001) score; higher HADS_A (r = 0.359, p = 0.021); lower EQ_5D_5L VAS (r = -0.438, p 

= 0.004) and Index (r = -0.407, p = 0.008); higher DHI (r = 0.432, p = 0.005), VSS_V (r = 

0.463, p = 0.002), and VSS_A (r = 0.405, p = 0.009).  
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3.4.7 Spearman correlations for age and BMI  

Older age was significantly associated with lower score on ESS (r = -0.369, p = 0.017), 

poorer performance on the cognitive tasks MTT (r = 0.515, p < 0.001), RTI (r = 0.382, p = 

0.014), and RVP (r = 0.484, p = 0.001), and lower % of PA moderate (r = -0.427, p = 0.006) 

and vigorous (r = -0.481, p = 0.002) levels. Higher BMI was significantly correlated with 

poorer performance on FGA_A (r = -0.314, p = 0.049), higher HADS_D score (r = 0.332, p 

= 0.034), sedentary behavior % (r = 0.335, p = 0.037), and lower PA total % (r = -0.344, p 

= 0.028) and LoE (r = -0.357, p = 0.022).  

 

3.4.8 Predictive models for FGA_Log10 and FGA_Log10 DT conditions  

For all transformed FGA models, assumptions of linearity, homoscedasticity, 

multicollinearity, and normality were confirmed. Independence of residuals (Durbin-

Watson: FGA_Log10 = 1.50, FGA-Auditory_Log10 = 1.60, FGA-Numeracy_Log10 = 1.50, 

FGA-Literacy_Log10 = 1.00) was confirmed. For FGA-Literacy_Log10 there was positive 

autocorrection (Dublin-Watson: FGA-Literacy_Log10 = 1.00). Outliers with studentised 

deleted residuals > ± 2 SD were identified for FGA_Log10 (n = 1), FGA-Auditory_Log10 

(n = 2), FGA-Numeracy_Log10 (n = 1) and FGA-Literacy_Log10 (n = 2) and were excluded 

from multiple regression analyses. 

Predictive models for the Log10 transformed FGA in isolation, FGA-Auditory, FGA-

Numeracy and FGA-Literacy are shown in Table 3.3. Additionally, graphical representation 

of FGA_Log10 single, FGA-A_Log10, FGA-N_Log10 and FGA-L_Log10 is shown in 

Figure 3.3 a, b, c, and d, respectively. The SCQ, PA total % and ESS significantly predicted 

FGA_Log10, F (3,36) = 8.07, adjusted R² = 0.42, p < 0.001. The age, SCQ, and BMI 

significantly predicted FGA-Auditory_Log10, F (3,39) = 12.16, adjusted R2 = 0.50, p < 

0.001. The PA total, age, and PAL significantly predicated FGA-Numeracy_Log10, F (3,39) 

= 8.65, adjusted R2 = 0.42, p < 0.001. The ABC and age significantly predicted FGA-

Literacy_Log10, F (3,39) = 18.82, adjusted R2 = 0.50, p < 0.001. All variables added 

significantly to the predictive models for each FGA single and DT condition (p < 0.05). 

After bootstrapping, all variables remained significant (p < 0.05). 
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Table 3.3 Multiple regression results for transformed FGA in isolation and DT conditions.  

Model        B    95% CI for B      SE B      β R2 ΔR2 

      LL        UL     

FGA 

_Log10 

     .42 .37 

Constant    .752***  .386    1.118         .180    

SCQ    .142**  .048      .236  .046     .421**   

PA total (%) 

ESS 

 

  -.008* 

  -.024** 

  

-.015 

-.041 

 

    -.001 

    -.007 

    

 .004 

        .008 

         

   -.297* 

   -.384** 

    

  

FGA-A 

_Log10 

     .50 .47 

Constant  -.941** -1.573     -.308         .312    

Age   .011***  .006      .017  .003      .493***   

SCQ 

BMI (kg/m²) 

  .161** 

  .032** 

 .074 

 .010 

 

     .247 

     .054 

     

 .043 

        .011 

         

     .450** 

     .350** 

  

FGA-N 

_Log10 

     .42 .37 

Constant   .642*  .166    1.119         .235    

PA total (%)  -.008* -.015      .000  .004    -.299*   

Age 

PAL 

  .007* 

  .005* 

 .001 

 .000 

     .013 

     .011 

    

 .003 

        .003 

        

     .355* 

     .275* 

    

  

FGA-L 

_Log10 

     .50 .48 

Constant   .554**  .206      .902         .172    

ABC  -.004* -.008     -.001  .002    -.314*   

Age 

 

  .011***  .006      .015         .002     .561***   

Model = “Backward” method in SPSS statistics 27; Log10 = log base 10; DT – Dual-Task; 

B = unstandardised regression coefficient; CI = confidence interval’ LL = lower limit and 

UL = upper limit; SE B= standard error of the coefficient; β = standardized coefficient; R2 

= coefficient of determination; ΔR2 = adjusted R2; SCQ = Situational Characteristics 

Questionnaire; PA = Physical Activity; ESS = Epworth Sleepiness Scale; BMI = Body Mass 

Index; PAL = Paired Associates Learning; ABC = Activity-specific Balance Confidence;  

FGA_Log10 = transformed Functional Gait Assessment ; FGA- A, -N and -L_Log10 = log 

base 10 transformed FGA which was performed simultaneously with auditory, numeracy or 

literacy task, respectively; *p < 0.05 **p < 0.01 ***p < 0.001; *,**, *** = indicate statistical 

significance.  
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a) 

 
 
 

b) 
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c) 

 
 

 

d) 

 
 

Figure 3.3 Scatter plot for multiple regression analysis is shown for a) FGA_Log10 single, 

b) FGA-A_Log10, c) FGA-N_Log10 and d) FGA-L_Log10 models in 41 people with 

chronic vestibular disorders aged 18-80 years old. The SCQ, PA total and ESS contributed 

to the FGA_Log10 model 0.142**, -0.008* and -0.024**, respectively. The age, SCQ and 

BMI contributed to the FGA-A_Log10 model 0.011***, 0.161** and 0.032**, respectively. 
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The PA total, age and PAL contributed to the FGA-N_Log10 model -0.008*, 0.007* and 

0.005*, respectively. The ABC and age contributed to the FGA-L_Log10 model -0.004* and 

0.011***, respectively. R2 = coefficient of determination; SCQ = Situational Characteristics 

Questionnaire; PA = Physical Activity; ESS = Epworth Sleepiness Scale; BMI = Body Mass 

Index; PAL = Paired Associates Learning; ABC = Activity-specific Balance Confidence;  

FGA_Log10 = transformed Functional Gait Assessment; FGA- A, -N and -L_Log10 = log 

base 10 transformed FGA which was performed simultaneously with auditory, numeracy or 

literacy task, respectively; *p < 0.05 **p < 0.01 ***p < 0.001; *, **, *** = indicate statistical 

significance. 

 

 

 
 

 

3.5 Discussion 

 

The aim of this study was to examine the predictive factors for gait and DT gait performance 

under three DT conditions and explore their DTC on FGA performance with secondary 

cognitive (numeracy or literacy) or auditory (i.e., passive listening to noise) task in people 

with CVD. It was hypothesised that better performance on FGA and FGA DT may be 

predicted by lower disability perceived from dizziness, lower ViD, better scores on cognitive 

function tasks, higher PA levels, greater self-perceived balance confidence and general 

health state. Also, it was hypothesised that the DTC may be larger for the numeracy and 

literacy compared to the auditory task. The discussion is separated in 3.5.1) FGA and FGA 

DT conditions, 3.5.2) clinical implications of FGA and FGA DT predictive models, 3.5.3) 

retrospective power calculation, 3.5.4) study limitations, and 3.5.5) conclusion.  

 

3.5.1 FGA and FGA DT conditions   

The FGA was used to assess gait performance because it includes gait tasks that are 

necessary for daily functional mobility (Whitney et al., 2004; Marchetti et al., 2014) such 

walking at timed speeds that are required to safely cross a street (0.5 m/s) (Robinett and 

Vondran, 1988), walking with head turns, walking and stepping over an obstacle, walking 
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and turning around, and walking with reduced visual input (Wrisley et al., 2004; Wrisley 

and Kumar, 2010). People with vestibular disorder have difficulties with performing such 

tasks (Horak et al., 1997; Harun et al., 2015). Also, the FGA has acceptable interrater, intra-

rater, and test-retest reliability in people with vestibular disorders (Wrisley et al., 2004) and 

identifies community-dwelling adults at risk of falling within 6 months with cut-off score ≤ 

22/30 (Wrisley and Kumar, 2010). Currently, it is not known which secondary tasks best 

predict DT interference in people with CVD, and previous studies suggested comparing 

various cognitive and auditory tasks for these purposes (Danneels et al., 2020). This study 

used cognitive tasks including reciting letters of the alphabet and backward counting by -7s 

which are commonly used to explore DT interference in people with bilateral (Bessot et al., 

2012; Sprenger et al., 2017), unilateral (Redfern et al., 2004) and various (Yardley et al., 

2001; Roberts et al., 2011) CVD. The auditory task in this study involved passive listening 

to noise delivered via headphones which may be applicable to daily life (Guski et al., 2017; 

Buyle et al., 2021).  

 

People with vestibular disorders experience postural and gait instability and may be at 

increased falls risk (Herdman et al., 2000b; Agrawal et al., 2009). Indeed, people who 

experience unsteadiness had a 2.6-fold increase in the odds of falling, but those who were 

experiencing dizziness due to a vestibular disorder, had a 12-fold increase in the odds of 

falling (Agrawal et al., 2009). They were also, at higher risk of falling during DT gait 

performance (Roberts et al., 2011; Bessot et al., 2012) compared to healthy adults. People 

with CVD in this study were highly functional compared to those in previous studies which 

assessed them on FGA (Pavlou et al., 2013; Pavlou et al., 2015). Yet 24.4% of participants 

in this study, were identified at risk of falling based on the achieved FGA score when it was 

assessed in isolation. Moreover, 31.7%, 65.9%, and 85.4% of participants were identified at 

risk of falling when the auditory, literacy, or numeracy task was added to FGA, respectively. 

There were only six adults ≥ 65 years old in this study. Two of them were at risk of falling 

on the FGA in isolation, four when the FGA was performed simultaneously with the auditory 

task while all six when the numeracy or literacy task was added to FGA. It is possible that 

the results would be even more detrimental if the participants were more functionally 

impaired or there were more older adults (Pavlou et al., 2013). 

 

Muir-Hunter and Wittwer (2016) reported that there is a significant gait velocity change 

with DTC of 10%. Hollman and colleagues (2007) reported that a 20% or greater DTC for 



145 
 

gait velocity would have a destabilising effect and increase falls risk. The average FGA-

Numeracy and FGA-Literacy DTC surpassed this threshold, suggesting an increased falls 

risk for these DT conditions compared to FGA single and FGA-Auditory. The effect of 

Numeracy DTC on FGA was ≥ 20% for 73% participants. The effect of Literacy DTC on 

FGA was ≥ 20% for 39% participants. The effect of Auditory DTC on FGA was ≥ 20% for 

7.3% participants. These results may have implications for clinical practice. Clinicians 

should consider including DT functional gait within assessment and treatment programs for 

people with CVD.  

 

During the DT gait assessment, the sensitivity depends on the cognitive or auditory task 

used. The more challenging the secondary task, the greater the decline in the motor task and 

postural stability (Woollacott and Shumway-Cook, 2002; Beauchet et al., 2005; Muir-

Hunter et al., 2016; Danneels et al., 2020; Goh et al., 2021). As observed in people with mild 

cognitive impairment (Sinsupadol et al., 2006; Bahureksa et al., 2017) and healthy older 

adults (Krampe et al., 2011; Goh et al., 2021), the highest sensitivity, in both groups, was 

noted for the numeracy task which appears to have increased competition for attentional 

resources (Woollacott and Shumway-Cook, 2002; Yogev-Seligmann et al., 2008) and 

therefore, induced a greater effect on FGA performance. Literacy (i.e., superior part of 

Broca's area and premotor cortex) and numeracy (i.e., temporo-parietal regions) tasks have 

distinct cortical networks. Consequently, it may be that the numeracy, relative to literacy 

DT, shares more cortical networks with gait, thus producing greater changes in FGA 

performance (Verghese et al., 2002; Lemke et al., 2017). It has been suggested that the left 

posterior parietal cortex may be involved in sensorimotor integration processes and gait 

control in real-world conditions (Young et al., 2020) while in older adult females, temporal 

lobe activation, especially the hippocampus, is associated with gait adaptability during 

unaccustomed treadmill walking (Shimada et al., 2013). Also, Beauchet and colleagues 

(2005) reported that counting numbers is a rhythmic task, therefore, it may significantly 

interfere with rhythmic tasks of a different frequency such as walking or repetitive arm sway 

during walking. 

 

On the other hand, the auditory task produced the least effect on the FGA. This specific 

auditory task was selected in this study because it is applicable to real life settings where 

humans often navigate in crowded or noisy outdoor settings (Guski et al., 2017). This task 

has been used previously in healthy young and older adults showing significant decline in 
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performance of older adults in comparison to young adults in FGA-Auditory condition 

(Buyle et al., 2021). In present study, passive listening to noise had the least impact on 

participants’ gait. However, even when a task-irrelevant background speech is present, it 

can affect performance on a primary motor task (Neath et al., 2003) in symptomatic people 

with CVD, possibly by taking up cognitive resources that would otherwise be available for 

secondary task (Beaman et al, 2007; Lin et al., 2018).  

 

3.5.2 Clinical implications of FGA and FGA DT predictive models 

One of the independent variables that predicted better FGA and FGA-Auditory performance 

was a lower score on the SCQ questionnaire which assesses symptoms of ViD (Pavlou et 

al., 2006; Bisdorff et al., 2009). Previous studies have shown that people with CVD who 

score higher on SCQ, achieve also, lower scores on the FGA compared to those who have 

lower SCQ scores (Pavlou et al., 2013; Pavlou et al., 2015).  If people feel less dizzy and/or 

their vision is clearer and not as blurry (Bronstein et al., 1995; Pavlou et al., 2006; Pavlou et 

al., 2016), they may feel steadier when walking and performing ADLs. Thus, ViD should 

be targeted with specific exercises including structured and gradually progressive 

optokinetic stimulation which may improve people’s gait (Pavlou et al., 2013) and ability to 

DT when walking by improving ViD.  

Even though in this study, there were only six adults aged ≥ 65 years old, younger age was 

one of the predictive factors for better performance on all three DT conditions. It is very 

well known that the DT ability may deteriorate with age (Beauchet et al., 2005; Yogev-

Seligmann et al., 2008; Al-Yahya et al., 2011; Muir-Hunter et al., 2016; Nieborowska et al., 

2019). Laboratory studies have demonstrated that healthy older adults are less efficient in 

performing concurrently two tasks compared to single task and show slower gait speed and 

pooper postural stability in DT paradigms compared to healthy young (Hollman et al., 2007; 

Krampe et al., 2011; Belur et al., 2020; Asai et al., 2021; Buyle et al., 2021; Goh et al., 2021) 

and middle-aged (Jabourian et al., 2014; Brustio et al., 2017) adults. Older adults often have 

the tendency to recruit alternative neural resources predominantly from pre-frontal and 

temporal brain regions to compensate for walking during DT (Al-Yahya et al., 2019; Kahya 

et al., 2019). Even in people with CVD ageing has been shown to have additional impact on 

gait and postural stability (Herdman et al., 2000b; Herdman et al., 2012; Pavlou et al., 2013). 

Thus, older adults with vestibular disorders may perform poorer on DT when walking 
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probably because of ageing effect in addition to their vestibular disorder (Herdman et al., 

2012) which should be considered when offering assessments and treatment plans (Whitney 

et al., 2020).   

The most challenging DT condition in this study, FGA-Numeracy, had as one of the 

predictive factors for better performance, higher scores on PAL, a cognitive function task 

which assesses new learning ability (Robbins et al., 1998; De Luca et al., 2003; De Rover et 

al., 2011; Lenehan et al., 2016; Smith et al., 2019). People with vestibular disorders show 

deficits in cognitive function performance including tasks that assess the ability to learn new 

things (episodic memory) and visual processing speed (Popp et al., 2017; Smith et al., 2019) 

and often report symptoms of memory loss, decreased attention and “brain fog’’ (Black et 

al., 2004; Bigelow and Agrawal, 2015). They also, perform more poorly on tasks that assess 

the ability to learn new skills (Smith et al., 2019) which may impact their ability to DT 

(Danneels et al., 2020).  

 

Clinicians may consider screening cognitive function performance along with the DT 

performance in people with vestibular disorders. This may help to deliver more appropriate 

rehabilitation approaches to improve gait and balance on complex DT tasks such as walking 

and counting. For example, Ellis and colleagues (2018) reported that in people with bilateral 

vestibular disorders, VRT targeting gait and balance could be helped by cognitive function 

tasks to improve cognitive aspects such as those of self-motion perception. Further, 

rehabilitation programmes including DT training stimulated cognitively impaired elderly 

(Silsupadol et al., 2009), older adults (Woollesen et al., 2017), people with Alzheimer’s 

(Coelho et al., 2013), Parkinson’s (De Freitas et al., 2020) and stroke (Plummer and Iyigun, 

2018) and helped to improve balance and gait. Cognitive function performance assessment 

and relevant cognitive training should be investigated in people with vestibular disorders. It 

may, also, be beneficial to add DT training to VRT to investigate the effect on gait, balance, 

DT ability, subjective symptoms, and performance on cognitive function tasks relevant to 

gait and DT gait performance. 

 

Lower (e.g., better) score for daytime sleepiness predicted better performance on FGA. 

Sleep is an important factor in people with vestibular disorders and should not be 

underestimated. Previous study (Smith et al., 2019) reported that 44% of people with various 

vestibular disorders had increased daytime sleepiness while 78% had poor sleep quality and 
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quantity. Similarly, in this study, 27% of participants reported increased daytime sleepiness 

while 71% of participants had poor sleep quality and quantity. People who experience 

greater daytime sleepiness, may experience higher anxiety, depression, and dizziness 

(Sugaya et al., 2017; Smith et al., 2019), which may impact their postural stability (Sugaya 

et al., 2017; Andrade Junior et al., 2021). The mechanisms behind the relationship between 

vestibular disorders and sleep, and how sleep impacts balance in these people is poorly 

understood (Besnard et al., 2018). From this study, it appears that people with CVD may 

have better gait and DT gait performance if their score for daytime sleepiness is lower which 

has been also observed in healthy adults (Agmon et al., 2016; Bahureksa et al., 2017).  Sleep 

should be part of assessment procedure in people with vestibular disorders of all ages. People 

who are symptomatic, should be offered advice on good sleep routine or a consultation with 

sleep therapist which may be beneficial along with customised VRT to improve gait, DT 

gait and subjective symptoms. 

  

Further self-perceived balance confidence was one of the predictive factors for FGA-

Literacy while lower BMI and higher overall PA levels predicted better performance on 

FGA in isolation, FGA-Auditory, and FGA-Numeracy, respectively. People with CVD who 

feel dizzy and/or unsteady may overtime become overwhelmed by their symptoms because 

these symptoms usually impact their ability to perform ADLs and work (Bronstein et al., 

2010; Semenov et al., 2016; Kovacs et al., 2019). As a result, these people may get more 

isolated, lose their balance confidence (Young and Williams, 2015), and perform less overall 

PA (Morimoto et al., 2018). Also, people who experience dizziness and have high BMI, 

have poorer postural stability and higher rate of falling (Lin and Bhattacharyya et al., 2014). 

Specifically, the addition of obesity to dizziness increased the odds of falling by 1/3 (Lin 

and Bhattacharyya et al., 2014). Obesity is regarded as a risk for greater postural instability 

and falls in elderly populations (Lee et al., 2020) and risk factor for various medical 

conditions including different types of cancer and cardiovascular disease (Kivimäki et al., 

2022) which could result in less active lifestyle and poorer balance confidence and gait 

stability.  

This study found a strong correlation between overall PA levels and gait and DT gait 

performance, and between BMI score and performance on FGA-Auditory DT. The average 

mean BMI scores were within normative but higher ranges (e.g., closer to overweight). 

Morimoto and colleagues (2018) showed that patients with CVD spent more time in 
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sedentary activities and were less physically active than age-matched controls. Also, active 

older adults without vestibular disorders have better postural control and gaze control than 

sedentary older adults (Gauchard et al., 2003; Gauchard et al., 2013) suggesting that PA 

levels and associated BMI may be factors to consider in balance and gait and DT 

assessments. Moreover, research work is needed to explore if the increase in PA levels, 

and/or decrease in BMI (e.g., if outside normative ranges) improve gait and DT performance 

in people with vestibular disorders to assist with interventions (Lin and Bhattacharyya et al., 

2014). Also, this study found that higher LoE was significantly correlated with lower BMI. 

The impact of education with regards to undertaking regular PA and controlling BMI on 

postural stability and DT performance in people with CVD should be considered in future 

investigations.  

 

3.5.3 Retrospective power calculation 

According to the retrospective power calculation, for the FGA, FGA-Auditory and FGA-

Numeracy models that were explained by 3 predictors each, with total number of predictors 

tested being 5 for each model, based on sample size of 41 participants, alpha of 0.05 and 

effect f2 of 0.37, the computed power is 89%. For the FGA-Literacy model that was 

explained by 2 predictors with total number of predictors tested being 5, based on 41 

participants, alpha of 0.05 and effect f2 of 0.37, the computed power is 93%.  

 

3.5.4 Study limitations 

This study had some limitations. Firstly, there was a small sample size. Thus, it was only 

possible to test maximum five independent variables per model. Therefore, the multiple 

regression should be repeated with larger sample sizes in future, to allow inclusion of more 

independent variables for testing as people with CVD may present with various symptoms 

(Horak et al., 1997; Bisdorff et al., 2009). Future studies may also, consider investigating 

the predictive models for gait and DT gait performance separately for each of the CVD as 

the actual vestibular disorder may have a different impact on cognitive function performance 

(Zheng et al., 2003; Bigelow and Agrawal, 2015; Pop et al., 2017; Anson et al., 2021) while 

hearing loss may also contribute to cognition more in people with BVD (Loughrey et al., 

2018; Dobbels et al., 2019). Further, there was a greater number of females compared to 
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males. Males may have more severe age-related hearing deterioration (Loughrey et al., 2018; 

Bruce et al., 2019). However, they may be also more effective in strategy searching (e.g., 

SWM task) using CANTAB (De Luca et al., 2003; De Rover et al., 2011). Nevertheless, this 

study failed to find statistically significant correlations between gender and SWM, PTA, or 

SiB scores.  

 

Additionally, during FGA-Auditory, participants listened to the noise via headphones which 

masked the spatial aspect. This spatial element of environmental sound can encourage 

localisation (Buyle et al., 2021). Consequently, it is likely that if the headphones were not 

used, the FGA scores would be lower. Finally, although, at baseline, participants were 

screened for PPPD which was part of the exclusion criteria, the presence of PPPD in some 

of the participants with chronic dizziness at the time of taking part in this study cannot be 

excluded. Prospective studies of patients who were followed for 3-12 months after acute or 

episodic vestibular disorder such as BPPV or VN, suggest that persistent dizziness such as 

the one seen in patients with PPPD, will develop in 25% of people (Staab et al., 2017). Also, 

the presence of a structural vestibular disorder does not exclude the diagnosis of PPPD 

(Popkirov et al., 2018). On the contrast, PPPD may occur at similar time with many of the 

conditions in its differential diagnosis. This way, VM or BPPV can trigger PPPD and then 

co-exist with it, causing recurrent attacks of vertigo, dizziness and/or unsteadiness 

superimposed on the chronic symptoms of PPPD (Staab and Ruckenstein, 2007; Staab et al., 

2017). Therefore, future studies should be aware of the possibility of presence of PPPD in 

some people with CVD.  

 

3.5.5 Conclusion 

This study shows that the type of DT condition significantly impacts FGA scores. Even 

highly functional people with CVD with normative FGA scores, seem to score in a range 

indicative of higher fall risk when a complex cognitive task is added during walking. 

Therefore, the supervised VRT should consider including a customised DT component of 

appropriate complexity depending on person’s functional capacity and symptoms for 

balance training. Also, assessments of sleep, BMI, PA levels should be offered if people have 

poor sleep or increased daytime sleepiness, abnormal (>25 BMI) or lower than 

recommended PA levels, respectively. Adding supervision and education to customised VRT 

may target more effectively these issues as well as people’s poor self-perceived balance 
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confidence and improve better gait and ability to DT during walking, therefore, may 

decrease the overall risk of falling. 
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CHAPTER 4. EFFECTIVENESS OF CUSTOMISED 

VESTIBULAR REHABILITATION WITH AND WITHOUT 

ADDITIONAL DUAL TASK TRAINING IN PEOPLE WITH 

CHRONIC VESTIBULAR DISORDERS. A PILOT 

RANDOMISED CONTROLLED TRIAL 

 

4.1 Abstract 

 

Background 

Dual-task (DT) training (e.g., incorporating various balance and/or gait exercises with a 

simultaneous performance of a cognitive task) has been used in balance programmes for 

older adults at risk of falling, and people with Parkinson’s and Alzheimer’s disease, stroke, 

and multiple sclerosis. People with chronic vestibular disorders (CVD) show significant gait 

and balance impairments and perform poorer in DT paradigms compared to healthy age-

matched controls. Therefore, the aim of this study was to investigate the effectiveness of DT 

training on gait and DT gait outcomes as well as subjective symptoms, cognitive function 

performance, anxiety, depression, and sleep in people with CVD.   

Methods 

A single-blinded pilot-parallel randomised controlled trial investigated the effect of a 12-

week customised vestibular rehabilitation (VRT) incorporating cognitive and auditory DT 

exercises in 39 people with CVD, aged 18-80 years old, who were randomly allocated to 

Group VRT without or with cognitive/auditory DT exercises. Treatment response was 

assessed at baseline and end of treatment. The primary outcome measure was Functional 

Gait Assessment (FGA) and FGA DT cost (DTC) with Numeracy, Literacy and Auditory 

tasks. Secondary outcome measures included cognitive function assessed with Cambridge 

Neuropsychological Test Automated Battery, and questionnaires for vestibular symptoms 

and symptom triggers, self-perceived balance confidence, anxiety, depression, and sleep 

(assessed with Pittsburgh Sleep Quality Index; PSQI). Statistical significance was set at p < 

0.05. 
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Results 

Group VRT without DT exercises included 19 participants (9 females, mean age ± SD = 

53.44 ± 12.75 years) while Group VRT with DT exercises included 20 participants (14 

females, mean age ± SD = 43.81 ± 14.70 years). At baseline and final assessment, there were 

no significant between-group differences for any of the fours FGA tasks. Significant within-

group improvements were noted in Group VRT with DT exercises in FGA (25.21 ± 3.02 

versus 28.21 ± 2.94, p = 0.002), FGA-Auditory (22.73 ± 4.83 versus 26.67 ± 4.92, p = 0.009), 

FGA-Numeracy (17.07 ± 4.99 versus 23.80 ± 5.65, p = 0.001), and FGA-Literacy (19.60 ± 

4.61 versus 24.53 ± 5.25, p = 0.003).  Significant within-group improvements were noted in 

Group VRT without DT exercises in FGA-Auditory (23.50 ± 4.26 versus 26.46 ± 3.31, p = 

0.009), FGA-Numeracy (17.33 ± 5.74 versus 21.87 ± 8.17, p = 0.003), and FGA-Literacy 

(19.20 ± 5.83 versus 24.00 ± 3.42, p = 0.006). For the questionnaires, there was only a 

statistically significant difference in Group VRT with versus without DT exercises for PSQI 

at baseline assessment (6.60 ± 3.90 versus 10.42 ± 4.26, p = 0.043, respectively). Group 

VRT with DT exercises showed significantly clinically meaningful mean ± SD change for 

patients’ handicap perceived dizziness (20.67 ± 19.34, p = 0.002), and significant mean ± 

SD change in visually induced dizziness (ViD) (0.60 ± 0.81, p = 0.008) and balance 

confidence (10.13 ± 8.16, p = 0.002) post treatment. Group VRT without DT exercises 

showed significant mean ± SD change for patients’ handicap perceived dizziness (10.33 ± 

12.51, p = 0.014), vestibular symptoms (0.42 ± 0.48, p = 0.006), autonomic/somatic 

symptoms (0.34 ± 0.58, p = 0.046), anxiety (2.13 ± 3.40, p = 0.027), sleep (2.20 ± 3.64, p = 

0.029), and balance confidence (16.40 ± 11.81, p = 0.001) post treatment.    

Conclusion 

Both VRT with and without DT exercises helps to improve subjective symptoms, balance, 

gait, and ability to DT in people with CVD. Practising DT exercises may provide a greater 

change in patients’ perceived handicap from dizziness, and ViD. Practising specific DT 

exercises may help to achieve average normative scores on FGA-Numeracy performance 

which was the most challenging DT condition.  
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4.2 Introduction 

 

Poorly compensated or uncompensated vestibular disorders may result in postural, gait and 

gaze instability (Horak et al., 1997; Wrisley et al., 2004; Marchetti et al., 2014), subjective 

complaints of dizziness, including visually induced dizziness (ViD) (Pavlou et al., 2006; 

Bisdorff et al., 2009; Pavlou et al., 2013), light-headedness, and/or disorientation (Whitney 

et al., 2009). This may affect person’s ability to perform activities of daily living (ADLs) 

(Semenov et al., 2016; Kovacs et al., 2019) including driving, working (Bronstein et al., 

2010), exercising (Cohen and Kimball, 2003; Giray et al., 2009), and their overall physical 

activity (PA) levels (Morimoto et al., 2018). The performance of ADLs may further be 

affected by poor sleep quality and quantity (Albathi et al., 2017). Both sleep quality and 

quantity, and daytime sleepiness may be important factors in people with vestibular 

disorders (Smith et al., 2019). Currently, there is more available literature on sleep quality 

and quantity (Sugaya et al., 2017; Albathi and Agrawal, 2017; Smith et al., 2019; Andrade 

Junior et al., 2021) that daytime sleepiness (Smith et al., 2019) in people with vestibular 

disorders. Thirty percent of 20,950 adults with vestibular disorders reported abnormal sleep 

duration (i.e., longer, or shorter that the average normal 6-8 hours a day) (Albathi and 

Agrawal, 2017). People with vestibular disorders who had poorer sleep quality and quantity, 

experienced, also, higher anxiety, and depression, and dizziness (Sugaya et al., 2017), which 

may have impacted their postural stability (Smith et al., 2019; Andrade Junior et al., 2021).   

 

Because of the symptoms that people with vestibular disorders experience, their quality of 

life (QoL) is often impacted, and the socioeconomic burden is high because of often sick 

leave from work (Bronstein et al., 2010). The negative changes in QoL may lead to anxiety, 

depression, deconditioning (Yardley et al., 1992; Lahmann et al., 2015), decreased balance 

confidence (Young and Williams, 2015) and increased risk of falls (Herdman et al., 2000b; 

Herdman et al., 2012). It is also common for people with vestibular disorders to present with 

complaints of memory loss, concentration and “brain fog” (Black et al., 2004; Bigelow and 

Agrawal, 2015; Dobbels et al., 2019). As such, lower performance on cognitive function 

tasks has also been associated with an increase in falls risk, and reduced ability to perform 

ADLs such as shopping, travelling in the community, participating in social activities 

(Cohen and Kimball, 2003; Giray et al., 2009; Semenov et al., 2016) and ability to dual task 

(DT) during walking (Nascrimbeni et al., 2010; Roberts et al., 2011; Bessot et al., 2012). 
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Specifically, DT is commonly seen in ADLs. For example, an individual may be required to 

walk and simultaneously listen to background noise when being at a train station or 

restaurants (Buyle et al., 2021) or walk and perform a cognitive task such as a math 

calculation (Krampe et al., 2011; Brustio et al., 2017) for a supermarket shop. Combining 

walking with concurrent cognitive/auditory tasks typically will degrade the overall task 

performance (i.e., cognitive/auditory and motor performances combined) even in healthy 

young adults (Woollacott and Shumway-Cook, 2002; Yogev-Seligmann et al., 2008). 

However, in people with vestibular disorders, a greater attentional interference (i.e., DT cost; 

DTC) (Plummer and Eskes, 2015) has been noted when combining gait with a cognitive 

(Redfern et al., 2004; Nascrimbeni et al., 2010; Roberts et al., 2011; Bessot et al., 2012) or 

auditory (Lin et al., 2018) task. For instance, compared to healthy controls, people with 

‘various’ vestibular disorders walk slower when simultaneously perform a counting task 

(Bessot et al., 2012) and a naming task (Roberts et al., 2011). They also, perform poorer in 

cognitive tasks such as counting numbers backwards during DT walking (Nascrimbeni et 

al., 2010). 

Customised vestibular rehabilitation (VRT) exercises lead to reduced handicap perceived 

from dizziness, improved postural stability, and increased self-perceived balance confidence 

thus, reducing fall risk, and improving visual acuity during head movements in people with 

vestibular disorders (Whitney and Sparto, 2011; Whitney et al., 2016; Hall et al., 2022). 

Also, VRT incorporating optokinetic stimulation (OKS) has been shown to significantly 

reduce the frequency of common vestibular symptoms, including ViD, and 

autonomic/somatic symptoms (Pavlou et al., 2013; Pavlou et al., 2015) while decrease in 

anxiety and depression scores following VRT were significantly associated with 

improvements in frequency of subjective symptoms, including ViD, vertigo, and 

autonomic/somatic symptoms (Pavlou et al., 2004; Pavlou et al., 2013). Preliminary 

evidence proposes that VRT may positively impact visuospatial working memory ability 

(Guidetti et al.., 2020) while cognitive interventions may assist VRT in helping patients with 

vestibular disorders (Ellis et al., 2018) to achieve further improvements in self-motion 

perception.  

Current systematic reviews report moderate to strong evidence in support of VRT as a safe, 

effective management for symptomatic people with unilateral (McDonnell and Hillier, 2016; 

Hillier and McDonnell, 2016) and bilateral (Porciuncula et al., 2012) CVD (Hall et al., 
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2022). Moreover, evidence is growing to support VRT in people with vestibular migraine 

(VM) but remains weak for this population (Lauritsen and Marmura, 2017; Alghadir and 

Answer, 2018; Beh et al., 2019; Koc and Akkilic, 2022). Currently, if a gentler approach 

when delivering VRT in people with VM is applied (Pavlou et al., 2013; Lauritsen and 

Marmura, 2017; Alghadir and Answer, 2018), these people may show significant 

improvements in postural stability, gait, and subjective symptoms (Pavlou et al., 2013). 

Moreover, current BPPV clinical practice guideline suggests a short course of VRT to 

improve residual symptoms and/or postural instability outside acute BPPV attacks 

(Bhattacharyya et al., 2017). However, there is insufficient evidence to discriminate between 

differing forms of VRT and clinical vestibular physiotherapy guidelines conclude that 

further high-quality studies are required to identify optimal VRT approaches in terms of type 

of VRT, duration and frequency of VRT programmes (Hall et al., 2016; Hall et al., 2022).   

 

The DT training consists of various balance and/or gait exercises with a secondary 

cognitive/auditory task. Improvements in various balance and gait parameters have been 

noted following DT training in community-dwelling older adults with and without concern 

of falling (Sinsupadol et al., 2009; Woollesen et al., 2017), people with stroke (Plummer and 

Iyigün, 2018; Timmermans et al., 2018; Baek et al., 2021), multiple sclerosis (Postigo-

Alonso et al., 2019), Alzheimer’s (Coelho et al., 2013), and Parkinson’s disease (De Freitas 

et al., 2020). However, no studies to date have investigated the effect of DT exercises on 

VRT outcome in people with CVD. Furthermore, no studies to date have investigated the 

effect of VRT with and without DT exercises on DT gait performance. This is despite 

existing evidence which highlights significant attentional interferences during DT gait 

performance in these people compared to healthy controls (Nascrimbeni et al., 2010; Roberts 

et al., 2011; Bessot et al., 2012). 

 

Thus, the primary aim of this single blinded pilot-parallel randomised controlled trial (RCT) 

was to investigate the effect of VRT with and without additional DT exercises on Functional 

Gait Assessment (FGA) and average FGA DTC score. The second aim was to investigate 

the effect of VRT with DT exercises on subjective symptoms, self-perceived balance 

confidence, cognitive function performance, sleep, anxiety, and depression. The study 

hypothesis was that the VRT with DT exercises will provide greater improvements in FGA, 

FGA DTC scores, subjective symptoms, psychological state, cognitive function 

performance, and sleep than the VRT alone. 
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4.3 Methods 

 

This was a single-blinded pilot-parallel RCT conducted at King’s College London (KCL), 

London, England, United Kingdom (UK). The ethical approval was obtained from London-

Westminster Research Ethics Committee (reference number: 19/LO/1066) via Integrated 

Research Application System (application number: 256173). The study conformed to the 

principles of the Declaration of Helsinki. For this study, all data was collected between 

December 2019 and December 2021 in a gait laboratory, at the Shepherd’s House, KCL, 

SE1 1UL, by two senior physiotherapists and an audiologist, who received appropriate 

training prior to data collection. The treatment sessions were delivered by another senior 

neuro-vestibular physiotherapist at the Shepherd’s House. Written informed consent 

(Appendix F) was obtained from all participants prior data collection.  

 

4.3.1 Participants’ identification, recruitment, and eligibility  

Participants were identified by the consultants working within the Audiovestibular 

department of the Royal National Ear Nose and Throat Hospital, University College London 

Hospital, National Health Service (NHS) Foundation Trust and the Balance clinic, Adult 

Audiology Services Guy’s Hospital, NHS Foundation Trust. The consultants screened 

participants coming to their audiovestibular/balance clinic for suitability. All potential 

participants had a routine neuro-otologic examination performed by the consultants and their 

audiology team to determine vestibular function. The consultant provided each potential 

participant with the Participant Information Sheet (Appendix G) and asked the potential 

participant to read it carefully and/or discuss with friends, family, or their general 

practitioner (GP). Next the consultant asked each suitable participant for their verbal consent 

to be contacted by a member of the research team at KCL. All recruitment activities 

including consent, and data collection was done at Shepherd’s House, KCL.   

 

Inclusion criteria were a) clinical diagnosis of a peripheral vestibular disorder (Davies and 

Luxon, 1995); b) chronic dizziness and/or unsteadiness; c) 18 to 80 years old; and d) 

symptomatic people with no previous vestibular rehabilitation (VRT) completed or 

completed > 12 months before with partial/no improvement (Pavlou et al., 2013; Pavlou et 

al., 2015). 
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Exclusion criteria were people with a) central nervous system involvement, excluding 

migraine (Neuhauser et al., 2001; Lempert et al., 2012; Lempert et al., 2022); b) fluctuating 

symptoms, for example, active Ménière disease (Lopez-Escamez et al., 2015); c) chronic 

functional vestibular disorders such as Persistent Postural Perceptual Dizziness (PPPD) 

(Staab et al., 2017; Staab, 2020); d) acute orthopaedic disorders influencing balance control 

and gait; e) a score of < 26/30 on the Montreal Cognitive Assessment (Nasreddine et al., 

2005; Carson et al., 2018); f) patients with severe migraine (> 3 migranous headaches 

monthly) (Pavlou et al., 2013; Pavlou et al., 2015), or g) untreated severe anxiety and/or 

depression (e.g., a score of > 15/21 on the Hospital Anxiety and Depression scale (HADS) 

(e.g., HADS_A and/or HADS_D for the anxiety and/or depression component, respectively) 

(Zigmond and Snaith, 1983; Bjelland et al., 2002).  

 

Patient diagnosis was based on clinical history and/or neuro-otological findings, according 

to published normal data and limits (Davies and Luxon, 1995). All patients with benign 

paroxysmal positional vertigo (BPPV) entered the study because of a persistent sense of 

imbalance and dizziness after the condition resolved (Bhattacharyya et al., 2017). In patients 

with recurrent headaches, migraine was diagnosed if all 5 major International Classification 

of Headache Disorders Headache Society (ICHD) criteria for migraine (ICHD-3, 2018) were 

met; vestibular migraine was diagnosed if symptoms fit Neuhauser criteria (Neuhauser et 

al., 2001).  Diagnoses, vestibular findings, and presence of migraine headache for each group 

are listed in Table 4.1. 

 

4.3.2 Randomisation procedures 

Figure 4.1 summarises the flow of participants through this study. Participants were 

randomly allocated, using a random number generator, to a 12-week supervised customised 

exercise group incorporating VRT programme without or with cognitive DT exercises using 

an online platform (www.sealedenvelope.com). All participants were pseudoanonymised 

before being randomly allocated. Participants were allocated in blocks of 6 with an 

allocation of 1:1 to the Group VRT without and with DT exercises. Allocation was 

concealed in consecutively numbered opaque envelopes which was drawn up for each block 

and presented to the treating physiotherapist after the baseline assessment session has been 

completed. Allocation was not revealed until after the baseline assessment has been 

completed. 

https://journals.sagepub.com/reader/content/17aa44e0722/10.1177/1545968312461715/format/epub/EPUB/xhtml/fig1-1545968312461715.xhtml
http://www.sealedenvelope.com/
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Figure 4.1 Flowchart of the study regarding enrolment, allocation, follow-up, and analysis. 

Both groups received customised vestibular rehabilitation (VRT) without or with dual task 

exercises. 

 

Assessed for eligibility (n=55) 

Enrolment 

Randomised (n=39) 

Excluded (n=16): 

• Declined to participate 

(n=9) 

• Living too far away from 

clinic site (n=7) 

Group VRT no Dual-Tasks 

Allocated to intervention (n=19) 

• Received allocated intervention (n=19) 

 

Group VRT with Dual-Tasks 

Allocated to intervention (n=20) 

• Received allocated intervention (n=20) 

 

Allocation 

Follow-up 

Dropouts (n=5): 

• Relocated far from clinic site (n=2) 

• Non-compliance (n=1) 

• Pregnancy difficulties (n=1) 

• Demanding work duties during 

COVID-19 (n=1) 

Dropouts-(n=4): 

• Had surgery (n=1) 

• Demanding work duties during 

COVID-19 (n=2) 

• Taking care of ill member of family 

during COVID-19 (n=1) 

 

Analysis 

Analysed: 

• Baseline (n=19) 

• Post-treatment (n=15; follow-up data 

unavailable for dropouts) 

Analysed: 

• Baseline (n=20) 

• Post-treatment (n=15; follow-up data 

unavailable for dropouts) 
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4.3.3 Masking 

This pilot RCT has a single mask (assessor blinded). The blinded outcome assessors 

collected all the outcome measure data at baseline (week-0) and end of treatment (week-13).  

 

4.3.4 Schedule of treatment for each visit 

After identification at the audiovestibular/balance NHS clinics, potential participants were 

invited to attend the Shepherd’s House, Guy’s Campus, KCL, SE1 1UL, London, for 

baseline assessment. After consent was obtained, the baseline outcome assessment 

commenced. After the baseline data was collected, participants received the PA monitor to 

wear for seven consecutive days, and then return it in a prepaid envelope which was provided 

to them during their baseline assessment. They were also, contacted by the research team to 

arrange their first face-to-face VRT session.  

The tests and outcome measures listed in the section 4.3.6 below were collected in a 

randomised order (subjective questionnaire set, hearing tests, objective cognitive function 

balance and gait tests) to minimise fatigue bias, apart from the MoCA and HADS which 

were always completed first because these tests screened for exclusion criteria. Following 

consent, the first test was the MoCA (Nasreddine et al., 2005) tool. People with scores < 

26/30 were not included in the study and referred to the clinical team for further assessment 

and onward referral as required. The HADS was completed second on the day of the 

assessment to complete the eligibility screening of the participants. The participants were 

completing it on their own and scores were immediately measured by a member of the 

research team. If HADS scores indicated increased symptoms of anxiety and/or depression 

(i.e., > 15/21) the participant was provided with information about how to self-refer to the 

local Improving Access to Psychological Therapy (IAPT) service as per normal clinical 

practice and a letter was sent to their GP. The person was excluded from the study. This 

information was included in the participant information sheet and written consent form. 

 

All the selected outcome measures have standardised instructions which were delivered by 

the outcome assessors. Three assessors were always present for each participant, two senior 

physiotherapists and an audiologist.  The baseline (week-0) and end of treatment (week-13) 

assessments lasted approximately three and a half hours each including a 20-minute break 

for each participant. All questionnaires and iPad-based cognitive tasks were completed with 
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the participant sat in a comfortable chair at a desk in the research laboratory, as is standard 

practice. The dynamic gait testing was assessed on a 6-meter walkway, in a spacious gait 

laboratory with appropriate lighting without any hazards or external disturbance. Also, a 

series of physical measurements (e.g., height, weight) were collected.  

After the baseline (week -0) assessment session and after the participants have completed a 

week of wearing the PA monitor for 24 hours per day, seven days a week, a second 

appointment was arranged for the participants during which the participants were provided 

the initial VRT session. The participants were prescribed their individualised exercise 

programme in both Groups. All participants were instructed to perform their exercises daily 

as instructed and to log details about the exercises performed in an Exercise Log Diary 

(Appendix J).  

All participants then had a further 4 individualised VRT sessions at week -3, -6, -9 and -12 

to reassess and update the exercise programme. In week-12, the participants attended the 

research laboratory for their final individualised VRT session and were provided with the 

PA monitor to wear for one week as at baseline appointment. Participants were asked to 

return one week after (week-13) to complete the final assessment same as at baseline.  

 

4.3.5 Measurements  

Participants’ demographics  

Demographic characteristics on participants’ age (in years), gender (male, female), type and 

duration of CVD, were collected as well as the measures below. The collection of hearing 

tests was performed in random order. The weight and height measurements were collected 

to calculate the Body Mass Index, before the FGA. The level of formal education was 

collected before the cognitive function performance tasks.  

 

Standard Pure Tone Audiometry (PTA) 

The PTA (BSA, 2017) is considered a 'gold' standard test of audiologic examination and 

completed using a portable calibrated audiometer (GSI Pello Standard model with DD45's, 

IP30 and B81, Serial Number: GS0071085, calibrated by Guymark UK Ltd). Participants 

were seated and wore headphones during the test. Tones were delivered across the speech 

spectrum (measured in Hertz; Hz) at different hearing limits (measured in decibels; dB). 
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Participants were asked to respond to the tone by raising their dominant hand. The test was 

conducted as per previously published study (Buyle et al., 2021). PTA scores < 25 dB at all 

frequencies define normal hearing (WHO, 2019).  

 

Speech in Babble Test (SiB)  

The SiB test is an adaptive, low redundancy speech in a babble type noise test, that uses real 

words as targets, pronounced by a phonetically trained adult female speaker of Standard 

Southern British English origin and presented in the background of a 20- talker babble noise 

(Spyridakou et al., 2012). The test was presented monaurally on a calibrated computer using 

custom written Matlab software via Sony WIRELESS COMFORT MDRRF811RK 

headphones (Buyle et al., 2021). A signal to noise ratio (SNR) threshold value is calculated 

as the mean of six to eight reversals, which represents the SNR needed for a performance 

level of about 50% correct, also known as the Speech Reception Threshold (SRT), which is 

referred to as SiB score (Spyridakou et al., 2012). The cut off mean value for both ears is 

4.4 dB.  

 

Body Mass Index (BMI) 

The BMI is defined as body mass (in kilogram; kg) divided by the square of body height (in 

meter; m), and is universally expressed in units of kg/m2 (Global BMI, 2016). Its ranges are 

underweight (<18.5 kg/m2), normal weight (18.5 to 25), overweight (25 to 30), and obese 

(>30) (WHO, 2019). BMIs < 20 and > 25 have been associated with higher all-causes 

mortality. For the normative ranges between 20 and 25, the higher the BMI, the greater the 

risk of morbidity and mortality (Global BMI, 2016).  

 

Level of formal Education (LoE) 

The LoE was self-reported by the participants and inserted by the assessors in the CANTAB 

battery before they initiated the cognitive tests. Education is classified into levels 1-6 

(CANTAB, 2015), which are in accordance with the International Standard Classification 

of Education (UNESCO, 2012) and range from school level before age 16 (level 1) to person 

holding a Doctoral or equivalent degree (level 6).   

 

 

 

https://en.wikipedia.org/wiki/Human_body_weight
https://en.wikipedia.org/wiki/Square_(algebra)
https://en.wikipedia.org/wiki/Human_height
https://en.wikipedia.org/wiki/Units_of_measurement
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Outcome measures 

Functional Gait Assessment (FGA) 

The FGA (Appendix C) is a 10-item test and was chosen as primary outcome measure 

because it assesses performance on complex gait tasks (Wrisley et al., 2004; Walker et al., 

2007). The total scores range between 0-30 with greater scores indicating better 

performance. The FGA has been validated in healthy people, older adults with a history of 

falls and balance problems (Wrisley and Kumar, 2010), and people with vestibular disorders 

(Wrisley et al., 2004; Marchetti et al., 2014). The FGA has acceptable inter-rater and test-

retest reliability in people with vestibular disorders [e.g., r = 0.86; intraclass correlation 

coefficient; ICC (2,1)], and intra-rater reliability [e.g., r = 0.74; ICC (2,1)] (Wrisley et al., 

2004), and identifies community-dwelling adults at risk of falling within 6 months with cut-

off score < 22/30 (Wrisley and Kumar, 2010).  

 

The standard FGA in isolation was always completed first followed by the three DT test 

conditions, which were completed in random order. The cognitive DT conditions completed 

with FGA involved a numeracy (FGA-Numeracy) and literacy (FGA-Literacy) task, and the 

auditory (FGA-Auditory) stimuli which involved a restaurant noise. The numeracy task 

involved counting backwards from 100 in 7’s and multiplication and division of the 7- and 

8-times table up to x12. The literacy task involved reciting alternate letters of the alphabet, 

days of the week and months of a year. Participants performed the cognitive DT tests in 

order of a→ b→ c→ a. Participants also, completed in isolation the cognitive numeracy and 

literacy tasks whist seated, in isolation before completing these simultaneously with FGA. 

For FGA-Auditory, the FGA was performed in the presence of a restaurant noise delivered 

via headphones as per previous publication (Buyle et al., 2021). A multi-speaker babble 

noise in a restaurant environment was used because this is the most common environmental 

background noise where listeners report difficulties with (Spyridakou et al., 2012). No 

specific instructions regarding task prioritisation were given for any of the FGA test 

conditions. The scoring sheet is attached in Appendix D. 

 

Montreal Cognitive Assessment (MoCA) 

The MoCA (Nasreddine et al., 2005) tool is a rapid screening tool for mild cognitive 

impairment. It assesses different cognitive domains: attention and concentration, executive 

function, memory, language, visuo-constructional skills, conceptual thinking, calculations, 
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and orientation. Cut-off scores of < 26/30 can identify multi-domain cognitive impairment 

(Nasreddine et al., 2005; Carson et al., 2018).  

 

Hospital Anxiety and Depression Scale (HADS) 

The HADS (Zigmond et al., 1983; Bjelland et al., 2002) is a 14-item scale which assesses 

non-somatic anxiety (HAD-A) and depression (HAD-D) symptoms. Scores range from 0-

21 for each subscale; a score ≥ 8 is considered abnormal for both depression and anxiety 

while scores > 15/21 indicate clinical anxiety/depression (Bjelland et al., 2002).  

 

Cambridge Neuropsychological Test Automated Battery (CANTAB)  

The CANTAB core cognition battery is a semi-automated computer program that utilises 

touch screen technology and a press pad (CANTAB, 2015). It is a validated cognitive 

assessment system for assessing multiple components of cognitive function, including 

attention, visual memory, spatial memory, executive function, and reaction time (Égerházi 

et al., 2007). The CANTAB core cognition battery may detect subtle cognitive changes in 

healthy ageing people and has been used to assess neurocognitive function in healthy adults 

and people with various psychiatric and neurological neurologic conditions (De Luca et al., 

2003; Egerházi et al., 2007; De Rover et al., 2011) including people with vestibular disorders 

(Smith et al., 2019), thus was selected to measure cognitive function performance in this 

study.  

 

Each subject was comfortably seated at approximate distance of 0.5m away from the screen 

iPad monitor, which was positioned on a reading desk adjustable incline, on the desk, and 

was asked to complete the CANTAB tests, after instructions were provided by the system, 

by using the index finger of their dominant hand only (Égerházi et al., 2007). The tests were 

conducted in a random order for each participant and included the Rapid Visual Information 

Processing (RVP), Paired Associates Learning (PAL), Spatial Working Memory (SWM), 

Reaction Time (RTI), Delayed Matching to Sample (DMS), and Multitasking Test (MTT). 

The CANTAB tests took approximately 50 minutes to complete. Please refer to Appendix 

H for brief description of CANTAB cognitive function tasks. 

 

Vertigo Symptom Scale (VSS)  

The VSS is used to assess the frequency and severity of common vestibular (VSS_V, e.g., 

vertigo, imbalance) and autonomic/somatic (VSS_A, e.g., heart pounding, heavy feeling in 
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the arms or legs) symptoms (Yardley et al., 1992). Scores > 0.3/4 are indicative of vestibular 

pathology (Pavlou et al., 2006).  

 

Situational Characteristics Questionnaire (SCQ)  

The SCQ (Guerraz et al., 2001) - shortened version measures how frequently symptoms are 

provoked or exacerbated in environments with visual vestibular mismatch or intense visual 

motion (e.g., travelling on escalators, crowds, scrolling computer screens). Scores ≥ 0.7/4 

indicate ViD (Pavlou et al., 2006).  

 

Dizziness Handicap Inventory (DHI)  

The DHI is a 25-item self-assessment inventory designed to evaluate self-perceived 

disability imposed by symptoms of dizziness (Jacobson and Newman, 1990). It consists of 

three domains: emotional, functional, and physical. Total scores range from 0 to 100, with 

higher score indicating greater perceived handicap from dizziness. Scores between 0-30, 31-

60, and 61-100 on the DHI indicate mild, moderate, and severe perceived handicap 

respectively, and can differentiate a person's functional abilities (Whitney et al., 2004). The 

DHI total score should decrease by at least 18-points post treatment to be called a true change 

(Jacobson and Newman, 1990). 

 

Activity-specific Balance Confidence (ABC) 

The ABC (Powell and Myers, 1995; Lajoie and Gallagher, 2004) is a 16-item questionnaire 

which assesses perceived balance confidence in daily activities. Scores range from 0-100; 

scores ≤ 67/100 are associated with increased fall risk (Lajoie and Gallagher, 2004). 

 

Pittsburgh Sleep Quality Index (PSQI) 

The PSQI (Buysse et al., 1989) includes seven component scores: subjective sleep quality, 

sleep latency, sleep duration habitual sleep efficiency, sleep disturbance, use of sleeping 

medication, and daytime dysfunction. Scores range from 0-21 with a higher total score 

indicating worse sleep quality. In distinguishing good and poor sleepers, a global PSQI 

score > 5 yields sensitivity of 89.6% and specificity of 86.5% (Buysse et al., 1989). 
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4.3.6 Intervention 

All participants in each group received a face-to-face 45-minute individualised VRT session 

once every 3 weeks for 12 weeks with a trained physiotherapist. The customised balance, 

gait, and eye exercises including a DVD with OKS exercises, to practice on days not 

attending clinic. However, during coronavirus disease-19 (COVID-19) lockdown, initial 

appointments were not happening but only follow up appointments. The follow up sessions 

were delivered virtually via Microsoft Teams. A protocol amendment to deliver the VRT 

sessions virtually instead of face-to-face during COVID-19 lockdown was approved by the 

same research ethics committee. Further, the KCL allowed students to deliver their research 

projects virtually where possible. Please refer to section 6.4.2 of Chapter 6 for further details 

on limitations related to COVID-19. Treatment goals were 1) patient education about 

rehabilitation.; 2) to improve functional postural, gait and gaze stability; 3) to decrease 

symptom severity and perceived disability from dizziness and 4) to improve ability to 

perform ADLs (Pavlou et al., 2013). All patients in each group were given a diary to record 

frequency, duration, severity of symptoms and adverse events for each customised exercise 

practised daily at home (Pavlou et al., 2013). The diary was reviewed at each session 

(Appendix J).  

 

Customised exercise programme 

All participants in each group received a customised, home-based exercise programme 

consisting of three to five exercises at each supervised VRT session. Exercises were based 

on individual functional deficits (neuromuscular, musculoskeletal, eye-head coordination, 

visual dependency) and subjective symptoms (Horak et al., 1997; Pavlou et al., 2013; 

Herdman et al., 2015; Whitney et al., 2016). The balance exercises were practised for 1 

minute, twice daily. The eye exercises were started at the duration (time in seconds) and 

speed of the head motion according to a person’s tolerance. Both speed of exercise and 

duration (e.g., 10-60 seconds) were gradually increased over time. The duration of eye and 

OKS exercises was reduced for people with VM. A structured program for gradually 

increasing ADLs and exposure to symptom-provoking environments was provided.  

At each supervised session, progress was assessed, any concerns discussed, exercises not 

yet included in the home program were practised, and exercises were modified to gradually 

increase task difficulty (Horak et al., 1997; Pavlou et al., 2013; Herdman et al., 2015; 

Whitney et al., 2016). Each exercise was to be stopped and replaced with more difficult one, 
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when practised symptom free for three consecutive days to ensure it consistently failed to 

provoke symptoms (Pavlou et al., 2004; Pavlou et al., 2013). Examples of exercises included 

in both groups can be seen in Appendix K as adapted from previous studies (Pavlou et al., 

2004; Pavlou et al., 2013). At the 12-week VRT session, participants in both groups were 

provided with an individualised, progressive home-based exercise programme to be 

practised after the completion of the study (if required) and for long-term management.     

Optokinetic Stimulation Training  

OKS training was provided to participants who scored ≥ 0.7/4 on SCQ indicating ViD 

symptoms (Pavlou et al., 2006). Analytical description of the optokinetic equipment and 

exercise program may be found in Pavlou and colleagues (2013). Briefly, the video 

recording comprises 13 two-minute sessions of an optokinetic disc or drum rotating, at 

constant velocities or sinusoidally, at peak velocities of 40◦/s or 60◦/s. Exercises were 

divided into a progressive sequence (beginners, intermediate, and advanced level) with 

exercises in sitting, standing, and walking with or without additional vertical or horizontal 

head movements. The DVD exercises during supervised appointments were at a more 

advanced level than those practised at home (Pavlou et al., 2013). 

 

DT Training  

Participants in Group VRT with DT practised the customised balance, gait, and eye exercises 

(including OKS exercises) with additional cognitive/auditory DT components (during the 

physiotherapy sessions and at home). The DT exercises were gradually introduced; no DT 

exercises at baseline, two DT exercises at 3-weeks and only DT exercises at the 6-, 9- and 

12-week follow-ups. Participants were instructed to practise the vestibular exercises while 

simultaneously performing a cognitive/auditory task with variable priority focus (i.e., 50% 

on the cognitive task and 50% on the vestibular exercise) (Sinsupadol et al., 2009). The 

cognitive tasks were adapted and modified from the training programme from (Sinsupadol 

et al., 2006) (see Appendix L). Many of the exercises included in the Group VRT without 

DT exercises were incorporated in Group VRT with DT exercises VRT but with the addition 

of the DT component. The DT exercises did not include the specific activities that were 

included as part of the FGA DT assessment paradigm. 
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4.3.7 Data recording 

Data was recorded on paper documents (questionnaires, functional balance, and gait as well 

as DT measures). The data file was extracted as an excel file. After consent was obtained 

the patient’s clinical letter was requested by the research team to record diagnosis. The 

request was made via a password protected document. Hospital clinic and GP letters were 

requested and transferred using the Egress system (https://www.egress.com/ ). Data for the 

cognitive function tasks was downloaded from password protected online CANTAB 

research account (https://app.cantab.com/admin/index.html), saved as CSV, and formatted 

in Microsoft Excel Worksheet. Data for PTA was manually recorded and formatted in 

Microsoft Excel Worksheet Data. Data for SiB was recorded in Matlab programme version 

R2017b (MathWorks, UK) and formatted in Microsoft Excel Worksheet. All data sheets and 

computer-based tests were password protected, pseudoanonymised and did not have any 

identifiable information. 

 

4.3.8 Statistical analysis  

IBM SPSS version 27 (IBM Corp, Armonk, New York, United States of America) was used 

for statistical analysis. In agreement with current recommendations for pilot study sample 

size, 20 participants should be included in each group (Sim and Lewis, 2012; Teare et al., 

2014) To consider for 20% drop out rate, participants should be 24 per group. G*power 

(version 3.1.9.7) was used for the post-hoc power calculation. Data was checked for 

normality of distribution by Shapiro-Wilk test and presented as mean ± Standard Deviation 

(SD). Between-group differences at baseline and for outcome measure score change at 

week-13 (e.g., end of treatment assessment) were determined using Mann–Whitney tests. 

Between-group gender differences were determined using a chi-squared test. Friedman’s 

analysis of variances (ANOVAs) was employed to analyse within-group changes over time 

with post-hoc Wilcoxon signed rank analysis performed to investigate differences between 

baseline and week-13 scores. Pearson’s rho (r = Z/ √ N) was calculated to determine effect 

size of the changes in FGA, FGA-Auditory, FGA-Numeracy and FGA-Literacy) (Field 

2005). Pearson’s rho was calculated to determine effect size of changes (Field, 2005). 

Spearman’s rho (rs) correlations investigated associations between a) physical measures 

(age, gender, migraine, duration of vestibular symptoms, hearing tests, FGA, CANTAB 

tasks), and all questionnaire data, for i) baseline and ii) pre-post treatment change scores. 

https://www.egress.com/
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The analysis for pre- and post-treatment changes are done for both a complete case (CS; 

only data for participants who completed the VRT are included) and a modified intention-

to-treat analysis (MITTA; baseline measures forwarded as final values for the participants 

who did not complete the VRT) (Pavlou et al., 2015). The mean ± SD for outcomes is 

presented for CS analysis only (as traditionally done) because of the large volume of 

correlations this study has. Only statistically significant results (p < 0.05) are reported. The 

DTC was calculated to assess percentage change in FGA performance due to the DT 

condition, separately, for FGA-Auditory, FGA-Numeracy and FGA-Literacy using the 

following equation (Plummer and Eskes, 2015):    

     

FGA (Auditory or Numeracy or Literacy) Dual task cost (%) = 

100 ∗ (
FGAAuditory or Numeracy or Literacy Dual task − FGA Single task

FGA Single task
) 

 

 

 

4.4 Results 

 

4.4.1 Participants’ demographics 

Participants’ demographics are shown in Table 4.1. Significant between-group differences 

were noted for age (U = 115.500, Z = -2.072, p = 0.038). At baseline, in the Group VRT 

without DT exercises, on the PTA abnormal scores had 47% (9/19) participants for at least 

one ear. While in the Group VRT with DT exercises, on the PTA abnormal scores had 45% 

(9/20) of participant for at least on ear. At baseline, in the Group VRT without DT exercises, 

on the SiB abnormal scores had 58% (11/19) of participants for at least one ear. While in 

the Group VRT with DT exercises, on the SiB abnormal scores had 50% (10/20) of 

participant for at least one ear.  

 

Data on medication type for VM was not collected. However, all participants were on 

medication for migraine, and remained on the same dosage and type of medicine for the 

duration of the trial. No significant relationship was noted between migraine, gender, 
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symptom duration, completion rate, baseline data, and treatment outcome. Diagnosis did not 

significantly interact with pre- and post-treatment outcomes.  

 

4.4.2 FGA and FGA DT scores 

A significant between-group difference was noted for final FGA score (CS: U = 93.000, Z = 

-2.166, p = 0.030) with better scores for Group VRT with DT exercises. Pre- and post-

treatment within-group mean ± SD changes in the FGA and FGA DT conditions are 

illustrated in Figure 4.2. A significant within-group improvement in the FGA was noted only 

in Group VRT with DT exercises (CS and MITTA: T = 78.000, Z = - 3.084, p = 0.002).  A 

significant within-group improvement in the FGA-Auditory was observed in both groups, 

VRT with DT exercises (CS and MITTA: T = 94.000, Z = -2.615, p = 0.009) and VRT 

without DT exercises (CS and MITTA: T = 57.500, Z = -2.191, p = 0.009). A significant 

within-group improvement in the FGA-Numeracy was observed in both groups, VRT with 

DT exercises (CS and MITTA: T = 91.000, Z = -3.183, p = 0.001) and VRT without DT 

exercises (CS and MITTA: T = 112.000, Z = -2.960, p = 0.003). A significant within-group 

improvement in the FGA-Literacy was observed in both groups, VRT with DT exercises 

(CS and MITTA: T = 100.000, Z = -2.987, p = 0.003) and VRT without DT exercises (CS 

and MITTA: T = 84.000, Z = -2.728, p = 0.006).  
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Table 4.1 Participants’ demographics.  
 

VRT without Dual Task 

exercises   

(n = 19) 

VRT with Dual Task 

exercises 

(n = 20) 

Age (years), 

mean ± SD (range): 

 

53.44 ± 12.75 (32-74) 

 

43.81 ± 14.70* (19-77) 

Gender 

Male, n (%) 

Female, n (%) 

 

10 (52.6) 

9 (47.4) 

 

6 (30.0) 

14 (70.0) 

Symptom duration, months, mean 

(range) 

48.42 (20-131) 34.40 (16-124) 

Presence of migraine, n (%) 11 (57.9) 14 (70.0) 

Height (m): 

Male 

Female 

 

1.79 ± 0.05 

1.65 ± 0.07 

 

1.81 ± 0.03 

1.67 ± 0.07 

Weight (kg): 

Male 

Female 

 

77.72 ± 6.16 

66.83 ± 14.75 

 

82.86 ± 15.79 

67.96 ± 14.95 

BMI (kg/m2) 

Male 

Female 

 

24.26 ± 1.20 

24.24 ± 3.64 

 

25.42 ± 5.23 

24.22 ± 4.46 

Education level, n (%) 

left school < 16  

left school at 16 

left school at 17-18  

Bachelor (BSc) degree 

Master (MSc) degree 

Doctoral (PhD) degree 

 

1 (5.26) 

4 (21.05) 

1 (5.26) 

6 (31.58) 

7 (36.84) 

0 (0) 

   

1 (5.00) 

1 (5.00) 

1 (5.00) 

10 (50.00) 

4 (20.00) 

3 (15.00) 

Diagnosis, n, (%): 

UVD  

BVD 

Probable VM 

VM  

UVD +VM 

BPPV 

 

6, (32)  

2, (11) 

3, (17) 

4 (20) 

4 (20) 

0 (0) 

 

3 (15) 

3, (15) 

3 (15) 

6 (30) 

5 (25) 

0 (0) 

PTA (dB) (mean ± SD)  

Right ear average 

Left ear average  

 

23.10 ± 13.40 

21.10 ± 11.50 

 

27.20 ± 17.30 

23.40 ± 15.80 

SiB (mean ± SD) 

Right ear average 

Left ear average  

 

4.80 ± 2.50 

5.48 ± 4.00 

 

6.30 ± 5.50 

5.65 ± 5.10 

MoCA 

Pre-treatment 

Post-treatment 

 

27.20 ± 1.17  

27.47 ± 1.43 

 

28.33 ± 1.18  

28.33 ± 1.54 

 

VRT = Vestibular Rehabilitation; n = number of participants; `SD = Standard Deviation; m 

= meter; kg = kilogram; UVD = Unilateral Vestibular Disorder; BVD = Bilateral Vestibular 

Disorder; VM = Vestibular Migraine; BPPV = Benign Paroxysmal Positional Vertigo; PTA 

= Pure Tone Audiometry; dB = decibel; SiB = Speech in Babble MoCA = Montreal 

Cognitive Assessment Tool; *p < 0.05; * = indicate statistical significance. 
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Figure 4.2 Pre- and post-treatment changes for FGA and FGA DT tasks. The standard 

deviation (SD) values for FGA, FGA-Auditory, FGA-Numeracy, and FGA-Literacy in 

Group VRT with DT exercises at baseline are 3.02, 4.83, 4.99, and 4.61 and final assessment 

2.94, 4.92, 5.65 and 5.25, respectively. The SD values for FGA, FGA-Auditory, FGA-

Numeracy, and FGA-Literacy in Group VRT without DT exercises at baseline are 2.63, 

4.26, 5.74 and 5.83, and final assessment 2.13, 3.31, 8.17, and 3.42, respectively. FGA= 

Functional Gait Assessment; DT = Dual-Task; VRT = Vestibular Rehabilitation Therapy; 

*p < 0.05; * = indicate statistical significance.  
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4.4.3 FGA DTC scores 

No significant between-group differences were noted at baseline and final assessment. Pre- 

and post-treatment within-group mean ± SD changes in the FGA DTC scores are shown in 

Table 4.2. A significant within-group improvement in the FGA-Auditory DTC was noted 

only in Group VRT with DT exercises (CS and MITTA: T = 65.000, Z = - 2.040, p = 0.041).  

A significant within-group improvement in the FGA-Numeracy DTC was observed in both 

groups, VRT with DT exercises (CS and MITTA: T = 105.000, Z = -3.296, p < 0.001) and 

VRT without DT exercises (CS and MITTA: T = 102.000, Z = -3.107, p = 0.002). A 

significant within-group improvement in the FGA-Literacy DTC was observed in both 

groups, VRT with DT exercises (CS and MITTA: T = 94.000, Z = -2.605, p = 0.009) and 

VRT without DT exercises (CS and MITTA: T = 89.000, Z = -2.291, p = 0.022).  

 

 

 

Table 4.2 Pre- and post- treatment changes for FGA DTC scores presented as mean ± 

standard deviation. Only statistically significant within-group differences were noted.  

DTC  FGA AUDITORY FGA LITERACY FGA NUMERACY 

 
Baseline 

assessment  

Final 

assessment  

Baseline 

assessment  

Final 

assessment  

Baseline 

assessment  

Final 

assessment 

VRT 

without 

DT 

exercises 

-7.08%  

(7.48) 

-3.14% 

(5.44) 

-23.08% 

(13.79) 

-12.58% 

(9.62) * 

-30.98% 

(14.96)  

-10.60% 

(11.56) * 

VRT 

with DT 

exercises 

-6.34%  

(6.50) 

-2.39% 

(3.97) *  

-19.79% 

(6.60) 

-10.38% 

(9.09) * 

-30.91% 

(10.51)  

-13.19% 

(12.04) * 

 

DTC = Dual-Task Cost; FGA = Functional Gait Assessment; VRT = Vestibular 

Rehabilitation Therapy; DT = Dual Task; *p < 0.05; * = indicate statistical significance. 
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At baseline, 16% (3/19) of participants in Group VRT without DT exercises and 0% of 

participants in Group VRT with DT exercises had a DTC ≥ 20% on the FGA-Auditory task. 

Post treatment the numbers were 11% (2/19) and 0%, respectively. At baseline, 79% (15/19) 

of participants in Group VRT without DT exercises and 80% (16/20) of participants in Group 

VRT with DT exercises had a DTC ≥ 20% on the FGA-Numeracy task. Post treatment the 

numbers were 26% (5/19) and 10% (2/20), respectively. At baseline, 47% (9/19) of 

participants in Group VRT without DT exercises and 40% (8/20) of participants in Group 

VRT with DT exercises had a DTC ≥ 20% on the FGA-Literacy task. Post treatment the 

numbers were 26% (5/19) and 10% (2/20), respectively.  

 

4.4.4 Cognitive errors  

No significant between-group differences were noted at baseline and final assessment. Pre- 

and post-treatment within-group mean ± SD changes in FGA Numeracy and Literacy errors 

are demonstrated in Figure 4.3. A significant within-group difference in the number of FGA-

Numeracy errors was observed in both groups, VRT with DT exercises (CS and MITTA: T 

= 66.000, Z = -2.950, p = 0.005) and VRT without DT exercises (CS and MITTA: T = 32.000, 

Z = -1.970, p = 0.049). A significant within-group change in the number of FGA-Literacy 

errors was observed in both groups, VRT with DT exercises (CS and MITTA: T = 62.000, Z 

= -2.599, p = 0.009) and VRT without DT exercises (CS and MITTA: T = 74.500, Z = -

2.825, p = 0.005).  

In Group VRT without DT exercises, baseline cognitive numeracy errors were not 

significantly higher when numeracy task was assessed simultaneously with FGA than in 

isolation [CS and MITTA: T = 32.000, Z = -0.460 p = 0.643]. In the same group, baseline 

cognitive literacy errors were not significantly higher when literacy task was assessed 

simultaneously with FGA than in isolation [T = 18.500, Z = - 0.780, p = 0.435].  In Group 

VRT with DT exercises, baseline cognitive numeracy errors were not significantly higher 

when numeracy task was assessed simultaneously with FGA than in isolation [CS and 

MITTA: T = 28.000, Z = -0.453 p = 0.651]. In the same group, baseline cognitive literacy 

errors were not significantly higher when literacy task was assessed simultaneously with 

FGA than in isolation [T = 50.500, Z = - 0.360, p = 0.719].  

In Group VRT without DT exercises, post-treatment cognitive numeracy errors were not 

significantly higher when numeracy task was assessed simultaneously with FGA than in 
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isolation [CS and MITTA: T = 10.500, Z = -1.430 p = 0.153]. In the same group, baseline 

cognitive literacy errors were significantly higher when literacy task was assessed 

simultaneously with FGA than in isolation [T = 76.500, Z = - 2.990, p = 0.003].  In Group 

VRT with DT exercises, baseline cognitive numeracy errors were significantly higher when 

numeracy task was assessed simultaneously with FGA than in isolation [CS and MITTA: T 

= 11.000, Z = -2.960, p = 0.003]. In the same group, baseline cognitive literacy errors were 

significantly higher when literacy task was assessed simultaneously with FGA than in 

isolation [T = 150.000, Z = -3.500, p < 0.001].  

In Group VRT without DT exercises, at baseline, 26% (5/19) of participants deviated from 

‘posture first strategy’ during FGA-numeracy task and 16% (3/19) during FGA-Literacy 

task. In the same group, post treatment, 7% (1/15) of participants deviated from ‘posture 

first strategy’ during the FGA-Numeracy and none during FGA-Literacy task. In Group 

VRT with DT exercises, at baseline, 15% (3/20) of participants deviated from ‘posture first 

strategy’ during FGA-numeracy task and 10% (2/20) during FGA-Literacy task. In the same 

group, post treatment, 13% (2/15) of participants deviated from ‘posture first strategy’ 

during the FGA-Numeracy and none during FGA-Literacy task.  

 

4.4.5 Cognitive function 

All participants had a normative MoCA score. There were no statistically significant 

correlations between any of the CANTAB tasks and MoCA, and LoE in both groups, at 

baseline and final assessment. Statistically significant between-group differences were noted 

at baseline for SWM task with worse performance in the Group VRT without DT exercises 

(CS and MITTA: U = 30.000, Z = -3.468, p < 0.001). Mean ± SD pre-post treatment within-

group changes for all CANTAB tasks are shown in Table 4.3. A significant within-group 

improvement was noted in the Group VRT without DT exercises for MTT (CS and MITTA: 

T = 20.000, Z = -2.041, p = 0.041) and RVP (CS and MITTA: T = 19.500, Z = -1.961, p = 

0.050) tasks.  
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Figure 4.3 Pre-post treatment changes in errors in FGA-Numeracy and FGA-Literacy. The 

Standard deviation (SD) values FGA-Numeracy and FGA-Literacy errors in Group VRT 

with DT exercises at baseline are 1.30 and 0.91, and final assessment are 3.66 and 1.61, 

respectively. The SD values for FGA-Numeracy, and FGA-Literacy errors in Group VRT 

without DT exercises at baseline are 1.53 and 1.01, and final assessment are 2.97 and 1.33, 

respectively. FGA= Functional Gait Assessment; DT = Dual-Task; *p < 0.05; * = indicate 

statistical significance. 
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Table 4.3 Pre- and post-treatment changes in CANTAB tasks presented as mean ± standard 

deviation.   
 

Group VRT without DT 

exercises 

 Group VRT with DT  

exercises 

CANTAB 

test 

Baseline 

Assessment 

Final 

Assessment  

 Baseline 

Assessment  

Final 

Assessment  

Rapid Visual 

Processing 

(RVP)  

479.97 ± 

94.92 

425.65 ± 

45.94* 

 438.83 ± 

42.53 

430.97 ± 

60.73 

Sustained 

Working 

Memory 

(SWM) 

10.20 ± 

1.70 

8.60 ± 

2.47 

 7.07 ±  

2.82 

7.13 ± 

2.13 

Multi-

Tasking Test 

(MTT) 

 

  

324.37 ±  

142.93 

235.33 ± 

189.10*  

 241.40± 

113.18 

176.60± 

133.32 

Reaction 

Time (RTI) 

  

245.03 ±  

75.05 

267.10 ± 

67.90  

 225.77 ± 

55.28 

216.63 ± 

26.44 

Delayed 

Matching to 

Sample 

(DMS)  

83.60 ±  

7.44 

80.00 ±  

11.98 

 87.53± 

11.80 

84.60 ± 

9.68 

Paired 

Associates 

Learning 

(PAL) 

 

18.40 ±  

13.67 

19.73 ±  

13.46 

 20.93 ±  

16.36 

12.87 ±  

13.96 

 

CANTAB = Cambridge Neuropsychological Test Automated Battery; VRT = Vestibular 

Rehabilitation Therapy; DT = Dual-Task; *p < 0.05; * = indicate statistical significance. 

 

 

4.4.6 Questionnaires 

Statistically significant between-group differences were noted at baseline for PSQI with 

worse performance in the Group VRT without DT exercises (CS and MITTA: U = 64.000, 

Z = -2.022, p = 0.043). Mean ± SD pre-post treatment within-group changes for all 

questionnaires are shown in Table 4.4. A significant within-group improvement was noted 

in the Group VRT without DT exercises for ABC (CS and MITTA: T = 91.000, Z = -3.181,  
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Table 4.4 Pre- and post-treatment changes in questionnaires shown as mean ± standard 

deviation.   

Groups,  

n (%) 

 VRT without DT 

exercises 

VRT with DT  

exercises 

Assessments   Baseline 

Assessment 

(n = 19)  

Final 

Assessment 

(n = 15)  

Baseline 

Assessment  

(n = 20) 

Final 

Assessment  

(n = 15) 

Questionnaire ABC 57.76 ± 

19.77 

71.08 ± 

22.01* 

66.31 ± 

22.22 

74.63 ± 

25.98* 

 PSQI 10.42 ± 

4.26 

8.40 ±  

5.80* 

6.60 ±  

3.90 

7.73 ±  

4.50 

 HADS_A 8.84 ±  

4.09 

6.67 ±  

3.77* 

9.50 ±  

4.69 

7.00 ±  

4.38 

 HADS_D 6.63 ±  

3.95 

4.87 ±  

3.50* 

6.00 ±  

3.70 

5.20 ±  

3.59 

 SCQ 1.82 ±  

0.84 

1.53 ±  

1.01 

1.96 ±  

1.04 

1.28 ±  

1.14* 

 DHI 52.84 ± 

17.17 

43.67 ± 

19.87* 

48.50 ± 

17.42 

29.60 ± 

20.71* 

 VSS_V 1.01 ±  

0.80 

0.54 ±  

0.45* 

0.88 ±  

0.61 

0.54 ±  

0.48 

 VSS_A 1.42 ±  

0.79 

1.04 ±  

0.85* 

1.26 ±  

0.74 

1.02 ±  

0.79 

 

VRT = Vestibular Rehabilitation Therapy; DT = Dual Task; n = number of participants; 

ABC = Activity-specific Balance Confidence; PSQI = Pittsburgh Sleep Quality Index; 

HADS_A = Hospital Anxiety and Depression Scale-Anxiety; HADS_D = Hospital Anxiety 

and Depression Scale-Depression; SCQ = Situational Vertigo Questionnaire; DHI = 

Dizziness Handicap Inventory; DT = Dual-Tasking; VRT = Vestibular Rehabilitation 

Therapy; VSS_V = Vertigo Symptom Scale-Vertigo/Imbalance; VSS_A = Vertigo 

Symptom Scale-Autonomic/Somatic; *p < 0.05; *indicate statistical significance. 
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p = 0.001), HADS_A (CS and MITTA: T = 14.000 Z = -2.210, p = 0.027), HADS_D (CS 

and MITTA: T = 15.000, Z = -2.158, p = 0.031), PSQI (CS and MITTA: T = 18.000, Z = -

2.179, p = 0.029), DHI (CS and MITTA: T = 13.500, Z = -2.456, p = 0.014), VSS_V (CS 

and MITTA: T = 2.000, Z = -2.756, p = 0.006), and VSS_A (CS and MITTA: T = 17.000, Z 

= -1.993, p = 0.046). A significant within-group improvement was noted in the Group VRT 

with DT exercises for ABC (CS and MITTA: T = 78.000, Z = -3.061, p = 0.002), DHI (CS 

and MITTA: T = 0.000, Z = -3.059, p = 0.002), and SCQ (CS and MITTA: T = 3.000, Z = -

2.667, p = 0.008).  

 

4.4.7 Spearman’s correlations for FGA conditions in Group VRT without DT 

exercises  

At baseline, in Group VRT without DT exercises, there were no significant correlations for 

FGA-Numeracy errors, FGA-Literacy errors and FGA-Auditory DTC. FGA-Numeracy 

DTC was significantly correlated with age (r = -0.588, p = 0.008), ABC (r = 0.467, p = 

0.044), and RVP (r = -0.667, p = 0.002). FGA-Literacy DTC was significantly correlated 

with age (r = -0.528, p = 0.020) and DMS (r = 0.464, p = 0.045). FGA was significantly 

correlated with ABC (r = 0.502, p = 0.040) and SCQ (r = -0.522, p = 0.032). FGA-Auditory 

was significantly correlated with ABC (r = 0.486, p = 0.041), SCQ (r = -0.553, p = 0.017), 

and DHI (r = -0.499, p = 0.035). FGA-Numeracy was significantly correlated with ABC (r 

= 0.592, p = 0.008), SCQ (r = -0.519, p = 0.023), RVP (r = -0.628, p = 0.004), and age (r = 

-0.569, p = 0.011). FGA-Literacy was significantly correlated with ABC (r = 0.508, p = 

0.027), SCQ (r = -0.458, p = 0.049), DMS (r = 0.478, p = 0.039), RVP (r = -0.535, p = 

0.018), and age (r = -0.590, p = 0.008).  

Post treatment, in Group VRT without DT exercises, FGA-Numeracy errors were correlated 

with age (r = 0.568, p = 0.027), ABC (r = -0.523, p = 0.045), HADS_D (r = 0.531, p = 0.042) 

and DHI (r = 0.529, p = 0.043). FGA-Literacy errors were correlated with PAL (r = 0.589, 

p = 0.034). The FGA-Auditory DTC was correlated with HADS_A (r = -0.684, p = 0.010), 

HADS_D (r = -0.594, p = 0.032), PSQI (r = -0.721, p = 0.005), and SCQ (r = -0.554, p = 

0.050). The FGA-Numeracy DTC was correlated with HADS_D (r = -0.550, p = 0.041), 

RTI (r = -0.555, p = 0.040), and PTA left (r = -0.757, p = 0.002).  The FGA-Literacy DTC 

was correlated with age (r = -0.568, p = 0.034), PAL (r = -0.593, p = 0.025), RTI (r = -0.733, 

p = 0.003), RVP (r = -0.587, p = 0.035), and SWM (r = -0.585, p = 0.028). FGA was 
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significantly correlated with PSQI (r = -0.563, p = 0.045). FGA-Auditory was significantly 

correlated with HADS_A (r = -0.660, p = 0.014), HADS_D (r = -0.599, p = 0.031), and 

PSQI (r = -0.678, p = 0.011). FGA-Numeracy was significantly correlated with ABC (r = 

0.524, p = 0.045), HADS_A (r = -0.655, p = 0.008), HADS_D (r = -0.750, p = 0.001), and 

PSQI (r = -0.656, p = 0.008). FGA-Literacy was significantly correlated with HADS_D (r = 

-0.654, p = 0.015), and SWM (r = -0.565, p = 0.044).  

 

4.4.8 Spearman’s correlations for FGA conditions in Group VRT with DT exercises 

At baseline, in Group VRT with DT exercises, FGA-Numeracy errors were correlated with 

PAL (r = -0.508, p = 0.027) and VSS_V (r = -0.465, p = 0.045). FGA-Literacy errors were 

correlated with HADS_A (r = 0.560, p = 0.010). The FGA-Auditory DTC was correlated 

with age (r = -0.571, p = 0.009), PTA left (r = -0.451, p = 0.046), PTA right (r = -0.497, p = 

0.026), SiB left (r = -0.701, p < 0.001), and SiB right (r = -0.648, p = 0.003). The FGA-

Numeracy DTC was correlated with age (r = -0.616, p = 0.004), RTI (r = -0.612, p = 0.004), 

and PTA left (r = -0.507, p = 0.023).  The FGA-Literacy DTC was correlated with age (r = 

-0.804, p < 0.001), MTT (r = -0.605, p = 0.005), RTI (r = -0.608, p = 0.004), PTA left (r = -

0.545, p = 0.013), PTA right (r = -0.453, p = 0.045), and SiB left (r = -0.553, p = 0.011). 

FGA was significantly correlated with ABC (r = 0.585, p = 0.009), SCQ (r = -0.553, p = 

0.014), MTT (r = -0.596, p = 0.007), SWM (r = -0.465, p = 0.045). FGA-Auditory was 

significantly correlated with ABC (r = 0.602, p = 0.005), MTT (r = -0.672, p = 0.001), RTI 

(r = -0.553, p = 0.011), PTA left (r = -0.504, p = 0.023), PTA right  (r = -0.483, p = 0.031), 

SiB left (r = -0.685, p < 0.001), SiB right (r = -0.527, p = 0.020), and age (r = -0.704, p < 

0.001). FGA-Numeracy was significantly correlated with MTT (r = -0.466, p = 0.038), RTI 

(r = -0.609, p = 0.004), PTA left (r = -0.486, p = 0.030), SiB left (r = -0.487, p = 0.030), and 

age (r = -0.637, p = 0.003). FGA-Literacy was significantly correlated with ABC (r = 0.513, 

p = 0.021), MTT (r = -0.692, p < 0.001), PAL (r = -0.455, p = 0.044), RTI (r = -0.639, p = 

0.002), PTA left (r = -0.547, p = 0.013), PTA right (r = -0.461, p = 0.041), SiB left (r = -

0.607, p = 0.005), and age (r = -0.779, p < 0.001).  

Post treatment, in Group VRT with DT exercises, there were no statistically significant 

correlations for FGA-numeracy and FGA-Literacy errors. The FGA-Auditory DTC was 

correlated with PTA left (r = -0.619, p = 0.014), PTA right (r = -0.754, p = 0.001), and SiB 

left (r = -0.537, p = 0.039). The FGA-Numeracy DTC was correlated with RTI (r = -0.578, 
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p = 0.024). The FGA-Literacy DTC was correlated with HADS_D (r = -0.519, p = 0.047), 

and PSQI (r = -0.588, p = 0.021). FGA was significantly correlated with PAL (r = -0.644, p 

= 0.013), VSS_V (r = -0.731, p = 0.003), and VSS_A (r = -0.755, p = 0.002). FGA-Auditory 

was significantly correlated with ABC (r = 0.656, p = 0.008), HADS_D (r = -0.635, p = 

0.011), VSS_V (r = -0.761, p < 0.001), VSS_A (r = -0.605, p = 0.017), PTA left (r = -0.612, 

p = 0.015), and PTA right (r = -0.564, p = 0.028). FGA-Numeracy was significantly 

correlated with RTI (r = -0.723, p = 0.002), VSS_V (r = -0.572, p = 0.026), and VSS_A (r 

= -0.602, p = 0.018). FGA-Literacy was significantly correlated with HADS_D (r = -0.660, 

p = 0.007), VSS_V (r = -0.637, p = 0.011), and VSS_A (r = -0.619, p = 0.014). 

 

4.4.9 Spearman’s correlations for subjective symptoms  

There were no significant correlations between duration of symptoms, gender, age, and 

subjective questionnaires at baseline and end of treatment.  

At baseline, in Group VRT without DT exercises, there was significant correlation between 

ABC and HADS_A (r = -0.528, p = 0.020), HADS_D (r = -0.614, p = 0.005), SCQ (r = -

0.619, p = 0.005), DHI (r = -0.646, p = 0.003), RVP (r = -0.485, p = 0.035), and VSS_V (r 

= -0.663, p = 0.002). SCQ was significantly correlated with HADS_D (r = 0.542, p = 0.017), 

and RVP (r = 0.495, p = 0.031). DHI was significantly correlated with HADS_A (r = 0.505, 

p = 0.027) and HADS_D (r = 0.719, p < 0.001). VSS_V was correlated with HADS_D (r = 

0.699, p < 0.001), PSQI (r = 0.532, p = 0.019), RVP (r = 0.458, p = 0.049), PTA left (r = 

0.509, p = 0.026), and PTA right (r = 0.506, p = 0.027). Also, VSS_A was correlated with 

HADS_D (r = 0.558, p = 0.013), PSQI (r = 0.534, p = 0.042), and MTT (r = -0.471, p = 

0.042). At baseline, in Group VRT with DT exercises, there were no significant correlations 

for VSSV. There was significant correlation between ABC and SCQ (r = -0.558, p = 0.011), 

MTT (r = -0.672, p = 0.001), and SiB left (r = -0.542, p = 0.014). DHI was significantly 

correlated with HADS_A (r = 0.547, p = 0.013) and HADS_D (r = 0.729, p < 0.001). VSS_A 

was correlated with HADS_D (r = 0.463, p = 0.040). 

Post treatment, in the Group VRT without DT exercises, there was significant correlation 

between ABC and HADS_A (r = -0.561, p = 0.030), HADS_D (r = -0.554, p = 0.032), SCQ 

(r = -0.682, p = 0.005), DHI (r = -0.854, p < 0.001), and VSS_A (r = -0.637, p = 0.011). 

Also, SCQ was significantly correlated with HADS_A (r = 0.681, p = 0.005), and PSQI (r 

= 0.627, p = 0.012). VSS_V was correlated with HADS_A (r = 0.577, p = 0.031), and PSQI 
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(r = 0.551, p = 0.041), Moreover, VSS_A was correlated with HADS_A (r = 0.525, p = 

0.044), and PSQI (r = 0.556, p = 0.032). 

Post treatment, in Group VRT with DT exercises, there were no significant correlations for 

DHI. There was significant correlation between ABC and VSS_V (r = -0.587, p = 0.021), 

SiB right (r = -0.545, p = 0.044), and SiB left (r = -0.520, p = 0.047). SCQ was significantly 

correlated with HADS_A (r = 0.529, p = 0.043). VSS_V was significantly correlated with 

HADS_A (r = 0.524, p = 0.045), and HADS_D (r = 0.634, p = 0.011). Finally, VSS_A was 

correlated with HADS_D (r = 0.533, p = 0.041). 

 

4.4.10 Dropout rates and adverse events  

Baseline data for all participants (n = 39) showed no significant differences between 

participants who completed the study (n = 30) and those who did not (n = 9). There was no 

significant correlation between dropout rates and diagnosis, migraine, symptom duration, 

and subjective or objective outcomes. Twenty-five percent (n = 5) of participant in Group 

VRT with DT and 21% (n = 4) without DT dropped out. All dropouts occurred between 

week 1 and 5.  The reasons are stated in Figure 4.1. The adverse events risk of taking part 

in this trial were assessed to be low. Dizziness is not considered as an adverse event as the 

exercises aimed at triggering a person’s vestibular symptoms for vestibular compensation to 

occur (Guerraz et al., 2001; Curthoys and Halmagyi, 1995; Pavlou et sl., 2004; Pavlou et al., 

2013; Lacour, 2016). However, if migraines were triggered, this would be recorded as an 

adverse event. There were no adverse or serious adverse events because of this study. 

 

4.5 Discussion  

 

The aim of this study was to investigate the effect of VRT with and without DT exercises on 

(1) FGA average DTC score, and (2) cognitive function performance, subjective symptoms, 

psychological state, and sleep. The discussion is separated into 4.5.1) postural and gait 

stability, and DT training, 4.5.2) cognitive function performance, 4.5.3) subjective 

symptoms, 4.5.4) psychological state, 4.5.5) power calculation for future study, 4.5.6) study 

limitation, and 4.5.7) conclusion. The study hypothesis was that the VRT with DT exercises 

will provide greater improvements in FGA, FGA DTC scores, subjective symptoms, 
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psychological state, cognitive function performance, and sleep than the VRT programme 

alone. 

4.5.1 Postural and Gait Stability, and DT training 

Based on clinical experience, an average 6-point improvement is considered a minimal 

clinically important change for FGA (Alsalaheen et al., 2010; Marchetti et al., 2014). In this 

study, average FGA improvements were lower than 6-points in both groups. Various factors 

could contribute to such outcome. Firstly, the FGA scores, were higher than those reported 

in previous studies (Wrisley et al., 2004; Pavlou et al., 2013; Marchetti et al., 2014; Liston 

et al., 2014c). In fact, neither group had the capacity to achieve a 6-point change as the 

baseline score was above 25 out of 30 possible points. Secondly, people in this study may 

have had higher FGA scores due to their younger age (Liston et al., 2014c) or shorter 

symptom duration since onset of vestibular disorder (Pavlou et al., 2013). Although, 

performance of FGA was not significantly correlated with symptom duration. This study did 

not find effect of age or symptom duration since onset for FGA but previous studies that 

reported lower FGA average scores for their groups, found an age effect on FGA (Pavlou et 

al., 2013; Liston et al., 2014c).  

 

Also, in this study, most participants had a diagnosis of VM or probable VM. Presence of 

migraine was not significantly associated with any of the measures. All participants with 

VM and probable VM were on migraine medication which did not change during this trial 

in terms of dosage or type. However, data on the type of medication and/or the dosage was 

not collected, thus, not assessed for correlations to the performance on subjective and 

objective measures. Previous studies which included people with VM and migraine, did not 

shown any significant correlations between presence of migraine and baseline performance 

and/or improvement on FGA post VRT (Pavlou et al., 2013; Pavlou et al., 2015). However, 

that studies, also, did not control for the type and/or dosage of migraine medications. It is 

possible that if the migraine is well-controlled with medicines, this may help control 

subjective symptoms and headache pain, and enable better VRT tolerance including eye, 

balance, and gait exercises (Whitney et al., 2000; Sugaya et al., 2017). It is possible that 

people on a well-controlled medicine may also, identify with lesser impact on FGA 

performance at baseline. However, this has not been investigated.  
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The FGA includes gait tasks that are necessary for daily functional mobility (Wrisley et al., 

2004; Wrisley and Kumar, 2010) such as timed walking at speeds required to safely cross a 

street (Robinett and Vondran, 1988), walking with head movements, or stepping over an 

obstacle whist walking (Wrisley et al., 2004; Wrisley and Kumar, 2010). Despite this, for 

some people with CVD, independently from age, vestibular diagnosis, gender, or medicine, 

more difficult gait assessment items may be necessary to increase sensitivity to change over 

time (Marchetti et al., 2014). It is recommended that gait measures with greater task 

complexity are developed as approximately 50% of participants receive optimal scores at 

physiotherapy discharge, indicating a ceiling effect for FGA (Pavlou et al., 2013). FGA DT 

paradigms may address the ceiling effect by providing more challenging tasks that are more 

representative of real-life situations (Danneels et al., 2020) and target people who are more 

functional at baseline and do not necessarily score < 22/30 (e.g., indicating falls risk) on 

FGA in isolation but would benefit from customised VRT to address their unsteadiness in 

ADLs.  

 

People with vestibular disorders may be at higher risk of falling compared to healthy controls 

when walking and simultaneously performing a cognitive task of a sufficient complexity 

(Roberts et al., 2011; Bessot et al., 2012). As a rule of thumb, during DT paradigms, the 

more demanding the cognitive task, the greater the decline in the motor task and postural 

control (Woollacott and Shumway-Cook, 2002; Yogev-Seligmann et al., 2008). Both groups 

in this study, showed an average baseline FGA-Numeracy and FGA-Literacy score < 22/30 

indicating increased falls risk. The most demanding task was the numeracy followed by 

literacy and lastly, auditory task.  

 

Numeracy tasks such as counting numbers backward challenge the working memory (Lee 

and Kang, 2002; Yogev-Seligmann et al., 2008) and compared to verbal fluency tasks, have 

a more direct relation to executive function (Verghese et al., 2002; Yogev-Seligmann et al., 

2008; Lemke et al., 2017). Moreover, counting numbers is a rhythmic task, thus, it may 

substantially interfere with rhythmic tasks of a different frequency such as walking or 

repetitive arm sway during walking (Beauchet e. al., 2005). On the other side, passive 

listening to noise had the least impact as both groups achieved baseline normative average 

scores on FGA-Auditory. It seems that this auditory task may not be of sufficient complexity 

whist the literacy and numeracy are. Specifically, a 20% or greater DTC for gait velocity 

has a destabilising effect for postural control and increases falls risk (Hollman et al., 2007). 
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The average FGA-Numeracy and FGA-Literacy DTC exceeded this threshold, suggesting 

an increased falls risk for these DT conditions compared to FGA in isolation and FGA-

Auditory condition.  

 

Post-treatment, improvements were noted for both groups for FGA-Auditory and FGA-

Literacy tasks. Average scores for both groups were within normal ranges post-treatment. 

These observations could be supported by the Task Automisation Hypothesis (Sinsupadol 

et al., 2006; Silsupadol et al., 2009) which supports that practicing only postural tasks at a 

time (i.e., single-task training), as in Group VRT without DT exercises throughout the trial 

and in Group VRT with DT exercises in the first weeks of the treatment, allows people to 

achieve automaticity in performing the specific activity. As a result, according to the 

attentional capacity theory, the attentional demands required to perform this task is reduced, 

which leads into freeing more capacity to concurrently carry out a secondary task 

(Woollacott and Shumway-Cook, 2002; Yogev-Seligmann et al., 2008; Silsupadol et al., 

2009). Further, it is recognised that supervision is essential as frequent assessments and 

follow-ups allow the timely introduction of more challenging balance tasks and make sure 

the performance of exercises is correct (Yardley et al.., 2004; Kao et al., 2010; Pavlou et al., 

2013; Itani et al., 2017; Smolka et al., 2020). This could have helped both groups to improve 

in FGA DT. 

 

Additional mechanisms for improvement in Group VRT with DT exercises may be 

explained by various models such as the capacity sharing model (Holtzman and Gazzaniga, 

1982; Tombu and Jolicoeur, 2003), bottleneck model (Pashler, 1994) and cross-sharing 

model (Navon and Miller, 1987). In brief, improvement in assessments with DT may occur 

because of the development of improved DT processing skills gained during DT training 

which can be applied later to perform better in the DT assessments that are not directly 

trained. In this study, the variable-priority strategy was used during DT training (Sinsupadol 

et al., 2009; Fritz et al., 2015) but it is not known which strategy is more effective. Therefore, 

future research should aim to clarify issues related to DT prioritisation strategies and if 

improvements are retained at a later stage following the DT training (Silsupadol et al., 2009; 

Fritz et al., 2015).  

Both groups had at baseline an average score for FGA-Literacy and FGA-Numeracy ≤ 22/30 

indicating increased falls risk. Important finding is that although, both groups improved to 
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normative average scores in FGA-Literacy post-treatment, only Group VRT with exercises 

achieved average normative FGA-Numeracy score while Group VRT without DT exercises, 

even though, significantly improved, remained at risk of falling. An explanation for this 

finding could be that the cortical networks differ for the literacy (i.e., superior part of Broca's 

area and premotor cortex) and numeracy (i.e., temporo-parietal regions) tasks. 

Consequently, it may be that the numeracy, relative to literacy DT, shares more cortical 

networks with gait, thus producing greater changes in FGA performance at baseline. It has 

been suggested that the left posterior parietal cortex may be involved in sensorimotor 

integration processes and gait control when mobilising in real world (Pizzamiglio et al., 

2018; Young et al., 2020) while in older adult females, temporal lobe activation, especially 

the hippocampus, is associated with gait adaptability during indoor treadmill walking 

(Shimada et al., 2013). It appears that the addition of DT exercises into customised and 

supervised VRT may be needed to improve FGA-Numeracy to normative levels and maybe 

decrease falls risk in such complex gait tasks.  

Another observation in this study which has been also, reported in previous studies in people 

with various vestibular disorders (Roberts et al., 2011; Bessot et al., 2012) and those with 

other neurological conditions who experience balance impairments such as Parkinson’s 

disease (Yogev-Seligmann et al., 2012) is that there is the prioritisation of cognitive tasks 

over motor tasks in DT conditions, which uncovers an inadequate task prioritisation strategy. 

In this study, both groups prioritised the gait more than the cognitive task post treatment in 

FGA-Literacy and FGA-Numeracy. This is observed from the average cognitive numeracy 

and literacy errors during FGA which significantly increased within-groups and, the FGA 

average score improved post treatment. 

 

4.5.2 Cognitive function performance  

This study included people with CVD without cognitive function impairment according to 

their MoCA scores. It cannot be excluded if some participants had a cognitive function 

impairment as MoCA has not been validated in people with CVD. However, it is widely 

used in studies on people with vestibular disorders (Sprenger et al., 2017; Bao et al., 2019; 

Coelho et al., 2020). In Group VRT without DT exercises, baseline average scores for MTT, 

and SWM were abnormal compared to normative data in healthy adults aged 18-80 years 

old (De Luca et al., 2003; de Rover et al., 2011). Also, Group VRT without DT exercises 



188 
 

had a significantly poorer baseline average score on SWM compared to Group VRT with 

DT exercises. Poorer average scores on MTT and SWM could have affected participants’ 

performance on FGA and FGA DT. In Group VRT without DT exercises, worse average 

post-treatment scores on MTT and SWM were significantly correlated with worse 

performance on the FGA-Literacy condition. Also, in the Group VRT with DT exercises, 

worse average baseline scores on SWM and MTT were significantly correlated with poorer 

performance on FGA, and all four FGA tasks, respectively.  

 

Detailed studies investigating cognitive function performance in people with vestibular 

disorders are few (Zheng et al., 2003; Pop et al., 2017; Sugaya et al., 2018; Smith et al., 

2019; Anson et al., 2021). The reports from these studies are in line with our baseline data 

showing that people with vestibular disorders show performance impairment in working 

memory, and aspect of executive function including divided attention. The performance 

impairments in these cognitive constructs could be partially attributed to a variety of higher 

vestibular projections throughout the cortex and subcortex, of which the vestibulo-

hippocampal pathways play a major role in visuospatial, attention and memory abilities 

(Brandt et al., 2005; Smith and Zheng, 2013; Hitier et al., 2014). Further, poorer cognitive 

function performance on tasks assessing working memory, and divided attention is 

associated with worse performance on gait tasks with and without DT (Woollacott and 

Shumway-Cook, 2002; Yogev-Seligmann et al., 2008) which was also, observed in this 

study.  

 

Post treatment, there were no significant between-group differences in any of the cognitive 

function performance tasks. Only Group VRT without DT exercises achieved significant 

improvements on two tasks, the MTT and RVP assessing ability to perform complex tasks 

and processing information speed, respectively. Also, although, not statistically significant, 

within-group improvements were noted in the same group on SWM task bringing the 

average baseline scores to normative level post treatment. This pilot trial did not offer 

cognitive training. Cognitive function training has been used as approach in other 

neurological populations such as Parkinson’s (Milman et al., 2014) and Alzheimer’s disease 

(Coelho et al., 2013) and older adults with mild cognitive impairment (Sinsupadol et al., 

2006). Study that enrolled 18 people with Parkinson’s disease into 12-week computerised 

cognitive remediation training showed that these people improved in both gait speed and 

duration (Milman et al., 2014). Such studies which could help to explore how cognitive 
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training interventions could impact gait, DT gait, or other ADLs are needed in people with 

vestibular disorders. For these studies, the selection of cognitive outcome measures that are 

within the domain trained should be considered. The interactions between such cognitive 

measures and changes in mobility should further explored (Fritz et al., 2015), due to their 

close relationship with balance, gait, and DT gait tasks (Bigelow and Agrawal, 2015; 

Danneels et al., 2020; Chari et al., 2022). Equally, it is important to account for the duration 

and type of the DT training as well as the task prioritisation strategies which may be of 

relevance to cognitive improvements following DT training and need to be explored in larger 

studies (Silsupadol et al., 2009; Fritz et al., 2015).  

 

In the current study, it is believed that any improvements achieved in cognitive function 

performance in the Group VRT without DT exercises happened indirectly via improvement 

in subjective symptoms. These tests, especially, the RVP and MTT involve a lot of visual 

information where stimuli change fast, and the patient must identify the correct option 

(CANTAB, 2015). This can be quite intense to follow for a person who experiences 

vestibular symptoms including ViD, thus, may perform poorer on such tasks. In support of 

this statement, at baseline, only in Group VRT without DT exercises, poorer performance 

on MTT and RVP was significantly correlated, with higher (e.g., worse) scores for 

autonomic/somatic symptoms, and subjective balance confidence, ViD, and vertigo, 

respectively. Thus, improvements achieved post treatment in subjective symptoms, in this 

group, may have positively impacted the cognitive function performance on these tasks.  

 

Further, people with various vestibular disorders perform poorly on processing speed when 

are allocated a gait DT (Bigelow and Agrawal, 2015; Popp et al., 2017; Smith et al., 2019). 

Visual processing speed often involves the time it requires a person to understand and react 

to the information they receive and perform simultaneously one or more tasks (Yogev-

Seligmann et al., 2008). Better processing speed means that some determined tasks will be 

easier, including doing number calculations, reciting letters of the alphabet or holding 

information from listening (Yogev-Seligmann et al., 2008). This as a result, may positively 

impact the ability to carry out simple tasks and/or new-learned tasks or skills.  It may, also, 

positively interfere with other executive functions because for a person with better 

processing information speed performance will be easier to plan their actions, make 

decisions, initiate tasks, and pay attention (Yogev-Seligmann et al., 2008). These may all 
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lead to better motor response and performance in more complex tasks such as FGA-Literacy 

in Group VRT without DT exercises.   

 

Moreover, as per previous research, poorer cognitive function performance and 

psychological symptoms were strongly correlated but here only in Group VRT without DT 

exercises (Gurvich et al., 2013; Smith and Darlington, 2013). The impact of psychological 

symptoms on demotivation and distractibility and as a result, poorer cognitive function 

performance is detrimental (Balaban et al., 2011; Smith and Darlington, 2013). Apart from 

the negative psychological response to feeling dizzy and unsteady (Yardley et al., 1994; 

Staab and Ruckenstein, 2003; Bigelow et al., 2016), emotional distress and anxiety may, 

also, affect cognitive function performance (Gurvich et al., 2013; Smith and Darlington, 

2013). It is thought that the relationship between cognitive function and psychological status 

could be partially attributed to shared organisational and neurochemical features across the 

ascending vestibular brainstem fibres and the limbic and arousal systems (Balaban et al., 

2011). However, the exact mechanisms behind this relationship are unclear. Thus, in clinical 

and research practice, assessments of cognitive function performance and emotional status 

should be included to evaluate their interactions pre- and post-treatment.   

 

4.5.3 Subjective symptoms 

An interesting observation may be that both groups at baseline had an average abnormal 

score for sleep. However, Group VRT without DT exercises had significantly worse average 

baseline scores than Group VRT with DT exercises. This was the only significant between-

group difference at baseline for subjective questionnaires pre- and post- treatment. 

Improvements on dizziness, ViD, vertigo, and autonomic/somatic symptoms may have been 

affected by sleep in Group VRT without DT exercises. For example, DHI average score 

significantly improved in both groups post-treatment. However, only Group VRT with DT 

exercises achieved a clinically meaningful change on DHI of > 18 points (Jacobson and 

Newman, 1990; Herdman et al., 2015). Also, sleep significantly improved post-treatment 

only in Group VRT without DT exercises, probably indirectly due to its relationships with 

other subjective measures which improved. Specifically, significant correlations for poorer 

sleep with worse score on VSS_V and VSS_A were noted in this group pre- and post- 

treatment and average scores on VSS_V and VSS_A and PSQI significantly improved only 

in this group. 
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Many people with vestibular disorders report disturbed sleep but only a few studies 

investigated this compliant (Albathi et al., 2017; Sugaya et al., 2017; Smith et al., 2019; 

Andrade Junior et al., 2021). In fact, 78 of 101 people with vestibular disorders exceeded 

the cut-off score on the PSQI (Smith et al., 2019) while those with poorer sleep quality 

experienced also, higher emotional distress and more severe dizziness (Sugaya et al., 2017; 

Smith et al., 2019). At present, it is not known if people with CVD can achieve greater 

improvements if their sleep is improved. The mechanisms behind sleep and vestibular 

symptoms are not well understood but they maybe be bidirectional (Besnard et al., 2018). 

Sleep should be part of assessment procedure in people with vestibular disorders. For 

symptomatic people, advice on good sleep routine or consultation with sleep therapist may 

be beneficial along with customised VRT but this should be investigated in future studies. 

 

Similar OKS training was provided in both groups to people who experienced ViD (Pavlou 

et al., 2004; Pavlou et al., 2013). The results agree with previous work showing that 

customised supervised VRT incorporating OKS exposure significantly improves dizziness, 

unsteadiness, and ViD in patients with CVD (Pavlou et al., 2004; Pavlou et al., 2013). 

However, only the Group VRT with DT exercises achieved significant improvement on 

SCQ. No information is available regarding clinically meaningful change in SCQ scores, 

but previous studies reported a 39% decrease (i.e., improvement) in average scores as 

meaningful change (Pavlou et al., 2013; Pavlou et al., 2015). In this study, SCQ decreased 

by 35% in Group VRT with DT exercises whilst in Group VRT without DT exercises by 

16%. The above difference between studies, could be partially due to methodological 

differences (Pavlou et a., 2013; Pavlou et al., 2015). It is thought that Group VRT with DT 

exercises achieved significantly higher improvements probably because in this group, the 

baseline and post-treatment higher (e.g., worse) average SCQ score was only significantly 

correlated with poorer subjective balance confidence and higher (e.g., worse) anxiety score, 

respectively. On the other hand, in Group VRT without DT, higher SCQ average score was 

significantly correlated with poorer balance confidence, greater (e.g., worse) score for 

depression and poorer performance on the RVP cognitive task at baseline, and with higher 

(e.g., worse) anxiety score, poorer sleep and balance confidence post-treatment.   
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4.5.4 Psychological state 

Baseline correlations in this study, for both groups, agree with previous research showing 

that psychological symptoms are common in people with CVD and often correlate with 

greater dizziness, vertigo, ViD and autonomic/somatic symptoms and poorer subjective 

balance confidence (Yardley et al., 1992; Yardley et al., 1994; Pavlou et al., 2013; Marchetti 

et al., 2014; Bigelow et al., 2016; Sugaya et al., 2017; Smith et al., 2019; Zhu et al., 2020; 

Dunlap et al., 2021). There was not statistically significant between-group difference for 

anxiety and depression scores pre- and post-treatment. Average scores for anxiety in both 

groups were abnormal at baseline but improved and reached normative levels post-treatment 

(Zigmond and Snaith, 1983; Bjelland et al., 2002). VRT with and without DT exercises 

indirectly helped to improve scores on psychological assessment (Pavlou et al., 2013). 

Therefore, in clinical and research practice, it is necessary to consider the psychological 

wellbeing of people with CVD and incorporate that into assessment and management 

strategies (Herdman et al., 2020; Herdman et al., 2021; Herdman et al., 2022). This may 

help to gain a better understanding why some people do not respond to treatment or how 

people can achieve greater improvements.  

 

In this study, supervision, and education in the VRT may have indirectly contributed to 

improvements in psychological state. Supervision and education aim to increase confidence, 

provide reassurance and information about a person’s condition, and emphasise positive 

effects of VRT (Yardley et al.., 2004; Kao et al., 2010; Pavlou et al., 2013; Itani et al., 2017; 

Smolka et al., 2020). Many similarities exist between VRT and cognitive-behavioural 

therapy (CBT), including encouragement and addressing distressing symptoms and 

functional impairments, promoting habituation, gradual exposure to symptoms and 

provoking situations, and challenging negative beliefs (Beidel et al., 2001; Andersson et al., 

2006; Herdman et al., 2020). As a result of such observations, there has been a greater 

demand to integrate cognitive approaches and enhance the behavioural aspects of VRT to 

manage the problems associated with the maintenance of chronic and/or persistent dizziness. 

Thus, more recent feasibility studies start implementing an integrated CBT-VRT programme 

and show promising results compared to gold standard VRT (Herdman et al., 2020; 

Herdman et al., 2021; Herdman et al., 2022). However, the clear additional effect of 

combining these strategies with VRT is yet unclear and should be explored in RCT studies.  
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4.5.5 Power calculation for future study  

The change in FGA and each FGA DT condition (e.g., primary outcome measures) was used 

to form a power calculation (Liston et al., 2014c) using G*power version 3.1.9.7 (University 

of Kiel). A mean FGA change of 2.42 for Group VRT with DT exercises and a mean FGA 

change of 0.88 for Group VRT without DT exercises with a common SD 2.21 provided a 

sample size estimate of 42 participants per group. For this study, this sample size would 

provide a power of 80% with an alpha 0.05 with the current effect size of 0.7 and a maximum 

drop-out rate of 25% per group. A mean FGA-Auditory change of 3.00 for Group VRT with 

DT exercises and a mean FGA change of 1.56 for Group VRT without DT exercises with a 

common SD 2.80 provided a sample size estimate of 77 participants per group. For this 

study, this would provide a power of 80% with an alpha 0.05 with the current effect size of 

0.51 and a maximum drop-out rate of 25% per group.  A mean FGA-Numeracy change of 

5.05 for Group VRT with DT exercises and a mean FGA change of 3.50 for Group VRT 

without DT exercises with a common SD 4.46 provided a sample size estimate of 162 

participants per group. This would provide for the FGA-Numeracy a power of 80% with an 

alpha 0.05 with the current effect size of 0.35 and a maximum drop-out rate of 25% per 

group. A mean FGA-Literacy change of 3.57 for Group VRT with DT exercises and a mean 

FGA change of 2.37 for Group VRT without DT exercises with a common SD 2.96 provided 

a sample size estimate of 118 participants per group. For this study, this would provide a 

power of 80% with an alpha 0.05 with the current effect size of 0.41 and a maximum drop-

out rate of 25% per group.  

 

4.5.6 Study limitations 

This experiment came with some limitations. Firstly, a minimum sample size (e.g., 24 

participants per group considering 20% drop out rate) necessary for a pilot study was not 

achieved (Sim and Lewis, 2012; Teare et al., 2014) mainly due to inability to recruit 

participants during COVID-19 lockdowns. Secondly, the variable-priority strategy was used 

for DT training (Sinsupadol et al., 2009) in Group VRT with DT exercises. It is not known 

if a different strategy, would lead to different results and these should be explored in future 

studies. Also, the selection of the cognitive and auditory exercises in the DT training was 

chosen based on the previous literature (Sinsupadol et al., 2006; Sinsupadol et al., 2009; 

Danneels et al., 2020). Future research should examine the effectiveness of these cognitive 
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and auditory exercises against other types of cognitive and auditory exercises on treatment 

outcome in people with CVD.   

 

Lastly, even though, at baseline, participants were screened for PPPD (e.g., part of the 

exclusion criteria), it cannot be excluded that some participants might have developed PPPD 

or had PPPD at the time of participating in this study. In fact, prospective studies of patients 

who were followed for 3-12 months after acute or episodic vestibular disorder such as VN 

or BPPV highlight that persistent dizziness of the kind seen in patients with PPPD, will 

develop in 25% of people (Staab et al., 2017). In addition, in a further 20% of cases with 

PPPD, an attack of VM can be identified (Staab and Ruckenstein, 2007; Staab et al., 2017). 

Moreover, the presence of a structural vestibular condition does not exclude the diagnosis 

of PPPD (Popkirov et al., 2018). On the contrary, PPPD may co-occur with various 

conditions in its differential diagnosis while VM or BPPV can trigger PPPD and then co-

exist with it, causing recurrent attacks of vertigo, dizziness and/or unsteadiness overlaid on 

the chronic symptoms of PPPD (Staab and Ruckenstein, 2007; Staab et al., 2017). Thus, 

future studies should be aware that some individuals with CVD may have a presence of 

PPPD.  

 

4.5.7 Conclusion 

Both Groups, VRT with and without DT exercises, improved in subjective symptoms, 

balance, gait, and ability to DT. Practising DT exercises may provide a greater change in 

patients’ perceived handicap from dizziness, and ViD. Practising specific DT exercises may 

help to achieve average normative scores on FGA-Numeracy performance which was the 

most challenging of three FGA DT conditions. Although further work should include 

powered studies to confirm these findings.  
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CHAPTER 5 PREVALENCE, CLINICAL PRESENTATION, 

AND IMPACT OF DIZZINESS, UNSTEADINESS AND 

FALLS IN ADULTS WHO WERE POSITIVE FOR COVID-19 

 

5.1 Abstract 

 

Background 

Dizziness and unsteadiness are common clinical manifestations of coronavirus-disease-2019 

(COVID-19). Falls were observed in older adults who were positive for COVID-19. Some 

COVID-19 survivors do not fully recover, and experience lingering symptoms for longer 

than six months. It is unknown how many adults who tested positive for COVID-19 have 

been affected by dizziness, unsteadiness and/or falls and the impact these symptoms have 

on their lives. 

Methods 

A 37-item close-ended online anonymous survey delivered via Jisc-platform between April 

and August 2021 aimed at investigating the prevalence, clinical presentation (self-reported) 

and impact of dizziness, unsteadiness and/or falls in adults over 18 years old who tested 

positive for COVID-19, at any time prior completing this survey, with (Group P) and without 

(Group N) previous diagnosis of a pathology causing these symptoms. Recruitment was 

done via social media, community, and patient organisations representing people with 

COVID-19 or dizziness, unsteadiness and/or falls.  

Results 

In both Group P (n = 481, females = 390, mean age ± SD = 30.34 ± 13.23 years) and N (n = 

513, females = 416, mean age ± SD = 30.99 ± 12.88), dizziness was the most prevalent 

symptom followed by unsteadiness and, lastly, falls (Group P: 74.2%, 60.5%, 20.8%; Group 

N: 74.7%, 61.6%, 18.5%, respectively). Many respondents experienced these symptoms for 

longer than six months at the time of completing the survey (Group P: 60.5%; Group N: 

65.7%). Most common answers among the others were that respondents experienced 

dizziness and unsteadiness daily (Group P: 29.9%, 28.3%; Group N: 22%, 21.1%, 

respectively), or 1-2 times per week (Group P: 23.3%, 21%; Group N: 28.1%, 25%, 

respectively) with each episode lasting for a few seconds up to 2 minutes (Group P: 37.2%, 
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36.2%; Group N: 46.2%, 46%, respectively). Falls were reported by younger adults in 

Groups P and N (mean age ± SD = 33.24 ± 13.04 and = 35.35 ± 12.17 years, respectively). 

The most reported symptom triggers were different body movements (Group P: 50.3%; 

Group N: 46.6%) and moving from a lying down or sitting position to standing up (Group 

P: 44.1%; Group N: 43.1%). Between-groups there was a statistically higher prevalence in 

Group P for people who reported to be severely impacted by dizziness (Group P: 37% versus 

Group N: 23%, p < 0.05), and unsteadiness (Group P: 32% versus Group N: 18%, p < 0.05) 

in performing activities of daily living. All severely impacted people in Group P had a 

previous diagnosis of a pathology causing dizziness and/or unsteadiness with most prevalent 

peripheral vestibular disorder (18%), vestibular migraine (9%), anxiety/stress (8.5%), and 

low blood pressure (8.5%). 

Conclusion 

Patients may experience dizziness, unsteadiness and/or falls for longer than six months 

irrespective if they had a previous diagnosis of a pathology causing these symptoms prior 

COVID-19. The findings of this study suggest that dizziness and unsteadiness should be 

recognised as symptoms in long-COVID patients. The findings of this study may, also, help 

to gain better understanding of the prevalence, clinical presentation and impact of dizziness, 

unsteadiness and/or falls in adults who tested positive for COVID-19 and shied light into 

clinicians’ awareness who tend to see such patients for assessment and intervention. 

  

5.2 Introduction 

 

People who experience dizziness and/or unsteadiness may be at increased falls risk 

(Herdman et al., 2000b; Agrawal et al., 2009; Herdman et al., 2012). Dizziness, 

unsteadiness, and associated falls that are not treated, often lead to injury, disability, loss of 

independence, reduced quality of life (QoL) (Cohen and Kimball, 2003; Giray et al., 2009; 

Semenov et al., 2016; Kovacs et al., 2019) and difficulties with work duties (Bronstein et 

al., 2010). Falls are among the most common causes of injury-related deaths in older adults 

(PHE, 2017; PHE, 2018). Three large earlier studies observed that dizziness was present as 

a symptom in 8% (Chen et al., 2020), 16% (Mao et al., 2020) and 30% (Liotta et al., 2020) 

of patients who were positive for COVID-19. In addition, evidence of dizziness in patients 

who were positive for COVID-19 exists from recent narrative (Saniasiaya and Kulasegarah, 
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2021) and systematic (Almufarrij and Munro, 2021; Jafari et al., 2022) reviews, and 

metanalysis (Jafari et al., 2022). This finding was not surprising because the presence of 

dizziness is often linked with viral infections. As the inner ear structures are particularly 

susceptible to ischaemia and vascular damage, hearing, and balance dysfunction (Jafari et 

al., 2022) and associated falls can occur along with dizziness (Norman et al., 2020; 

Gawronska et al., 2021). In fact, vasculitis is one of the clinical COVID-19 presentations 

(Roncati et al., 2020).  

 

Two recent surveys investigated the forms of dizziness and unsteadiness in people who were 

at 60 days or earlier stage of COVID-19 infection (Viola et al., 2021; Alde et al., 2022). The 

survey by Viola and colleagues (2021) showed that 34 patients (18.4%) reported balance 

disorders after a COVID-19 diagnosis. Of these, approximately 94% of patients complained 

of dizziness and 6% of acute vertigo attacks. The survey included only people who had a 

positive COVID-19 test between 30-60 days after the acute infection, and did not investigate 

the prevalence of falls, clinical presentation or impact of dizziness, unsteadiness and/or falls. 

The second survey investigated dizziness and/or balance dysfunction in people at 0-21 days 

of COVID-19 infection (Alde et al., 2021). In that survey, approximately 17% of people 

reported new onset of dizziness, among whom 44% complained of lightheadedness, 28% of 

disequilibrium, 16% of presyncope, and 12% of vertigo following the COVID-19 infection.  

 

There is little evidence on falls following COVID-19 infection. One small case study 

(Norman et al., 2020) observed falls in older adults positive for COVID-19 along with 

symptoms of dizziness and unsteadiness. Due to limited research, it is likely that people who 

present sensory-neural symptoms such as dizziness/vertigo, unsteadiness, falls, tinnitus, and 

hearing loss, instead of or in addition to respiratory symptoms, may be misdiagnosed, 

leading to further spread of acute infection (Umashankar et al., 2021; Fancello et al., 2021; 

Jafari et al., 2022). This is because the suspicion of COVID-19 is mostly based on its typical 

respiratory symptoms. However, sensory-neural symptoms are common among COVID-19 

patients (Malayala and Reza, 2020; Saniasiaya and Kulasegarah, 2021) and due to their 

complexity, need comprehensive investigation to understand their primary cause. Also, 

association with other audiovestibular presentations such as tinnitus and hearing loss should 

be investigated (Saniasiaya and Kulasegarah, 2021; Umashankar et al., 2021; Almufarrij and 

Munro, 2021; Fancello et al., 2021; Jafari et al., 2022). This could lead to more effective 
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assessment and management approaches in people at acute and subacute state of infection 

and possibly faster recovery. 

  

Recently it has become evident that symptoms from COVID-19 can persist for longer than 

six (Huang et al., 2021; Zhao et al., 2021) or even 12 months (Zhao et al., 2021; Pawelek 

DAA, 2021; Pérez-González et al., 2022). This experience of persistent symptoms has been 

called post-COVID, long-haul-COVID or long-COVID (Nabavi, 2020; Tenfolde et al., 

2020). Currently, it is estimated that the proportion of people who have had COVID-19 and 

develop long-COVID is 13.3% at 1-3 months after the acute infection, 2.5% at 3 months or 

longer, and over 30% at 6 months or longer including people who were hospitalised for 

COVID-19 (CDC, 2022). Of those who will go to develop long-COVID symptoms, 10–35 

% will continue to present with complaints of persistent neurological symptoms including 

dizziness and unsteadiness (Viola et al., 2021; Huang et al., 2021; Zhao et al., 2021; van 

Herck et al., 2021; Alde et al., 2022). 

 

Specifically, dizziness and unsteadiness were present in 6-10% of long-COVID patients 

(Huang et al., 2021; Zhao et al., 2021; van Herck et al., 2021). These symptoms prolong the 

burden of people’s illness and impact on QoL (Meys et al., 2020) and independence (Nabavi, 

2020). As the pandemic continues, it is necessary to better understand symptom presentation 

and recovery in people who have had COVID-19. Further, it is not known if the symptom 

presentation following an acute COVID-19 infection is different or similar in people who 

had a previous diagnosis of a pathology causing dizziness, unsteadiness and/or falls prior 

the infection compared to those who did not have such a diagnosis. A better understanding 

may help to direct health care services, inform management plans to reduce transmission, 

and reinforce public health messaging (Tenfolde et al., 2020). Physiotherapy interventions 

including vestibular rehabilitation (VRT) for people with dizziness, unsteadiness and/or falls 

(Hall et al., 2022) may be essential for these patients (Sheehy et al., 2020; Malayala and 

Reza, 2020) but currently, it is not known how to deliver more effective approaches because 

people who were infected by COVID-19 may have a wide range of symptoms, the clinical 

presentation of which is currently unknown. 

 

Therefore, this survey aimed to investigate the prevalence, clinical presentation (self-

reported) and impact of dizziness, unsteadiness and/or falls in adults over 18 years old who 

had tested positive for COVID-19. The hypothesis was that dizziness, unsteadiness, and falls 
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would appear as symptoms in adults who have been positive for COVID-19 and have a 

significant impact on their ability to perform activities of daily living (ADLs) at any time 

following the acute infection. It was hypothesised that dizziness would be the most prevalent 

among the three investigated symptoms. A further hypothesis was that the impact of 

dizziness, unsteadiness and falls would be greater in adults who have had a previous 

diagnosis of a pathology causing dizziness, unsteadiness and/or falls prior to COVID-19 

infection.  

 

5.3 Methods 

  

This was an independent case-study conducted at King’s College London (KCL), London, 

England, United Kingdom (UK). Ethics committee approval from KCL was obtained prior 

to commencing the study (reference number: MRSP-20/21-21924). The study conformed to 

the principles of the Declaration of Helsinki. All data was collected anonymously online 

between April and August 2021.  

 

5.3.1 Participants 

Participants were adults over 18 years old who have had a positive COVID-19 test result 

(self-reported), and experienced dizziness, unsteadiness and/or falls. People’s responses 

were allocated in one of two groups. Group P included responses from adults with previous 

diagnosis of a pathology causing dizziness, unsteadiness and/or falls whereas respondents 

in Group N did not have such a diagnosis.  

 

5.3.2 Inclusion criteria 

Eligible participants were adults, over 18 years old who have had a positive COVID-19 test 

result at any time before questionnaire administration, and have experienced dizziness, 

unsteadiness and/or falls at the time and/or after COVID-19 infection. 
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Figure 5.1 Study flowchart for respondents who competed the questionnaire. COVID-19 = 

Coronavirus disease-2019; Group N = group including participants without a previous 

pathology causing dizziness, unsteadiness and/or falls prior COVID-19 diagnosis; Group P 

= group including participants with a previous pathology causing dizziness, unsteadiness 

and/or falls prior COVID-19 diagnosis n = number of responses reported in absolute 

frequencies. 

 

 

 

 

n=1220 questionnaire responses 

received from adults 

n=1220 responses from adults 

assessed for eligibility 

 

n=994 responses from adults 

were eligible 

Responses from adults were 

excluded: 

n=9 did not have a confirmed 

COVID-19 test result. 

n=182 had a negative COVID-19 

test. 

n=33 inconclusive COVID-19 test 

result. 

Group N 

n=513 responses from adults with 

new onset of dizziness, 

unsteadiness and/or falls post 

COVID-19 diagnosis. 

Group P 

n=481 responses from adults with 

previous diagnosis of a pathology 

causing dizziness, unsteadiness 

and/or falls prior COVID-19 

diagnosis 
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5.3.3 Exclusion criteria 

Individuals were excluded if (e.g., self-reported) a) they did not have a confirmed positive 

COVID-19 test result; b) their test result was negative or inconclusive; and c) they did not 

experience at least one of the three investigated symptoms, dizziness unsteadiness, or falls 

at the time and/or after their COVID-19 diagnosis.  

 

5.3.4 Testing Procedures 

All data was collected anonymously through an online 37-item close-ended questionnaire 

delivered via Jisc platform (https://www.onlinesurveys.ac.uk/ ) between 6th of April 2021 

and 12th of August 2021. The online link for the survey was available to the public via social 

media (e.g., Facebook, Twitter, LinkedIn), and patient organisations representing people 

with COVID-19, vertigo/dizziness, unsteadiness and/or falls. There was no way to contact 

participants and no personal-identifiable information was collected including name, date of 

birth, contact details, postal address, and analytical medical or drug history. Estimated time 

for survey completion was 10-15 minutes and had to be done in a single session. The study 

flowchart is illustrated in Figure 5.1.  

 

5.3.5 Questionnaire details 

A copy of the survey questionnaire can be found in Appendix M. The participant information 

sheet is attached in Appendix N.  In this survey, a fall is regarded as ‘unintentionally coming 

to the ground or some lower level other than because of sustaining a violent blow, loss of 

consciousness, sudden onset of paralysis as in stroke or seizure’ (Tinetti et al., 1988). 

The questionnaire collected information on:  

1. Demographics including civil/marital and working status, working hours, and 

educational level. Information on education level was collected according to the 

International Standard Classification of Education (United Nations Educational, 

Scientific and Cultural Organisation ISCED, 2021). 

2. COVID-19 diagnosis, subjective severity reported as impact, and symptoms 

experienced since COVID-19. Impact of COVID-19 was reported using the 

Disability Rating Scale (DRS) (Rappaport et al., 1982); COVID-19 related 

symptoms were listed as provided by the Centre for Disease Control and Prevention 

(CDC, 2021). 

https://www.onlinesurveys.ac.uk/
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3. Dizziness, unsteadiness, and falls including onset, type, frequency, duration, 

symptoms behaviour and description, triggers, and impact on overall performance of 

ADLs. The impact was investigated using the Visual Analogue Scale (VAS) 

(Dannenbaum et al., 2011) in percent 0-100% (i.e., 0% no effect, and 100% unable 

to perform ADLs); no decimals were allowed. On VAS, mild impact is considered ≤ 

30%, moderate impact between 31%-70%, and severe impact > 70%.  

4. Pre-existing diagnosis of a pathology causing dizziness, unsteadiness and/or falls. 

5. Hearing ability to listen was scored using 0-10 VAS (Raj-Koziak et al., 2018) (i.e., 

0 not at all, and 10 easily); no decimals were allowed.   

 

5.3.6 Data recording 

All questionnaire responses were recorded anonymously on the Jisc platform. These were 

automatically saved by Jisc platform. The online Jisc account was password protected. It 

was possible then to export the response data in Microsoft Excel Worksheet 2007 and after, 

which was password protected and accessed only by the principal and chief investigators. 

Data from the responses that met the inclusion criteria were then transferred for statistical 

analysis from Microsoft Excel Worksheet 2007 onto IBM SPSS version 27 (IBM Corp, 

Armonk, New York, USA). All datasheets were password protected.  

 

5.3.7 Statistical analysis  

IBM SPSS version 27 (IBM Corp, Armonk, New York, United States of America) was used 

for statistical analysis. Data for age (years), questions related to hearing ability, and impact 

of dizziness, unsteadiness and/or falls was checked for normality of distribution by Shapiro-

Wilk test and presented as mean ± Standard Deviation (SD). Between-group differences for 

these variables were determined using Mann–Whitney tests. Categorical data is reported in 

absolute (numbers of responses; n) and relative (percentage; %) frequencies. Chi-squared 

test was used to analyse the categorical variables (Linting et al., 2012). The three-way 

loglinear analysis with backward elimination was performed to develop all saturated models 

obtained from categorical data (Field, 2018). The assumptions of log-linear analysis were 

assessed prior to analysis. The assumptions included that a) data must come from random 

samples of a multinomial, mutually exclusive distribution, b) adequate sample size (Conroy, 

2018), and c) the expected frequencies should not be too small (Howell, 2010; Tabachnick 
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and Fidell, 2012; Field, 2018). Traditional caution is that expected cell frequencies less than 

five should not compose > 20% of the cells, and no cell should have an expected frequency 

less than one (Tabachnick and Fidell, 2012). Not meeting the assumption of expected cell 

frequencies will not increase the likelihood of Type I error, however it is expected to greatly 

decrease the overall power of the analysis (Tabachnick and Fidell, 2012). All observations 

must be independent of one another; participants can only contribute one observation to the 

data (Howell, 2010). The level of statistical significance was set at p < 0.05. 

 

 

5.4 Results 

 

5.4.1 Participants’ demographics  

The demographic characteristics for respondents in Group N and P are shown in Table 5.1. 
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Table 5.1 Demographic characteristics: a) gender, age, education, civil and working status, 

and b) presence of previous pathology causing dizziness, unsteadiness and/or fall. 

a) 

Groups (n = 

994, 100%) 

 Group P  

(n = 481, %) 

Group N  

(n = 513, %) 

P value  

(p) 

 

 

Gender 

Male  66 (13.7) 95 (18.5) 0.040* 

Female 390 (81.1) 416 (81.1) 0.997 

Other 2 (0.4) 1 (0.2) 0.613 

Prefer not to say 23 (4.8) 1 (0.2) < 0.001** 

Age  

(mean ± SD), 

years 

Male 33.76 ± 14.60 32.71 ± 16.51 0.677 

Female 29.86 ± 12.97 30.52 ± 11.67 0.452 

All 30.34 ± 13.23 30.99 ± 12.88 0.451 

 

 

 

 

 

Education 

level 

Level 0 (None)  0 (0) 2 (0.4) 0.500 

Level 1 (left school before age 

16)  

5 (1.0) 3 (0.6) 0.309 

Level 2 (left school at age 16)  22 (4.6) 36 (7.0) 0.100 

Level 3 (left school age 17-18)  93 (19.3) 84 (16.4) 0.233 

Level 4 (Bachelor or equivalent 

degree)  

192 (39.9) 227 (44.3) 0.167 

Level 5 (Master or equivalent 

degree) 

93 (19.3) 98 (19.1) 0.926 

Level 6 (Doctoral or equivalent 

degree)  

24 (5.0) 26 (5.1) 0.955 

Prefer not to say 31 (6.4) 36 (7.0) 0.719 

 

 

 

Civil/Marital 

status 

Married 248 (51.6) 258 (50.3) 0.690 

Single 82 (17.0) 81 (15.8) 0.592 

Divorced  46 (9.6) 55 (10.7) 0.546 

Widowed  11 (2.3) 19 (3.7) 0.192 

In a relationship 63 (13.1) 89 (17.3) 0.063 

Other 3 (0.6) 2 (0.4) 0.659 

Prefer not to say 7 (1.5) 9 (1.8) 0.708 

 

 

Working 

status 

Employee 293 (60.9) 331 (64.5) 0.240 

Self-employed 51 (10.6) 63 (12.3) 0.407 

None 60 (12.5) 56 (10.9) 0.445 

Other 50 (10.4) 49 (9.6) 0.657 

Prefer not to say 6 (1.2) 12 (2.3) 0.197 

 

 

 

Working 

hours  

Full-time 226 (47.0) 282 (55.0) 0.012* 

Part-time 83 (17.3) 84 (16.4) 0.710 

Flexible hours 32 (6.7) 36 (7.0) 0.820 

None 87 (18.1) 76 (14.8) 0.164 

Other 25 (5.2) 27 (5.3) 0.963 

Prefer not to say 7 (1.5) 8 (1.6) 0.893 

 

Responses recorded in absolute (number of responses; n) and relative frequencies 

(percentage, %); N = New onset of dizziness, unsteadiness and/or falls post Coronavirus 

disease-2019 (COVID-19) diagnosis; P = Previous diagnosis of a pathology causing 
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dizziness, unsteadiness and/or falls prior COVID-19 diagnosis; SD = Standard deviation; --

- = not applicable; *p < 0.05; **p < 0.01; */** = indicate statistical significance. 

 

b) 

Groups (n = 

994, 100%) 

 Group P  

(n = 481, %) 

Group N  

(n = 513, %) 

P value  

(p) 

 

 

 

 

 

 

 

 

Previous 

diagnosis of a 

pathology 

causing 

dizziness, 

unsteadiness 

and/or falls 

Vestibular migraine 72 (15.0) 0 (0) --- 

Benign Paroxysmal Positional 

Vertigo 

67 (13.9) 0 (0) --- 

Meniere's disease 34 (7.1) 0 (0) --- 

Labyrinthitis 38 (7.9) 0 (0) --- 

Vestibular neuritis 38 (7.9) 0 (0) --- 

Postural orthostatic tachycardia 

syndrome (PoTS) 

57 (11.9) 0 (0) --- 

Low blood pressure 88 (18.3) 0 (0) --- 

Heart disorder causing dizziness, 

unsteadiness and/or falls 

29 (6.0) 0 (0) --- 

Anxiety or stress related 

dizziness, unsteadiness and/or 

falls 

85 (17.7) 0 (0) --- 

Cervicogenic (neck-related) 

dizziness, unsteadiness and/or 

falls 

24 (5.0) 0 (0) --- 

Anaemia causing dizziness, 

unsteadiness and/or falls 

45 (9.4) 0 (0) --- 

Vitamin deficiency causing 

dizziness, unsteadiness and/or 

falls 

39 (8.1) 0 (0) --- 

Brain condition (e.g., multiple 

sclerosis, stroke) causing 

dizziness, unsteadiness and/or 

falls 

17 (3.5) 0 (0) --- 

Dizziness, unsteadiness and/or 

falls due to medication 

22 (4.6) 0 (0) --- 

Not diagnosed with any 

conditions causing dizziness, 

unsteadiness and/or falls 

0 (0) 513 (100) --- 

 

Responses recorded in absolute (number of responses; n) and relative frequencies 

(percentage, %); N = New onset of dizziness, unsteadiness and/or falls post Coronavirus 

disease-2019 (COVID-19) diagnosis; P = Previous diagnosis of a pathology causing 

dizziness, unsteadiness and/or falls prior COVID-19 diagnosis; SD = Standard deviation; --

- = not applicable. 
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5.4.2 COVID-19 related questions  

Among the symptoms under investigation, dizziness was the most prevalent [Group P: 74% 

(357/481); Group N: 75% (383/513)], followed by unsteadiness [Group P: 60% (291/481); 

Group N: 62% (316/513)], and falls [Group P: 21% (100/481); Group N: 19% (95/513)] 

(Table 5.2). Some people experienced two or more of the investigated symptoms (e.g., 

dizziness, unsteadiness or falls). In Group N, 54% (278/513) of respondents experienced 

dizziness and unsteadiness, 16% (81/513) dizziness and falls, and 17% (88/513) 

unsteadiness and falls. In Group P, 54% (260/481) of respondents experienced dizziness and 

unsteadiness, 19% (91/481) dizziness and falls, and 19% (91/481) unsteadiness and falls. 

For those who experienced falls, mean age ± SD was 33.24 ± 13.04 (Group P), and 35.35 ± 

12.17 (Group N) years.  

 

The three-way loglinear analysis examined if the relation between the questions ‘When did 

you have the positive COVID-19 test’ x ‘How have you felt since you have had COVID-

19’, was significant for any of the available answers, dependently or independently from the 

Group factor. This analysis produced a final model that retained ‘When did you have the 

positive COVID-19 test’ x ‘How have you felt since you have had COVID-19’ for either 

group (Table 5.3). The likelihood ratio of this model was ꭓ2 (24) = 21.69, p = 0.60. The most 

common interaction was for people who had their positive COVID-19 test more than six 

months ago, had symptoms that interfered both with their work and outside activities. This 

interaction was significant [ꭓ2 (15) = 75.46, p < 0.001].  
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Table 5.2 Responses to questions related to COVID-19 including a) time of diagnosis, 

disability level and b) symptoms experienced since COVID-19 diagnosis. 

a)   

Groups (n = 

994, 100%) 

 Group P  

(n = 481, 

%) 

Group N  

(n = 513, 

%) 

P value  

(p) 

When did 

you have the 

positive 

COVID-19 

test? 

In the last 2 weeks 20 (4.4) 18 (3.5) 0.594 

In the last month 26 (5.7) 26 (5.1) 0.811 

< 6 months ago 121 (26.4) 129 (25.3) 0.997 

>6 months ago  291 (63.5) 337 (66.1) 0.090 

 

 

 

How have 

you felt since 

you have 

had COVID-

19? 

I have had no symptoms  20 (4.4) 20 (3.9) 0.835 

I have had mild symptoms  58 (12.7) 61 (11.9) 0.935 

I have had symptoms that interfered 

with outside activities  

36 (7.9) 51 (9.9) 0.171 

I have had symptoms that interfered 

both with work and outside activities  

169 (36.9) 214 (41.7) 0.033* 

I have had symptoms that made me 

unable to work or had to change jobs  

126 (27.5) 127 (24.8) 0.688 

I have had symptoms that made me 

unable to work for more than one 

year or established a permanent 

disability 

49 (10.7) 40 (7.8) 0.187 

 

Responses recorded in absolute (number of responses; n) and relative frequencies 

(percentage, %); COVID-19 = coronavirus disease-19; N = New onset of dizziness, 

unsteadiness and/or falls post COVID-19 diagnosis; P = Previous diagnosis of a pathology 

causing dizziness, unsteadiness and/or falls; *p < 0.05; **p < 0.01; */** = indicate statistical 

significance. 
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b) 

Groups (n = 

994, 100%) 

 Group P  

(n = 481, 

%) 

Group N  

(n = 513, 

%) 

P value  

(p) 

 

 

 

What 

symptoms 

do you 

currently 

continue to 

experience 

since your 

COVID-19 

diagnosis? 

 

 

 

 

 

 

 

Fever  46 (9.6) 57 (11.1) 0.424 

Persistent cough 67 (13.9) 88 (17.2) 0.161 

Unusual fatigue 347 (72.1) 402 (78.4) 0.023* 

Headache 264 (54.9) 272 (53.0) 0.556 

Chest pain/tightness 186 (38.7) 191 (37.2) 0.641 

Sneezing 50 (10.4) 56 (10.9) 0.790 

Runny nose 67 (13.9) 68 (13.3) 0.757 

Nosebleed 15 (3.1) 16 (3.1) 1.000 

Muscle ache 231 (48.0) 273 (53.2) 0.102 

Joint pain 213 (44.3) 261 (50.9) 0.038* 

Skin rash 70 (14.6) 72 (14.0) 0.816 

Seizures 15 (3.1) 4 (0.8) 0.007** 

Nausea 149 (31.0) 171 (33.3) 0.427 

Vomiting 39 (8.1) 22 (4.3) 0.012* 

Abdominal pain 115 (23.9) 113 (22.0) 0.481 

Shortness of breath 209 (43.5) 262 (51.1) 0.016* 

Sore throat 98 (20.4) 100 (19.5) 0.728 

Loss of smell/taste 141 (29.3) 176 (34.3) 0.091 

Hoarse voice 78 (16.2) 95 (18.5) 0.339 

Diarrhoea 81 (16.8) 100 (19.5) 0.279 

Confusion 159 (33.1) 170 (33.1) 0.978 

Disorientation 135 (28.1) 152 (29.6) 0.587 

Drowsiness 149 (31.0) 165 (32.2) 0.688 

Loss of appetite  97 (20.2) 91 (17.7) 0.329 

Dizziness 357 (74.2) 383 (74.7) 0.874 

Unsteadiness 291 (60.5) 316 (61.6) 0.722 

Falls 100 (20.8) 95 (18.5) 0.367 

No symptoms 14 (2.9) 23 (4.5) 0.191 

Other 74 (15.4) 76 (14.8) 0.802 

 

Responses recorded in absolute (number of responses; n) and relative frequencies 

(percentage, %); COVID-19 = coronavirus disease-19; N = New onset of dizziness, 

unsteadiness and/or falls post COVID-19 diagnosis; P = Previous diagnosis of a pathology 

causing dizziness, unsteadiness and/or falls; *p < 0.05; **p < 0.01; */** = indicate statistical 

significance. 
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Table 5.3 The three-way loglinear model [Group (P or N) x When did you have the positive 

COVID-19 test x How have you felt since you have had COVID-19].  

Model  

Group (P or N) x When did you have the positive COVID-19 test x How have you felt 

since you have had COVID-19 

Effect Parameter Estimate SD 

Error 

Z p 95% Confidence 

Interval       
Lower 

Bound 

Upper 

Bound 

Q9*Q10 11 0.724 0.297 2.436 0.015* 0.141 1.306 

 

Q = question (corresponding to question number in the online questionnaire); Q9 = When 

did you have the positive COVID-19 test; Q10 = How have you felt since you have had 

COVID-19; p = P value; SD = Standard deviation; Z = Z-score; Parameter: 11 = more than 

six months ago x I have had symptoms that interfered with both work and outside activities; 

*p < 0.05; * = indicate statistical significance.  

 

 

 

 

 

a)  

 

 



210 
 

b)  

 

 

c)  

 

 

Figure 5.2 Responses reported in absolute frequencies (n) in Group N and P regarding when 

respondents experienced a) dizziness, b) unsteadiness, and c) falls in relation to their 

COVID-19 diagnosis.  
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Supplementary data, for both groups, on first onset of dizziness, unsteadiness and/or falls, 

and how these symptoms changed since respondents first had them, can be found in 

Appendix O and P, respectively.  

 

 

5.4.3 Frequency of each episode of dizziness, unsteadiness or falls and duration for 

dizziness and unsteadiness 

The three-way loglinear analysis examined the relation between two questions, ‘How often 

do you experience dizziness’ x ‘How long does your dizziness last each time’ in Group N 

and P. This analysis produced a final model which retained the relation ‘Group x ‘How often 

do you experience dizziness’ x ‘How long does your dizziness last each time’ (Table 5.4a). 

The likelihood ratio of the model was ꭓ2 (42) = 26.41, p = 0.97. There was significant 

interaction between ‘Group’ x ‘How often do you experience dizziness’, ꭓ2 (6) = 18.71, p = 

0.005; ‘Group’ x ‘How long does your dizziness last each time’, ꭓ2 (7) = 20.18, p = 0.005; 

and ‘How often do you experience dizziness’ x ‘How long does your dizziness last each 

time’, ꭓ2 (42) = 570.13, p < 0.001.  

 

The three-way loglinear analysis examined the relation between two questions, ‘How often 

do you experience unsteadiness’ x ‘How long does your unsteadiness last each time’ in 

Group N and P.  This analysis produced a final model which retained the relation ‘Group’ x 

‘How often do you experience unsteadiness’ x ‘How long does your unsteadiness last each 

time’ (Table 5.4b). The likelihood ratio of the model was ꭓ2 (48) = 50.81, p = 0.36. There 

was significant interaction between ‘Group’ x ‘How long does your unsteadiness last each 

time’, ꭓ2 (7) = 36.43, p < 0.001; and ‘How often do you experience unsteadiness’ x ‘How 

long does your unsteadiness last each time’, ꭓ2 (42) = 699.85, p < 0.001.  

 

The Figure 5.3 illustrates number of responses in Group N and P to questions regarding a) 

frequency of each episode of falls. 
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Table 5.4 The three-way loglinear model [Group (P or N) x a) how often do you experience 

dizziness x how long your dizziness lasts each time; b) how often do you experience 

unsteadiness x how long does your dizziness last each time]. 

a) 

Model 

Group (P or N) x how often do you experience dizziness x how long does your dizziness 

last each time 

Effect Parameter Estimate SD 

Error 

Z p 95% Confidence 

Interval       
Lower 

Bound 

Upper 

Bound 

GROUP*Q27     2a -0.188 0.143 -1.312 0.190 -0.468 0.093 

GROUP*Q30 2b 0.137 0.099 1.380 0.168 -0.058 0.332 

Q27*Q30 1 2.835 0.319 8.898 0.000* 2.211 3.460  
2c -0.812 0.291 -2.788 0.005* -1.383 -0.241  
8 1.140 0.304 3.751 <0 .001* 0.544 1.735  
12 0.495 0.242 2.049 0.040* 0.022 0.968  
14 -1.722 0.794 -2.169 0.030* -3.278 -0.166 

 15 -1.854 0.789 -2.350 0.019* -3.401 -0.308 

 16 0.956 0.201 4.746 < 0.001* 0.561 1.351 

 17 0.740 0.251 2.952 0.003* 0.249 1.232 

 18 1.142 0.274 4.172 < 0.001* 0.606 1.679 

 24 0.720 0.249 2.895 0.004* 0.233 1.208 

 42 3.347 0.389 8.601 0.000* 2.585 4.110 

 

Q = question (corresponding to question number in the online questionnaire); Q27 = How 

often do you experience dizziness; Q30 = how long your dizziness lasts each time; p = P 

value; SD = Standard deviation; Z = Z-score; Parameter: 2a = Group N or P x daily; 2b = 

Group N or P x a few seconds up to 2 minutes; 1 = constantly x it is constant;  2c = constantly 

x a few seconds up to 2 minutes; 8 = daily x it is constant; 12 = daily x a few seconds up to 

2 minutes; 14  = daily x less than 20 minutes; 15 = daily x hours; 16 = 1-2 times a week x a 

few seconds up to 2 minutes; 17 = 1-2 times a week x less than 20 minutes; 18 = 1-2 times 

a week x 20 minutes- 1 hour; 24 = 3-4 times a week x a few seconds up to 2 minutes; 42 = 

3-4 times a week x less than 20 minutes;  *p < 0.05; * = indicate statistical significance. 
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b) 

Model 

Group (P or N) x how often do you experience unsteadiness x how long does your unsteadiness 

last each time 

Effect Parameter Estimate SD 

Error 

Z p 95% Confidence 

Interval       
Lower 

Bound 

Upper  

Bound 

GROUP*Q31 2a 0.177 0.092 1.917 0.055 -0.004 0.358 

Q28*Q31 1 2.675 0.278 9.629 0.000* 2.130 3.219  
2b -0.756 0.291 -2.601 0.009* -1.326 -0.186  
8 1.010 0.255 3.959 < 0.001* 0.510 1.510  
14 -1.729 0.794 -2.178 0.029* -3.285 -0.173  
15 -1.253 0.478 -2.621 0.009* -2.190 -0.316 

 16 0.733 0.168 4.367 < 0.001* 0.404 1.061 

 17 0.642 0.239 2.680 0.007* 0.172 1.111 

 18 0.704 0.283 2.488 0.013* 0.150 1.259 

 24 0.817 0.262 3.113 0.002* 0.303 1.332 

 32 0.812 0.373 2.177 0.029* 0.081 1.542 

 38 -1.600 0.644 -2.485 0.013* -2.862 -0.338 

 42 3.418 0.347 9.861 0.000* 2.739 4.098 

 

Q = question (corresponding to question number in the online questionnaire); Q28 = How 

often do you experience unsteadiness; Q31 = How long does your unsteadiness last each 

time; p = P value; SD = Standard deviation; Z = Z-score; Parameter: 2a = Group N or P x a 

few seconds up to 2 minutes; 1 = constantly x it is constant; 2b = daily x it is constant; 8 = 

daily x a few seconds up to 2 minutes; 14 = daily x less than 20 minutes; 15 = daily x hours; 

16 = 1-2 times a week x a few seconds up to 2 minutes; 17 = 1-2 times a week x less than 

20 minutes; 18 = 1-2 times a week x hours; 24 = 3-4 times a week x a few seconds up to 2 

minutes; 32 = 3-4 times a week x less than 20 minutes; 38 = never x not applicable; 42 = 

never x other; *p < 0.05; * = indicate statistical significance. 
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Figure 5.3 Responses in Group N and P reported in absolute frequencies: n) regarding how 

often respondents experience falls.  

 

 

 

5.4.4 Description and triggers for dizziness, unsteadiness and/or falls, and types of 

symptoms experienced since their onset 

The responses to how participants described their dizziness, unsteadiness and/or falls are 

presented in Table 5.5. Responses to what triggers participants’ dizziness, unsteadiness 

and/or falls are shown in Table 5.6. Responses to list of other symptoms experienced since 

onset of dizziness, unsteadiness and/or falls are shown in Table 5.7.  
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Table 5.5 Description of dizziness, unsteadiness and/or falls. 

Description of Dizziness Unsteadiness Falls 

Groups  

(n =  

994,  

100%)  

Group  

N  

(n = 

383, 

100%) 

Group  

P 

(n = 

357, 

100%) 

Group  

N 

(n = 

316, 

100%) 

Group 

P 

(n = 

291, 

100%) 

Group  

N 

(n =  

95, 

100%) 

Group 

P 

(n = 

100, 

100%) 

Feeling that things are 

spinning or moving 

around in the room or 

outside world 

128 

(33) 

173 

(49)** 

102 

(32) 

140 

(48)** 

29  

(31) 

47 

(47)* 

Feeling that things are 

spinning or moving 

around inside my head 

118 

(31) 

124 

(35) 

97 

(31) 

100 

(35) 

33  

(35) 

36  

(36) 

Feeling lightheaded 247 

(71) 

247 

(69) 

219 

(69) 

201 

(69) 

59  

(62) 

68 

(68) 

Feeling like being on a 

boat 

130 

(33.9) 

159 

(45)** 

111 

(35) 

126 

(43)* 

28  

(30) 

39 

(39) 

Foggy headed 221 

(58) 

220 

(62) 

189 

(60) 

186 

(64) 

53  

(56) 

67  

(67) 

Feeling pressure in the 

head 

139 

(36) 

177 

(50)** 

123 

(39) 

145 

(50)** 

33  

(35) 

54 

(54)** 

Feeling faint, about to 

black out 

127 

(33) 

141 

(40) 

106 

(33) 

117 

(40) 

32  

(34) 

47 

(47) 

Woozy, giddy, swimmy 

feeling 

165 

(43) 

155 

(43) 

133 

(42) 

129 

(44) 

33  

(35) 

40 

(40) 

Feeling unsteady 280 

(73) 

260 

(73) 

264 

(83) 

243 

(84) 

77  

(81) 

79 

(79) 

Losing balance and, 

unintentionally, find 

myself on the ground or 

lower level 

99  

(26) 

130 

(36)** 

108 

(34) 

127 

(44)* 

70  

(74) 

83 

(83) 

Other 4 

(1) 

8 

(2) 

4 

(1) 

7 

(2)  

3 

(3) 

2 

(2) 

 

Responses recorded in absolute (number of responses; n) and relative frequencies 

(percentage, %); N= New onset of dizziness unsteadiness and/or falls post COVID-19 

diagnosis; P= Previous diagnosis of a pathology causing dizziness unsteadiness and/or falls 

prior COVID-19 diagnosis; *p < 0.05*; **p < 0.01; */** = indicate statistical significance.  
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Table 5.6 Triggers for dizziness, unsteadiness and/or falls.  

Triggers Dizziness Unsteadiness Falls 

Groups (n = 994, 100%) Group  

N (n = 

383, 

100%) 

Group  

P 

(n = 357, 

100%) 

Group  

N 

(n = 316, 

100%) 

Group 

P 

(n = 291, 

100%) 

Group  

N 

(n = 95, 

100%) 

Group P 

(n = 100, 

100%) 

Looking up, for example, into a 

high cupboard or shelf 

141 (37) 164 (46)** 120 (38) 149 (51)** 42 (44) 49 (49) 

Only when I am doing certain 

activities such as turning over in 

bed, looking up, walking 

82 (21) 111 (31)** 78 (25) 105 (36)** 25 (26) 35 (35) 

With different body movements 

such as bending over, looking over 

shoulder 

148(39) 158 (44) 126 (40) 139 (48)* 38 (40) 42 (42) 

While laying down 80 (21) 89 (25) 64 (21) 77 (27) 12 (13) 21 (21) 

Performing activities such as 

sports, dancing, household chores 

205 (53) 207 (58) 176 (56) 182 (63) 53 (56) 60 (60) 

Straining/ lifting objects 82 (21) 106 (30)* 70 (22.1) 98 (34)** 27 (29) 33 (33) 

Standing up for 3 minutes or more 60 (16) 90 (25)** 53 (16.7) 72 (25)* 19 (20) 28 (28) 

Moving from a laying down to a 

sitting up position 

31(8) 50 (14)* 31(9.8) 47 (16)* 11 (12) 13 (13) 

Moving from a lying down or 

sitting position to standing up 

58 (15) 99 (28)** 49 (16) 71 (24)** 11 (12) 27 (27)** 

Walking down a supermarket 

aisle 

56 (15) 85 (24)** 49 (16) 75 (26)** 19 (20) 25 (25) 

Driving or being a passenger in a 

car 

142 (37) 145 (41) 115 (36) 129 (44)*  41 (43) 57 (57) 

Watching television and/or 

working on the computer 

187 (49) 185 (52) 161 (51) 159 (55) 46 (48) 64 (64)* 

Looking at striped or moving 

surfaces (e.g. curtains, flowing 

water) 

42 (11) 70 (20)** 40 (13) 57 (20)* 20 (21) 25 (25) 

Watching moving traffic or trains 

(e.g. crossing the street/ at train 

station) 

75 (20) 69 (19) 56 (18) 59 (20) 17 (18) 22 (22) 

Dark environments/ closing eyes 30 (8) 42 (12) 30 (10) 34 (12) 8 (8) 12 (12) 

Heights 47 (12) 49 (14) 40 (13) 46 (16) 16 (16) 17 (17) 

Anxiety/stress 95 (25) 136 (38)** 82 (26) 112 (39)** 28 (30) 40 (40) 

Fear 30 (8) 51 (14)** 18 (6) 42 (14)**  4 (4) 9 (9) 

Headache/ migraine 71 (19) 126 (35)** 63 (20) 109 (38)** 20 (21) 34 (34)* 

Menstruation (female subjects) 19 (5) 45 (13)** 15 (4.7) 41 (14)** 3 (3.2) 15 (15)** 

Poor sleep/lack of sleep 102 (27) 140 (39)** 81 (25.6) 121(42)** 24 (25.3) 46 (46)** 

Other 57 (15) 41 (12) 50 (15.8) 32 (11) 16 (16.8) 11 (11) 

 

Responses recorded in absolute (number of responses; n) and relative frequencies 

(percentage, %); N= New onset of dizziness unsteadiness and/or falls post COVID-19 

diagnosis; P= Previous diagnosis of a pathology causing dizziness unsteadiness and/or falls 

prior COVID-19 diagnosis; *p < 0.05*; **p < 0.01; */** = indicate statistical significance.  
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5.4.5 Questions about hearing 

The Figure 5.4 illustrates differences between Group N and P for questions related to hearing 

ability.  

 

 

 

   

 
 

Figure 5.4 Between-group mean ± standard deviation (SD) differences for questions related 

to hearing ability. Question 1: You are listening to someone on the telephone and someone 

next to you starts talking. ‘Can you follow what is being said by both speakers? Please rate 

on a scale of 0-10, where 0 stands for not at all and 10 for easily’; and question 2: ‘Can you 

easily ignore other sounds when trying to listen to something? Please rate on a scale of 0-

10, where 0 stands for not at all and 10 for easily’. The SD values in Group N and P for 

question 1 are 3.07 and 2.99, and for question 2 are 3.05 and 2.91, respectively; N = New 

onset of dizziness, unsteadiness and/or falls since post coronavirus disease-19 (COVID-19) 

diagnosis; P = Previous diagnosis of a pathology causing dizziness, unsteadiness and/or falls 

prior COVID-19 diagnosis; *p = 0.036; * = indicate statistical significance.  
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Table 5.7 Symptoms experienced since the onset of dizziness, unsteadiness and/or falls.  

Groups (n = 994, 100%) Group N  

(n = 513, 

100%) 

Group P 

(n = 481, 

100%) 

P value 

(p) 

Feeling unsteady 351 (68.3) 336 (69.9) 0.625 

Unsteadiness so severe that you have fallen to 

the ground 

85 (16.5) 111 (23.1) 0.001** 

Unable to stand or walk without support 120 (23.3) 149 (31.0) 0.008** 

Drifting or veering to one side when walking 240 (46.7) 261 (54.3) 0.018* 

Nausea (feeling sick)/ stomach 

churning/vomiting 

214 (41.6) 225 (46.8) 0.108 

Pounding, throbbing, and/or stabbing pain in 

the head/ behind eye(s) 

176 (34.2) 195 (40.5) 0.042* 

Poor concentration or memory 326 (63.4) 314 (65.3) 0.569 

Chest pressure 126 (24.5) 129 (26.8) 0.415 

Chest pain 104 (20.2) 122 (25.4) 0.056 

Clammy skin 83 (16.1) 106 (22.0) 0.019* 

Heart pounding or fluttering 218 (42.4) 225 (46.8) 0.175 

Heavy feeling in the arms or legs 167 (32.5) 167 (34.7) 0.470 

Visual disturbances (e.g., blurring, flickering, 

double vision) 

197 (38.3) 237 (49.3) < 0.001** 

Difficulty breathing, shortness of breath 207 (40.3) 173 (36.0) 0.155 

Excessive sweating 117 (22.8) 131 (27.2) 0.107 

Hearing loss 55 (10.7) 88 (18.3) < 0.001** 

Tinnitus 154 (30.0) 196 (40.7) < 0.001** 

Earache 83 (16.1) 112 (23.3) 0.005** 

Other 25 (4.9) 13 (2.7) 0.074 

 

Responses recorded in absolute (number of responses; n) and relative frequencies 

(percentage, %); N= New onset of dizziness unsteadiness and/or falls post COVID-19 

diagnosis; P= Previous diagnosis of a pathology causing dizziness unsteadiness and/or falls 

prior COVID-19 diagnosis; *p < 0.05*; **p < 0.01; */** = indicate statistical significance.  

 

 

 

5.4.6 Impact of dizziness, unsteadiness, and falls 

The Figure 5.5 a, b and c shows mean ± SD difference between Group N and P for impact 

of dizziness unsteadiness and falls on the ability to perform ADLs, respectively. 

Significantly more respondents (n =; %) were severely impacted by dizziness, unsteadiness 

and/or falls in Group P than N [36% (171/481) versus 22% (112/513); 30% (143/481) versus 
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19% (95/513); 13% (62/481) versus 6% (32/513), respectively; p < 0.05)]. All severely 

impacted people in Group P had a previous diagnosis of a pathology causing dizziness and/or 

unsteadiness with most prevalent peripheral vestibular disorder (18%; 88/481), vestibular 

migraine (9%; 43/481), anxiety/stress (8.5%; 41/481), and low blood pressure (8.5%; 

41/481). 

 

 

 

a)   b)    

   

c)  

 

Figure 5.5 Between-group mean ± standard deviation (SD) differences for impact of a) 

dizziness, b) unsteadiness and c) falls, on the overall ability to perform daily activities. The 

impact is recorded on VAS 0-100%, where 0% is no effect, and 100%, unable to perform 

daily activities; in Group N and P, the SD values are for a) dizziness: 29.22 and 29.45, b) 
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unsteadiness: 29.65 and 30.94, and c) falls: 24.46 and 31.27, respectively; *p < 0.001; * = 

indicate statistical significance.  

 

 

 

5.5 Discussion  

 

This online anonymous survey investigated the prevalence, clinical presentation, and impact 

of dizziness unsteadiness and/or falls in adults over 18 years old who had tested positive for 

COVID-19. The discussion is separated on 5.5.1) demographic characteristics and questions 

related to COVID-19, 5.5.2) impact of dizziness, unsteadiness and falls on the ability to 

perform ADLs, 5.5.3) description and triggers for dizziness, unsteadiness and/or falls, and 

types of symptoms experienced since their onset, 5.5.4) study limitations, and 5.5.5) 

conclusion.  

 

5.5.1 Demographic characteristics and questions related to COVID-19 

Significantly more female than male respondents completed this survey, which is also, 

reported in previous COVID-19 studies (Tenfolde et al., 2020; Alde et al., 2022) (Table 5.1). 

It may be that women are more frequently affected by dizziness and/or unsteadiness during 

COVID-19 as previously reported (Alde et al., 2022) but also, dizziness in general, is 

approximately three times more commonly seen in females than males (Neuhauser et al., 

2005; Neuhauser et al., 2007; Agrawal et al., 2009). Many respondents in Groups P (60.5%) 

and N (66%) had COVID-19 diagnosis for longer than six months before completing this 

survey. At that time of the survey, they were still experiencing persistent symptoms that 

interfered with both work and outside activities (Table 5.2). As it was hypothesised, 

dizziness was the most prevalent symptom followed by unsteadiness and, lastly, falls. 

Respondents in both groups also, experienced other symptoms. The most frequent symptoms 

were unusual fatigue, joint pain, muscle pain and shortness of breath (Table 5.2). In line 

with previously published work (Tenfolde et al., 2020), this study also, showed that most of 

the respondents were < 35 years old and experienced more than one persistent symptom 

following COVID-19 interfering with outdoor activities and work (Tables 5.1 and 5.2). 
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In June 2021 it was reported that 1.5% of the population in the UK, were living with the 

long-term effects of COVID-19 one year following the acute infection (Pawelek DAA, 

2021) and experienced persistent symptoms of which the most frequent was unusual fatigue 

accounting for 56% of all responses. Fatigue was the most frequently reported symptom 

experienced in both groups, but significantly more prevalent in Group N (79%) versus Group 

P (72%). The current survey did not check if the respondents were hospitalised for COVID-

19 or not. A recent large prospective study showed that at six months follow-up, persisting 

symptoms were common after COVID-19 especially in hospitalised patients compared to 

non-hospitalised (e.g., approximately 52% versus 38%) (Pérez-González et al., 2022). Chest 

symptoms were more frequent of which dyspnoea, chest pain, and cough were the most 

reported in both hospitalised and non-hospitalised participants (Pérez-González et al., 2022). 

Dizziness was prevalent in 6% of male and 7% of female adults who were previously 

hospitalised (Huang et al., 2021). Also, observations from earlier studies on hospitalised 

COVID-19 survivors, at six- and 12-months’ follow-up, after acute infection, showed that 

patients were mainly troubled with fatigue or muscle weakness at approximate rate of 63% 

(Huang et al., 2021; Zhao et al., 2021).  

 

Fatigue was highly prevalent (Table 5.2) after the acute COVID-19 infection. Fatigue did 

not resolve over time in all patients, no matter their previous medical history and if they 

received health care (Tenfolde et al., 2020; Huang et al., 2021; Zhao et al., 2021). Patients 

experienced both physical and mental fatigue referred to as difficulty performing ADLs, and 

concentrating and performing cognitive tasks, respectively (Karshikoff et al., 2017). This 

survey did not separate mental from physical fatigue thus, its impact on physical 

performance is not known. However, those who experienced fatigue reported also poor 

concentration or memory accounting for 41% and 34% responses in Groups P and N 

respectively, with no statistical between-group difference. Poor concentration or memory 

are known to be significantly correlated to worse performance on gait and complex gait tasks 

in people with dizziness and unsteadiness (Roberts et al., 2011; Bessot et al., 2012; Danneels 

et al., 2020). 

 

In this survey, dizziness, unsteadiness and/or falls were experienced only by few respondents 

prior COVID-19 in both groups (Figure 5.2). Over 90% of respondents in both groups 

experienced dizziness and 80% unsteadiness only since COVID-19 diagnosis onwards. 

Participants in Group P had a previous diagnosis of a pathology causing dizziness, 
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unsteadiness and/or falls prior COVID-19 (Table 5.1). Some respondents from Group N 

have had a first-time experience of dizziness, unsteadiness, and/or falls at some time of their 

life prior COVID-19 diagnosis. However, they did not report having a diagnosis of a 

pathology causing these symptoms neither they had frequent dizziness, unsteadiness or falls 

prior COVID-19. Dizziness and unsteadiness are non-specific symptoms and sometimes 

may occur for different reasons briefly without an indication of a pathology. Yet this cannot 

explain why some people in Group N experienced dizziness, unsteadiness and/or falls at 

some point prior COVID-19 as detailed information on how these occurred was not 

collected.  

 

5.5.2 Impact of dizziness, unsteadiness and falls on the ability to perform ADLs 

It is important to understand how often and for how long dizziness and unsteadiness are 

experienced in people after acute COVID infection. This may help to gain a better 

understanding of the impact that these symptoms have on people’s QoL (Kovacs et al., 

2019). It may also, assist the public health to effectively target people with such symptoms 

to promote recovery, reduce risk of symptom chronicity and associated personal and public 

costs (Tenfolde et al., 2020; Alde et al., 2022). This survey found that dizziness was present 

most frequently 1-2 or 3-4 times a week with duration of a few seconds up to 2 minutes or 

less than 20 minutes, respectively (Table 5.4). Similarly, most of the respondents 

experienced 1-2 times a week unsteadiness in short-lived episodes lasting for a few seconds 

up to 2 minutes. However, some respondents in both groups, reported constant dizziness. 

Further, on average both groups were moderately affected by dizziness and unsteadiness in 

their ability to perform ADLs. However, significantly more participants in Group P than N 

were impacted by these symptoms as well as falls in their ADLs and impact in Group P was 

reported significantly more frequently as severe. 

 

Dizziness and unsteadiness have been previously found in large proportions and associated 

with higher disability (Bronstein et al., 2010), poorer emotional wellbeing (Bayet et al., 

2020) but also, higher financial strain as people may not be able to work on full capacity 

because of these symptoms and consequently, must change jobs (Bronstein et al., 2010). 

Kovacs and colleagues (2019) showed that people who experience dizziness pay more for 

their health care services that those who do not experience dizziness which may additionally 

add up to the overall frustration. In line with previous work (Bronstein et al., 2010), 
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approximately 30% of respondents in both groups reported that they had symptoms that 

made them unable to work or had to change jobs. Additionally, recent studies showed that 

long-COVID symptoms had a major impact on patients’ QoL (Meys et al., 2020), 

independency (van Herck et al., 2021), work duties (van Herck et al., 2021), performance of 

ADLs, and physical functioning (Belli et al., 2020) independently from if they were 

hospitalised or not for COVID-19. This study also, found that the impact of symptoms on 

ADLs was present no matter if respondents had a previous diagnosis of a pathology causing 

dizziness, unsteadiness and/or falls or not.  

 

Falls were less frequent than dizziness and unsteadiness but still present at rate of 

approximately 19% and 21% in Group N and P, respectively. Previous studies observed falls 

in older adults following COVID-19 (Norman et al., 2020; Gawronska et al., 2021). While 

here in both groups, fallers were younger adults. Surprisingly, falls were frequently 

experienced, specifically, as often as 1-2 times a week (Figure 5.3). It is a concern that 

younger adults experienced falls after COVID-19 infection, especially, in Group N with no 

previous pathology causing dizziness, unsteadiness and/or falls prior COVID-19. This 

finding highlights the importance of adopting a holistic, multidisciplinary assessment to 

target the presentations of COVID-19 patients and including assessment of dizziness and 

postural and gait stability, and evaluation of motor functions for those who experience 

dizziness (Alde et al., 2022) and/or unsteadiness (Gawronska et al., 2021). Falls risk 

assessment should be carried out in all adults infected by COVID-19 who experience 

dizziness, unsteadiness and/or falls, or have concerns for such symptoms following COVID-

19, independently from their age. 

 

5.5.3 Description and triggers for dizziness, unsteadiness and/or falls, and types of 

symptoms experienced since their onset 

Dizziness, unsteadiness, and falls were most frequently described, without statistical 

significance between groups, as feeling lightheaded, foggy headed or unsteady (Table 5.5). 

Feeling unsteady was the most frequent description for dizziness, unsteadiness and falls in 

both groups. This is in line with previous work (Agrawal et al., 2009) which showed close 

association between dizziness, unsteadiness, and falls (Agrawal et al., 2009) thus, the 

descriptions of these symptoms by patients may overlap. Also, these symptoms were 

significantly more frequently described in Group P compared to Group N as feeling that 



224 
 

things are spinning or moving around in the room or outside world, feeling like being on a 

boat, feeling pressure in the head and falling (Table 5.5). Such descriptions are common in 

people with vestibular pathologies (Bisdorff et al., 2009; Bhattacharyya et al., 2017; Lempert 

et al., 2022; Bae et al., 2022). In Group P collectively, 36.8% of respondents reported that 

they had a previous peripheral vestibular disorder and 15% of respondents that they had 

vestibular migraine (VM) causing dizziness, unsteadiness and/or falls.  However, such 

descriptions were also, frequent in Group N. It could be hypothesised that people reporting 

such descriptions in Group N might be affected in their vestibular system by COVID-19 

infection, observation that has been reported in previous work (Malayala and Reza, 2020; 

Maslovara and Kosec, 2021). However, this hypothesis cannot be proven through an online 

survey.   

 

Three most frequent triggers for dizziness, unsteadiness and falls in both groups were 

performing activities such as sports, dancing, household chores, different body movements 

such as bending over, looking up or over the shoulder, and watching television and/or 

working on the computer. These were prevalent in approximately 40%-60% of respondents, 

depending on the trigger. Significantly more responses were observed in Group P than N for 

various triggers including different head and body movements, looking up or over the 

shoulder, bending over, and certain activities such as turning over in bed (Table 5.6). Such 

triggers are commonly reported by people with a vestibular disorder in clinics (Bisdorff et 

al., 2009; Bhattacharyya et al., 2017; Bae et al., 2022). Specifically, turning over in bed is 

commonly reported by patients with Benign Paroxysmal Positional Vertigo (BPPV). BPPV 

after COVID-19 has been previously documented and could be due to prolonged bed rest, 

as in some cases, otoconia may become dislodged when people decrease their general 

movement and physical activity (PA) levels, probably due to hypercoagulability (Mao et al., 

2020; Maslovara and Kosec, 2021). Reduced PA levels during mandatory COVID-19 

quarantine may also, be a risk factor for BPPV and general muscle loss leading to postural 

instability (Almufarrij and Munro, 2021, Alde et al., 2022).  

 

Furthermore, triggers such as walking down a supermarket aisle, driving/being passenger in 

a car, and looking at striped or moving surfaces could indicate presence of visual disturbance 

(Jacob et al., 1988; Bronstein, 1995; Bisdorff et al., 2009).  These triggers were frequent in 

both groups but significantly more in Group P. Visual disturbance (Table 5.7) often indicates 

audiovestibular disorders and often known as visual induced dizziness (ViD) (Pavlou et al., 
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2006; Bisdorff et al., 2009). ViD may occur because of excessive reliance on visual input 

for spatial orientation (i.e., visual dependence) (Bronstein, 1995; Pavlou et al., 2006; 

Cousins et al., 2014; Pavlou et al., 2016). ViD is often seen followed a variety of acute 

peripheral and central vestibular disorders (Bisdorff et al., 2009). Some people with anxiety 

(Jacob et al., 1988; Jacob et al., 1993; Yardley et al., 1994; Staab and Ruckenstein, 2003) 

and motion sickness (Yardley et al., 1992; Bronstein et al., 2020) may present with visual 

disturbances including ViD. 

Overall, descriptions of audiovestibular disorders associated with COVID-19 infection have 

been documented in the literature (Saniasiaya and Kulasegarah, 2021; Almufarrij and 

Munro, 2021; Maslovara and Kosec, 2021; Jafari et al., 2022), but a comprehensive 

vestibular and neurological examination is rarely available (Umashankar et al., 2021; 

Fancello et al., 2021; Jafari et al., 2022). Only a few reports described including objective 

vestibular assessment to confirm vestibular deficits, including a video Head Impulse Test 

evaluation (Mat et al., 2021; Gallus et al., 2021). Due to the design of this study as an online 

questionnaire, it is not possible to determine if some respondents experienced COVID-19 

related dizziness, unsteadiness and/or falls because of a vestibular pathology. Further, it is 

not possible to determine if some people had dizziness, unsteadiness and/or falls due to a 

central or peripheral disorder. The associations in this survey, were made only based on self-

reporting symptoms. Yet it is important to understand the self-reporting symptoms in people 

who were infected by COVID-19 (Alde et al., 2022). Patients with long-COVID symptoms 

should be asked about dizziness, unsteadiness and falls to characterise these symptoms 

which may help to identify appropriate onward referral as much as possible to specialist 

service (Demeco et al., 2020). 

Group P had also, significantly more responses for triggers such as standing for up to 3 

minutes or more, straining/lifting objects, and moving from a laying down or sitting position 

to standing up which are commonly seen among people with circulation problems, low blood 

pressure (Joseph et al., 2017; Kim et al., 2019; Saedon et al., 2020), postural tachycardia 

syndrome (PoTS) (O’Sullivan et al., 2021), cardiac disorders (Freeman et al., 2011; Lippi et 

al., 2021; Pérez-González et al., 2022) and anaemia (Joseph et al., 2017; Kim et al., 2019; 

Saedon et al., 2020). Group P had collectively 45.6% of respondents with low blood 

pressure, PoTS, cardiac disorder, and anaemia causing dizziness, unsteadiness and/or falls 

(Table 5.1). This survey did not collect data on names of medicines used by participants. 
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However, medication related dizziness, unsteadiness and/or falls was present in 4.6% of 

respondents in Group P (Table 5.1). Medication may cause symptoms of orthostatic 

hypotension (Kozak et al., 2018), and sometimes even ototoxicity (Lanvers-Kaminsky et al., 

2017) and/or vestibulotoxicity (Leis et al., 2015) including those given to patients with 

severe symptoms caused by COVID-19 infection (Fancello et al., 2021; Ciobra et al., 2020) 

which may result in dizziness and balance problems.  

 

Anxiety/stress, fear, headache, and poor sleep/lack of sleep were common triggers in both 

groups but significantly more common in Group P but anxiety/stress related diagnosis 

causing dizziness, unsteadiness and/or falls was present in 18% of respondents in this group. 

Anxiety and depression are common in people who experience dizziness and postural 

unsteadiness and often correlate with worse dizziness including ViD, vertigo, migraine, 

autonomic/somatic symptoms, and poor balance confidence (Yardley et al., 1992; Pavlou et 

al., 2013; Marchetti et al., 2014; Bigelow et al., 2016; Sugaya et all., 2017; Smith et al., 

2019; Zhu et al., 2020; Herdman et al., 2021; Herdman et al., 2022). Also, poor illness 

perceptions and cognitive beliefs about symptoms may affect the severity of dizziness and 

related perceived disability (Herdman et al., 2020; Wolf et al., 2020; Dunlap et al., 2021; 

Herdman et al., 2021; Herdman et al., 2022). People who live with dizziness and/or 

unsteadiness often report disturbed sleep (Albathi and Agrawal, 2017; Sugaya et al., 2017; 

Smith et al., 2019) while those with poorer sleep quality experience higher emotional 

distress and dizziness (Sugaya et al., 2017; Smith et al., 2019) as was observed in Group P. 

Studies on sleep in people with long-COVID are already being published showing a 

significant reduction in sleep quantity and quality in this population (Huang et al., 2020; 

Stanton et al., 2020).  

 

Menstruation was significantly more common as a trigger in Group P (female respondents). 

There was no statistically significant difference between-groups in female respondents. 

However, in line with previous study (Noseda et al., 2012), menstruation was documented 

as a common trigger in females of Group P who lived with VM or other vestibular or 

psychiatric problem. This study received responses mainly from females, and of younger 

age. Many long-COVID sufferers are women while those who are perimenopausal or 

menopausal (Newson et al., 2021) may be negatively affected in their migraines (Stewart et 

al., 2021) and dizziness.  In general, physical, and psychological stress, hormonal 

fluctuations, sensory dysregulation, insomnia and fasting due to COVID-19 may also, 
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trigger migraine attacks, vertigo, and dizziness (Stanton et al., 2020; Alde et al., 2022), 

especially in females (Newson et al., 2021; Stewart et al., 2021). Although, psychiatric 

problems, such as panic and phobic problems, generalised anxiety, and depression, have 

been described as common psychological reactions to the COVID-19 pandemic (Rajkumar, 

2020; Alde et al., 2022) and are considered among common causes of non-specific dizziness 

in both females and males (Staab and Ruckenstein, 2003), with and without previous 

diagnosis of dizziness, unsteadiness or falls. Health care practitioners should include 

questions on psychological state, sleep, headache, and menstruation (for females) when 

collecting subjective history information from people who experience dizziness, 

unsteadiness and or falls and were infected by COVID-19 to target more appropriate and 

holistic management plan.  

Hearing loss, tinnitus and earache were present as symptoms experienced since the onset of 

dizziness, unsteadiness and/or falls in both groups. Such symptoms have been observed in 

adults following COVID-19 (Perret et al., 2021; Umashankar et al., 2021; Fancello et al., 

2021; Jafari et al., 2022). Group P had significantly more reports of these symptoms (Table 

5.7) and performed significantly poorer in one of the questions related to hearing capacity. 

Both may be because of a pre-existing pathology such as Meniere’s disease (MD) and 

vestibular labyrinthitis which were present in 7% and 8% of respondents in Group P, 

respectively (Table 5.1). Nevertheless, the respondents were not asked if they had hearing 

loss, tinnitus, or earache prior COVID-19 as this was not the survey’s objective. However, 

hearing loss, tinnitus and earache are commonly seen as audiovestibular presentations 

(Bisdorff et al., 2009; Saniasiaya and Kulasegarah, 2021; Almufarrij and Munro, 2021; 

Jafari et al., 2022). Also, SARS-CoV-2 may play a role in the pathogenesis of MD through 

the elevation of plasma arginine vasopressin caused by COVID-related stress and forced 

quarantine and by inducing an inflammatory state (Oberman et al., 2017; Alde et al., 2022) 

which may trigger production of autoantibodies against the endolymphatic sac. Also, tinnitus 

is a very common symptom following COVID-19 (Beukes et al., 2021; Jafari et al., 2022) 

but also, in those who are anxious, experience migraines (Lugo et al., 2020; Lempert et al., 

2022) as well as in patients with mass cell activation syndrome which lately is included as 

a diagnosis in long-COVID patients (Weinstock et al., 2021) but which the survey did not 

address. 
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Overall, it may be important to first consider how best to assess dizziness, unsteadiness 

and/or falls which persist post-COVID at first contact with patient to make a referral to the 

most appropriate specialist clinic for thorough assessment and management (Demeco et al., 

2020; Saniasiaya and Kulasegarah, 2021; Gawronska et al., 2021; Almufarrij and Munro, 

2021; Jafari et al., 2022). All healthcare professionals, including physiotherapists, should be 

aware of these symptoms and how they present first and foremost, subjectively, to provide 

a more efficient care to long-COVID patients including general physiotherapy and VRT 

where appropriate (Whitney and Sparto, 2011, Whitney et al., 2016; Hall et al., 2022). The 

last has already shown promising results (Malayala and Reza, 2020) and is recommended to 

be carried out in long-COVID patients with dizziness, unsteadiness (Sheehy et al., 2020; 

Saniasiaya and Kulasegarah, 2021), and falls (Norman et al., 2020; Gawronska et al., 2021). 

 

5.5.4 Study limitations 

Firstly, due to the study design, the respondents were not assessed objectively, and their 

contact details were not known. Only subjective anonymous, self-reported data was 

collected which was not cross examined with objective clinical testing. Moreover, clinical 

hearing tests were not performed. Two questions on hearing capacity were included which 

collected subjective data from participants. These questions may be more relative to examine 

for central rather than peripheral auditory processing ability, thus, worse scores would probe 

more central rather than peripheral hearing disorders (Bamiou and Murphy, 2018). As an 

example, central auditory processing disorder can be found in people (e.g., who may have 

normative scores on audiograms) following brain injury, stroke (Koohi et al., 2017), older 

adults (Quaranta et al., 2014), people with autism spectrum disorder, attention deficit 

disorder and cognitive disorders (Bamiou and Murthy, 2018). It is acknowledged that due 

to the design of this study, it is not possible to make conclusions in relation to participants’ 

hearing ability only from the data collected from these two hearing questions.   

 

Also, although, the questionnaire asked the respondents to describe their symptoms of 

dizziness, unsteadiness and/or falls, a definition, as per guidelines (Bisdorff et al., 2009), for 

dizziness was not provided in the introduction, methodology or questionnaire. Future studies 

should aim to provide a clear definition for types of dizziness including vertigo as per 

guidelines (Bisdorff et al., 2009). Moreover, respondents’ psychological status including 
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anxiety/depression (Yardley et al., 1994; Staab and Ruckenstein, 2003; Bigelow, et al., 2016; 

Zhu et al., 2020), illness perceptions and cognitive beliefs about symptoms which are 

commonly seen in people with persistent and chronic dizziness were not investigated 

(Herdman et al., 2020; Wolf et al., 2020; Herdman et al., 2021; Dunlap et al., 2021; Herdman 

et al., 2022) or their full medical history and medicine intake. Furthermore, it was not asked 

if respondents have been previously diagnosed with migraine. There are associations 

between migraine and tinnitus following COVID-19 (Viola et al., 2021). However, VM, 

which is more relative to dizziness, unsteadiness, and/or falls, was included (Lempert et al., 

2022). Also, an option ‘other’ was included in the same question so that respondents could 

have an option to report with free text if they had a different diagnosis of the pathology 

causing dizziness, unsteadiness and/or falls from the ones listed. In addition, data was 

analysed in two groups of which one group included participants with a wide range of 

previous diagnoses causing dizziness unsteadiness and/or falls which limits the significance 

of study results and conclusion. Instead, future studies may consider exploring dizziness, 

unsteadiness and/or falls in relation to COVID-19 in a specific population such as VN, VM, 

anxiety, stroke, separately to draw more specific conclusions applicable to population with 

VN, VM, anxiety, stroke, respectively, rather than including in one group people with such 

a range of pathologies causing dizziness, unsteadiness and/or falls. Finally, despite the 

satisfactory sample size (Conroy, 2018), results should be interpreted with caution given the 

low level of evidence mainly arising from case studies, currently unclear studies to refer 

(Saniasiaya and Kulasegarah, 2021; Almufarrij and Munro, 2021; Jafari et al., 2022), and 

the limitations listed above. 

 

5.5.5 Conclusion  

Dizziness, unsteadiness, and falls associated with long-COVID state are diverse and 

complex to understand. Patients may experience dizziness, unsteadiness and/or falls for 

more than six months regardless of if they had a previous diagnosis of a pathology causing 

these symptoms. The results of this survey suggest that dizziness and unsteadiness should 

be recognised as symptoms in long-COVID patients. People with long-COVID symptoms 

such as dizziness unsteadiness and/or falls should be referred to appropriate health care 

providers for assessment and management of their symptoms. The results of this survey may, 

also, help to gain better understanding of the prevalence, clinical presentation and impact of 
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dizziness, unsteadiness and/or falls in adults who were positive for COVID-19 and increase 

awareness of prevalence of these symptoms both in primary and tertiary care settings.  
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CHAPTER 6 GENERAL DISCUSSION 

 

The general discussion in this chapter focuses on providing a summary of all results and a 

general overview of the doctoral (PhD) project as whole.  

 

6.1 Overview of the doctorate project  

 

There is a high burden of dizziness, vertigo and associated postural instability in the society 

(Neuhauser et al., 2016). Dizziness and vertigo affect 15-20% of adults yearly. Around 25% 

of all dizziness complaints are due to vertigo (Neuhauser et al., 2016). People with chronic 

vestibular disorders (CVD) may experience various symptoms including vertigo, dizziness, 

visually induced dizziness (ViD) (Pavlou et al., 2006; Bisdorff et al., 2009), reduced postural 

stability (Whitney et al., 2000; Wrisley et al., 2004; Marchetti et al., 2014) and ability to 

dual task (DT) (Danneels et al., 2020), increased falls risk (Herdman et al., 2000b), fear of 

falling (Young and Williams, 2015; Herdman et al., 2020), anxiety and depression (Yardley 

et al., 1994; Staab and Ruckenstein, 2003), and sleep abnormalities (Albathi and Agrawal, 

2017; Sugaya et al., 2017; Smith et al., 2019). These symptoms may cause disruptions in 

their social, and daily activities, and work (Bronstein et al., 2010; Kovacs et al., 2019) and 

reduce people’s overall PA levels (Morimoto et al., 2018), independence and quality of life 

(QoL) (Yardley et al., 1992; Harun et al., 2015).  

Moreover, the coronavirus disease-19 (COVID-19) outbreak resulted in more people 

developing dizziness, unsteadiness and/or falls, symptoms that have been shown to persist 

for longer than six (Huang et al., 2021) and even 12 months (Zhao et al., 2021; Pawelek 

DAA, 2021; Pérez-González et al., 2022) following the acute infection. In fact, dizziness 

and unsteadiness accounted on their own for 6-10% in long-COVID patients (Huang et al., 

2021; Zhao et al., 2021; van Herck et al., 2021) and prolong the burden of patients’ illness 

and impact on their ability to perform activities of daily living (ADLs) (Meys et al., 2020) 

and work (Tenfolde et al., 2020), and reduce physical independence (Nabavi, 2020). Chapter 

5 showed that dizziness was present in approximately 75% of respondents while 

unsteadiness in 60% and falls in 20% of respondents. As the pandemic continues, it is 

essential to determine the clinical presentation of these symptoms and their recovery in 
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people who have been experiencing these symptoms post-COVID. The last may help to 

direct health care, inform assessment plans, and reinforce messaging to public healthcare 

organisations (Tenfolde et al., 2020; Alde et al., 2022). 

Also, DT is required in many ADLs. People with CVD perform significantly poorer in two 

tasks at the same time compared to single task (Redfern et al., 2004; Roberts et al., 2011; 

Bessot et al., 2012; Lin et al., 2018). They, also, show greater impairments in various gait 

parameters (Roberts et al., 2011; Bessot et al., 2012) and/or poorer performance on 

secondary tasks (Nascrimbeni et al., 2010) compared to healthy age-matched controls. 

Chapter 3 aimed to investigate the predictive factors for functional gait and DT gait 

performance in four conditions, Functional Gait Assessment (FGA) in isolation, FGA-

Auditory, FGA-Numeracy and FGA-Literacy, in people with CVD. Before exploring such 

factors in people with CVD, it was important to have normative data for healthy age-

matched adults. This would enable accurate comparison. Also, gaining a better 

understanding of factors that predict better gait and DT gait performance in healthy adults, 

may assist in proving advice on preventative approaches for maintaining better functional 

gait in healthy adults, and guide appropriate assessment and treatment interventions in 

people with gait and balance disorders including symptomatic people with CVD. Therefore, 

Chapter 2 focused on identifying the predictive factors for functional gait and DT gait 

performance in healthy adults. 

Customised and supervised VRT exercises help to decrease handicap perceived from 

dizziness, improve balance, and gait, and enhance perceived balance confidence thus, reduce 

fall risk, and improve visual acuity during head movements in people with vestibular 

disorders (Hall et al., 2016; Hall et al., 2022) or those with dizziness, unsteadiness and/or 

falls that their symptoms are provoked by head and body movements and positions (Horak 

et al., 1997) or have increased fear of falling (Young and Williams, 2015). Also, VRT 

involving optokinetic stimulation (OKS) has been shown to significantly decrease ViD, 

vertigo, autonomic/somatic symptoms, anxiety, and depression scores (Pavlou et al., 2013). 

However, it is not known which VRT approach is more effective in people with CVD (Hall 

et al., 2022). Higher effectiveness of VRT means that people may be able to achieve greater 

or full recovery (Topuz et al., 2004). Thus, this thesis aimed to explore cost-effective types 

of VRT that have not been applied previously in people with CVD, for their effectiveness, 

versus standard customised VRT approaches (Hall et al., 2016; Hall et al., 2022).  
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The study in Chapter 4 investigated the DT training, as an addition to a customised VRT for 

its effectiveness, considering the attentional interferences which exist during DT 

performance in people with CVD as observed in Chapter 3 and previous studies (Danneels 

et al., 2020). The DT interference has been widely investigated in healthy adults where older 

age is correlated with poorer gait, DT gait performance and higher risk of falling (Ayers et 

al., 2014; Muhaidat et al., 2014; Nieborowska et al., 2019; Asai et al., 2021; Goh et al., 2021) 

and this agrees with the findings in Chapter 2.  

Also, VRT may be helpful in people who experience dizziness, unsteadiness and/or falls 

after the acute COVID-19 infection. This has been encouraged by recent studies (Sheehy et 

al., 2020; Malayala and Reza, 2020; Maslovara and Kosec, 2021). However, firstly, it is 

important to understand how best to assess these symptoms in people who were infected by 

COVID-19 to direct them to the relevant clinic and provide the most appropriate treatment, 

because little is known about their experience of dizziness, unsteadiness and/or falls. Thus, 

Chapter 5 aimed to investigate the prevalence, clinical features (self-reported) and impact of 

dizziness, unsteadiness and/or falls in adults who were positive for COVID-19 infection as 

starting point. Dizziness and unsteadiness were prevalent but also, presented with different 

self-reported features (e.g., duration, frequency, triggers, associated symptoms etc) in both, 

people who had and did not have a previous pathology causing dizziness unsteadiness and/or 

falls prior the COVID-19 infection. Based on this information obtained from the survey, it 

may be appropriate that people who experience dizziness and/or unsteadiness after acute 

COVID-19 infection are initially assessed for type of dizziness, unsteadiness and/or falls in 

long-COVID or general practitioner (GP) clinics, then referred to specialist clinic for further 

assessments and interventions. 

 

6.2 Clinical implications and future directions in the assessment of people with 

chronic vestibular disorders and COVID-19 patients 

 

This general discussion focuses on the findings from the experimental Chapters 2-5.  
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6.2.1 Subjective symptoms  

It is well documented that people with CVD may experience dizziness including ViD, 

(Pavlou et al., 2004; Pavlou et al., 2006; Bisdorff et al., 2009; Pavlou et al., 2013), 

lightheadedness, and/or disorientation (Whitney et al., 2009) as well as poor subjective 

balance confidence (Herdman et al., 2000b).  Chapter 4 shows that in a sample of 39 people 

with various CVD including people with probable vestibular migraine (VM), VM, unilateral 

vestibular disoder (UVD), UVD with VM, and bilateral vestibular disorder (BVD), who 

were highly functional (e.g., had normative baseline average FGA scores), yet were poorly 

compensated for their perception of dizziness, and ViD, and had signs of vestibular and 

autonomic/somatic symptoms and poor balance confidence.  

Indeed, people with CVD, who have not had VRT or have previously poorly responded to 

VRT, may find it easier to compensate for objective postural instability rather than dizziness, 

ViD, vestibular and autonomic/somatic symptoms, and poor balance confidence (Herdman 

et al., 2021; Herdman et al., 2022). This may be because postural control is required in all 

ADLs and is a primary need for safety and independent movement (Horak et al., 2006). 

Thus, partial postural adaptation can occur over time in these people even by slow movement 

and walking throughout the day (Lacour et al., 2016). However, this may not indicate that 

they acquire healthy habits in terms of their movement. For example, it is common for some 

people with CVD, to mobilise around but reduce moving their head or perform spontaneous 

body movements such as bending forwards and turning the head to look over their shoulder 

to avoid triggering symptoms (Horak et al., 1997; Bronstein et al., 2005; Whitney et al., 

2016). These people may report that they experience less frequently symptoms of dizziness 

or even do not experience dizziness probably because they adopted maladaptive movement 

patterns such as having reduced the speed of specific movements or stopped full range of 

neck movement over time (Whitney and Sparto, 2011; Klatt et al., 2015; Whitney et al., 

2016).  

Chapter 3 and 4 showed that there are people with CVD who have achieved some postural 

stability, and may seem steady, and identify on objective balance tools such as Functional 

Gait Assessment (FGA) with a normative baseline score, prior VRT. However, this does not 

necessarily mean that they are not at increased falls risk or have a normative score for their 

subjective balance confidence as was also, shown in Chapters 3 and 4. Specifically, the FGA 

has a ceiling affect in people with CVD and may not be able to identify all those at falls risk 

(Pavlou et al., 2013), particularly high functioning individuals such as the participants in 
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studies of Chapters 3 and 4. It would be appropriate to screen these people with more 

challenging gait tasks such as FGA simultaneously with a numeracy or literacy tasks and 

look for associations between objective scores from such tasks and subjective symptoms and 

balance confidence as in Chapters 3 and 4. 

On that note, people with CVD show significantly lower subjective balance confidence 

compared to healthy age matched controls even if their objective balance score (assessed 

with FGA) is within normative levels as observed in Chapters 2, 3 and 4. Further, they 

perform worse in DT walking compared to healthy controls as seen in this thesis but also, 

from previous studies (Roberts et al., 2011; Bessot et al., 2012). Chapter 3 showed that one 

of the contributor factors to better FGA DT performance in people with CVD is self-

perceived balance confidence (assessed with ABC). Further, Chapter 3 showed that one of 

the predictive factors for better FGA and FGA DT performance was less severe ViD 

(assessed with SCQ). Studies that assess postural control and DT in people with CVD should 

also, correlate these measures to subjective balance confidence and subjective symptoms of 

dizziness to help better understand in more holistic way person’s capacity for balance and 

postural control. When examining the effectiveness of VRT, future studies should aim to 

evaluate subjective balance confidence and dizziness with self-reported measures and 

changes should be observed post treatment and compared with objective balance, gait, and 

DT gait outcome scoring.  

 

6.2.2 Cognitive function performance 

Age-related changes in cognitive function may reduce the ability to perform complex gait 

tasks including gait and DT gait (Woollacott and Shumway-Cook, 2002; Yogev-Seligman 

et al., 2008; Al-Yahya et al., 2011; Al-Yahya et al., 2018; Kahya et al., 2019). The 

experiment from Chapter 2 demonstrated that even in healthy adults, important predictive 

factors for better FGA performance with or without the addition of an auditory or cognitive 

task, was a better performance on one or more cognitive function performance tasks. In 

Chapter 2, six cognitive function tasks were examined which are related to postural control 

and gait (Yogev-Seligmann et al., 2008). Ageing was significantly correlated with poorer 

performance on all cognitive function tasks and poorer performance on all FGA tasks.  

It is possible that cognitive function training in older age could help maintain better postural 

stability in simple and more complex dynamic gait tasks. Future studies should focus on 
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delivering preventative measures on postural stability, including cognitive function training 

in adults over 65 years old and not only rehabilitation when already people are at risk of 

falling. Studies on computerised cognitive function performance training in neurological 

populations such as Parkinson’s disease (Milman et al., 2014), and frail adults aged ≥70 

years old (Verghese et al., 2016; Verghese et al., 2021) at increased falls risk, show 

beneficial results for people’s mobility, walking and balance. Future trials should aim to find 

best type, frequency, and dosage of cognitive function performance training as preventative 

and rehabilitation approaches (Verghese et al., 2021).   

People with CVD, apart from the impact of ageing in older participants, show cognitive 

function impairments (Black et al., 2004; Bigelow and Agrawal, 2015; Danneels et al., 2020; 

Chari et al., 2022). This thesis excluded people with CVD with cognitive function 

impairments (e.g., MoCA score < 26/30) to rule out the possibility that this impairment could 

contribute to DT performance since the aim was to investigate the pure DT interference and 

effect of DT training. However, although MoCA was used for screening, it is unclear 

whether it was a valid measure as evidence as this measure has not been validated in people 

with CVD but only in other neurological populations with cognitive function and mobility 

impairments such as people with Alzheimer’s dementia (Lam et al., 2013), Parkinson’s 

disease (Gill et al., 2008), stroke (Toglia et al., 2011). However, it has been used as screening 

tool for cognitive function impairment in people with vestibular disorders (Sprenger et al., 

2017; Bao et al., 2019; Coelho et al., 2020).  

It is important to note that despite people with CVD in this thesis had a normative MoCA 

score, their cognitive function performance scores were worse compared to healthy controls 

as observed from Chapters 2 and 3, but still within normal range apart from average baseline 

scores for working memory and multitasking ability in one of the rehabilitation groups 

(Chapter 4) which was broadline abnormal (De Luca et al., 2003; de Rover et al., 2011). 

Further in Chapter 3, it was observed that only the most complex FGA DT, with 

simultaneous performance of numeracy task, had as a predictor better performance on 

cognitive function task assessing the ability to learn new things and processing information 

(e.g., Paired Associates Learning). Other FGA tasks were not predicted by any of the 

cognitive function performance measures probably because larger samples are needed to 

examine these. Although, appropriate number of independent variables was assessed per 

model (Voorhis and Morgan, 2007). Also, when it comes to predicting factors for FGA and 
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FGA DT in people with CVD, multiple factors may contribute to better gait and DT gait 

performance apart from cognitive performance since there is diversity in symptoms and 

impairments among these people (Horak et al., 1997). Chapter 3 showed that such factors 

may include subjective symptoms of ViD, perceived balance confidence, PA levels, Body 

Mass Index (BMI), age, and daytime sleepiness. 

Cognitive function performance impairments are very well documented in people with CVD 

and closely correlated with postural instability, thus, should not be underestimated in clinical 

assessments. The challenge is to find appropriate cognitive function performance screening 

tasks for clinical and research practice. Collectively, from Chapter 3 and 4, the most relevant 

cognitive function performance tasks to gait and DT gait performance, were the PAL (e.g., 

ability to learn new information; assesses episodic memory), Rapid Visual Information 

Processing (RVP) (e.g., ability to process speed of information; assesses visual sustained 

attention), Multi-Tasking (MTT) (e.g., ability to manage conflicting information; assesses 

divided attention), and Spatial Working Memory (SWM) (e.g., ability to remember items 

and recall spatial information; assesses working memory). Future larger studies should 

validate a screening tool for cognitive function impairment in people with CVD and 

moreover, investigate the relationship between cognitive function state and cognitive 

function performance scoring on such tasks. Different cognitive screening measures for 

cognitive function state and measures of cognitive performance should be investigated to 

identify optimal ones in terms of time, cost, and efficacy. The predictive models for gait and 

DT gait performance should be repeated with larger sample size to examine more potential 

predictors including cognitive function performance tasks related to postural control, gait, 

and DT gait. 

 

6.2.3 Functional gait assessment and dual task  

In line with previous work (Krampe et al., 2011; Brustio et al., 2017; Belur et al., 2020; Asai 

et al., 2021), the study in Chapter 2 showed that the DT complexity can significantly alter 

gait stability and increase falls risk in healthy adults ≥ 65 years old. It is important to note 

that the auditory task had the least impact on the FGA. Buyle and colleagues (2021) (See 

paper published in Appendix Q) showed that healthy older adults perform significantly 

worse on FGA-Auditory compared to healthy young adults, probably due to their poorer 
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capacity in overall cognition and cognitive flexibility (Woollacott and Shumway-Cook, 

2002; Liston et al., 2014b; Belur et al., 2020; Buyle et al., 2021). Yet older adults did not 

perform significantly low on FGA-Auditory to be found at increased falls risk (Buyle et al., 

2021) which is in line with findings in this thesis. On the other hand, numeracy DT have 

been shown to have the greatest negative effect on older age (Krampe et al., 2011; Goh et 

al. 2021).  In Chapter 2, DTC > 20% were observed in 21% of adults in the FGA-Numeracy, 

16% of adults in the FGA-Literacy and none in the FGA-Auditory. Thus, when assessing 

healthy older adults for their performance in gait and DT gait, it is important to use a DT of 

sufficient complexity to determine impairments. DT gait paradigms with a numeracy or 

literacy task may be more appropriate compared with an auditory task (e.g., passive listening 

to background noise) in screening for increased falls risk in this population.  

 

Chapter 2 showed that various factors may predict gait and DT gait performance in healthy 

ageing, and some of the most relevant were explored according to the available literature. 

Each FGA model (e.g., FGA in isolation, FGA-Auditory, FGA-Numeracy and FGA-

Literacy) represented approximately the half of the assessed population. The predictive 

factors that appeared in all four models were age, one or more cognitive function 

performance tasks including PAL, RVP and MTT (Robbins et al., 1998; De Luca et al., 2003; 

De Rover et al., 2011), and level of formal education (LoE). In line with previous work, 

ageing affected balance control (Al-Yahya et al., 2011; Brustio et al., 2017; Nieborowska et 

al., 2019; Asai et al., 2021) as well as cognitive function performance (Al-Yahya et al., 2011; 

Mirelman et al., 2017; Al-Yahya et al., 2018; Kahya et al., 2019) including performance 

related to executive function, episodic and working memory which may have impacted the 

ability to perform complex gait tasks (Yogev-Seligmann et al., 2008).  

 

In Chapter 2, despite average cognitive scores for all tasks were within normative ranges 

based on data for age-matched healthy adults (Robbins et al., 1998; De Luca et al., 2003; De 

Rover et al., 2011), there was an effect of age on cognitive function performance in all tasks 

which was also, associated with an increased falls risk on at least one FGA DT condition. 

Further, higher LoE was one of the predictive factors in all four models. It is possible that 

LoE impacted gait and DT performance though cognitive function, although no significant 

associations were found between LoE and performance on cognitive tasks. This finding is 

different from previous work (Opdebeeck et al., 2016) which reported that even one 

additional year of LoE resulted in better cognitive performance for episodic and working 
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memory, or short-term memory, visuospatial abilities, and attention. This difference could 

be partially attributed to the methodological differences between two studies.   

Studies have shown that people with CVD may be as efficient as healthy controls in carrying 

out DT when the postural (e.g., sitting, standing with or without perturbation) or secondary 

task is not of sufficient complexity (Yardley et al., 2001; Sprenger et al., 2017). On the other 

hand, in line with previous work (Roberts et al., 2011; Bessot et al., 2012) this thesis showed 

(Chapter 3) that these people are less efficient in carrying out two tasks simultaneously 

compared to single task when the primary task is walking, or the secondary cognitive task 

addresses one of the cognitive function domains in which these people show performance 

impairment (Smith and Zheng, 2013; Smith et al., 2019; Danneels et al., 2020; Chari et al., 

2022). Moreover, their performance in DT gait is worse than in healthy age-matched 

controls and they may be at higher risk of falling when the task complexity increases. As in 

healthy older adults (Chapter 2), also, in people with CVD (Chapter 3) it was noted that the 

average FGA-Numeracy and FGA-Literacy suppressed the threshold of 20 % DTC 

suggesting increased falls risk (Hollman et al., 2007). The falls risk was significantly greater 

for these tasks in people with CVD compared to age-matched healthy controls and even to 

healthy older adults while the auditory task had the least negative effect among the three DT 

tasks for both healthy adults (Chapter 2) and those with CVD (Chapter 3). It is important to 

note that this thesis included people with CVD with normative MoCA score and their DT 

performance as well as cognitive scores that are worse compared to normal may be more a 

produce of attentional capacity overload versus true cognitive impairment. 

People with CVD also, struggle with task prioritisation and deviate from the ‘posture first 

strategy’ more than the healthy young and older adults. People with CVD were at higher 

risk of falling compared to healthy younger and older adults when a more complex cognitive 

numeracy or literacy task was added to the FGA as observed from DTC reported for healthy 

adults (Chapter 2) and people with CVD (Chapter 3). People with CVD also, did on average 

less errors on cognitive numeracy and literacy tasks than healthy controls when performed 

simultaneously the FGA tasks which shows abnormal task prioritisation strategy. In total for 

FGA-Numeracy and FGA-Literacy tasks, 35% of all people with CVD deviated from 

‘posture first strategy’ (Chapter 3) compared to 15% of healthy adults ≥ 65 years old 

(Chapter 2). After these people received VRT with or without DT (Chapter 4), not only their 
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scores improved on FGA and FGA DT, thus, DTC reduced but also, they may have learned 

how to prioritise posture over secondary tasks.  

In relation to predictive factors in people with CVD (Chapter 3), better performance on the 

FGA and FGA-Auditory tasks was predicted partially by lower scores on the SCQ 

questionnaire which assesses ViD (Pavlou et al., 2006; Bisdorff et al., 2009). As per previous 

work (Pavlou et al., 2013; Pavlou et al., 2015), in Chapter 3, it is shown that people with 

CVD who had higher scores on SCQ were performing worse on FGA, and FGA-Auditory. 

Moreover, in people with CVD, younger age was one of the predictive factors for better 

performance on more challenging tasks, all three FGA DT conditions despite the study in 

Chapter 3 had only 6 people with CVD over 65 years old. However, in people with CVD, 

ageing effect has been previously correlated with worse postural stability and increased falls 

risk, in addition, to their vestibular disorder (Herdman et al., 2000b; Herdman et al., 2012). 

In Chapter 2, gait performance and ability to DT deteriorated with age as was seen in 

previous studies (Krampe et al., 2011; Nieborowska et al., 2019; Buyle et al., 2021; Asai et 

al., 2021; Goh et al., 2021).  

Further, the study in Chapter 3 observed that many factors may contribute to FGA and FGA 

DT performance in people with CVD. However, as the task complexity increased, they 

required more the input from cognitive resources. Predictive factors in the models for people 

with CVD, apart from cognitive function performance which discussed above, included 

daytime sleepiness, balance confidence, BMI, and PA levels. As per previous studies 

(Albathi and Agrawal et al., 2017; Smith et al., 2019), the study in Chapter 3 found that 

lower (e.g., better) scores for daytime sleepiness predicted better performance on the FGA. 

Daytime sleepiness in people with CVD should not be underestimated in relation to gait. It 

was not possible to examine both the daytime sleepiness and sleep quality and quantity 

simultaneously in the same model due to the restrictions in the assumption criteria for 

multiple regression analysis. Also, greater balance confidence predicted better performance 

on the FGA-Literacy. Lower normative BMI scores predicted better performance on the 

FGA, and higher average PA levels predicted better performance on the FGA-Auditory and 

FGA-Numeracy tasks. The average BMI scores were within normative scores and similar 

with those in age-matched healthy controls (Chapter 2). However, their overall PA levels 

were significantly lower and their sedentary behaviour significantly higher compared to 

healthy age-matched controls as observed in Chapter 2 and demonstrated in previous work 
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(Morimoto et al, 2018). Symptomatic people with CVD, may become overwhelmed by their 

symptoms because these impact on their ability to function (Bronstein et al., 2010; Semenov 

et al., 2016; Kovacs et al., 2019). Consequently, these people may become more isolated 

overtime, lose their balance confidence, and accumulate greater fear of falling (Young and 

Williams, 2015) and spend more time sedentary, which could impact their balance and gait 

(Lin and Bhattacharyya et al., 2010; Morimoto et al., 2018).   

Although, both studies (Chapter 2 and 3) achieved at least the minimum power required 

(e.g., 80%), larger sample sizes may provide greater power and moreover, enable inclusion 

of more independent variables to be examined as predictive factors per model. Along with 

the independent variables which were investigated in Chapter 2 and 3, other potential 

predictive factors such as smoking, diet, exercise, and work type that people do, and cultural 

factors should be examined. Moreover, more psychological factors must be examined in 

relation to gait and DT gait in people with CVD including people’s cognitive beliefs about 

symptoms and illness perception which have been shown to contribute to higher disability 

perceived from dizziness, postural unsteadiness (Herdman et al., 2020; Wolf et al., 2020; 

Dunlap et al., 2021), and probably poorer response to VRT (Herdman et al., 2020; Herdman 

et al., 2021; Herdman et al., 2022).  

 

6.2.4 Physical activity levels 

From Chapter 2, in healthy adults, the average PA levels for seven consecutive days were 

within similar ranges as reported in previous large studies (Clarke et al., 2017; Doherty et 

al., 2017). Chapter 3 showed that people with CVD have longer sedentary behaviour and 

lower overall PA levels compared to healthy age-matched controls which has been, also 

previously observed (Morimoto et al., 2018). This thesis is the first to investigate the average 

PA levels in people with CVD in relation to their balance, gait and ability DT. Chapter 3 

showed that people with CVD who have lower PA levels are also, more unsteady than those 

with higher PA levels. PA levels were not investigated in the rehabilitation study (Chapter 

4) because of the small sample size. A recent study (Shiozaki et al., 2021) reported that a 

supervised by physiotherapist weekly medium-term (6 months) VRT may be highly 

effective in enhancing PA levels in daily life and may subsequently improve subjective 

dizziness in people with CVD. Future studies should aim to investigate specific VRT such 
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those including DT training (Chapter 4) for their effectiveness in comparison to other VRT 

in improving PA levels in people with CVD. The duration of VRT should be also 

investigated with regards to improvements achieved in PA levels. 

 

6.2.5 Sleep 

Inadequate sleep and increased daytime sleepiness are considered global problems and are 

common even among healthy adults (Fabrega-Cuadros et al., 2020). Also, people with 

vestibular disorders often complain to their health care providers about having sleep 

problems. However, there is little evidence to understand the clear impact sleep problems 

have on subjective and objective symptoms, QoL and treatment outcome in people with 

vestibular disorders (Albathi and Agrawal, 2017; Smith et al., 2019; Andrade Junior et al., 

2021). A recent study (Andrade Junior et al., 2021) reported that worse QoL due to disability 

perceived from dizziness, greater postural instability and falls risk were highly correlated in 

people with CVD who had poorer quality of sleep compared to people with CVD with better 

sleep quality and healthy controls (Andrade Junior et al., 2021).  The findings in this thesis 

agree with previous literature which showed that sleep may be an important factor to 

consider when assessing healthy people (Gomez et al., 2008; Micarelli et al., 2017; Rana et 

al., 2018) and those with CVD (Morimoto et al., 2018; Andrade Junior et al., 2021) for their 

gait and DT gait, and screening for falls risk. Chapters 2 and 3 identified lower daytime 

sleepiness as a predictor factor for better FGA-Numeracy and FGA performance in healthy 

adults and people with CVD, respectively.  

 

6.2.6 Psychological state  

Emotional distress, anxiety, and depression are very common in people with CVD and often 

co-exist with other impairments including subjective symptoms of dizziness (Yardley et al., 

1994; Herdman et al., 2020; Zhu et al., 2020) including ViD (Pavlou et al., 2006; Pavlou et 

al., 2013), poor balance confidence, and increased falls risk (Herdman et al., 2000b; 

Herdman et al., 2012). Although, the mechanisms behind the vestibular and psychological 

symptoms are not yet well understood, it is becoming clearer that the more severe the 

handicap perceived from postural imbalance, dizziness, or vertigo, the more severely people 

with CVD are affected by psychological symptoms (Herdman et al., 2020; Zhu et al., 2020). 

Thus, assessment of and addressing mental health issues is important in people with CVD.  
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Chapter 3 investigated the predictive factors for FGA and FGA DT performance in people 

with CVD. However, none of the predictive factors was of psychological origin. One reason 

for this finding could be that the study in Chapter 3 had a small sample size to examine all 

psychological factors that could contribute to balance and gait in people with CVD. It only 

included the subcategories of Hospital Anxiety and Depression scale (HADS) and yet could 

use only one of the components (e.g., anxiety or depression) per model as per assumption 

criteria for linear regression models (Casson and Farmer, 2014; Hickey et al., 2019). It was 

not possible to include the Cognitive and Behavioral Symptom Questionnaire (CBSQ) 

(Skerrett and Moss-Morris, 2006) and Illness Perception Questionnaire-Revised (IPQ-R) 

(Moss-Morris, 2002) as they consist of many subcategories and with each subcategory being 

an independent variable, much larger sample sizes would be needed. Another reason could 

be that the study in Chapter 3 did not include people with CVD with severe anxiety or 

depression (e.g., < 15/21 on the HADS-Anxiety or HADS-Depression were included only). 

Also, for healthy adults in Chapter 2, HADS was not predictive factor for FGA or FGA DT 

performance probably because they had normative average HADS scores (e.g., < 8/21 on 

the HADS-Anxiety and HADS-Depression components).  

 

6.2.7 Dizziness, unsteadiness and falls in people who were infected by COVID-19 

The study in Chapter 5 investigated the prevalence, clinical presentation and impact of 

dizziness, unsteadiness and falls in adults over 18 years old who were infected by COVID-

19. Following an acute COVID-19 infection, individuals may have new onset of dizziness, 

vertigo, unsteadiness and/or falls. It is possible that some individuals may have exacerbation 

of these symptoms following COVID-19 due to a previous pathology causing dizziness 

unsteadiness and/or falls prior the infection. However, the last is a hypothesis which was not 

possible to prove through the online survey in Chapter 5. Chapter 5 includes a significant 

data set of approximately 1000 respondents and investigated the prevalence of dizziness 

unsteadiness and/falls, self-reported characteristics about time onset of COVID-19 infection, 

COVID-19 related symptoms most commonly seen in people with dizziness, unsteadiness 

and falls, characteristics of dizziness, unsteadiness and/or falls including frequency, 

duration, intensity of symptoms as well as description of symptoms, triggering factors and 

overall impact of these symptoms on person’s ADLs. 
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More female respondents completed the survey (Chapter 5), possibly because dizziness and 

vertigo are 2-3 times more prevent in female than male individuals (Neuhauser et al., 2005; 

Neuhauser et al., 2007; Agrawal et al., 2009). The survey (Chapter 5) found that many long-

COVID sufferers who experience dizziness, unsteadiness and/or falls were young women. 

This has been reported in previous studies (Tenforde et al., 2020; Alde et al., 2022) while 

those women who are perimenopausal or menopausal are more frequently affected by 

persisting symptoms following COVID-19 infection (Newson et al., 2021). The survey in 

this thesis also found that dizziness was the most prevalent symptom amongst unsteadiness 

and falls. At the time of completion of this survey, more than 60% of respondents had their 

COVID-19 diagnosis more than six months ago which was also, found in previous studies 

(Huang et al., 2021; Zhao et al., 2021; Pawelek DAA, 2021; Pérez-González et al., 2022).  

However, they were still experiencing lingering symptoms including dizziness, unsteadiness 

and/or falls. 

The survey in Chapter 5 investigated the clinical presentation of dizziness unsteadiness and 

falls as self-reported by respondents in two groups, Group P (e.g., respondents who were 

experiencing dizziness, unsteadiness and/or falls after acute COVID-19 infection but also, 

had a previous diagnosis of a pathology causing dizziness, unsteadiness and/or falls) and 

Group N (e.g., respondents who were experiencing dizziness, unsteadiness and/or falls after 

acute COVID-19 infection but did not have a previous diagnosis of a pathology causing 

dizziness, unsteadiness and/or falls). It was important to understand how dizziness, 

unsteadiness and/or fall presented in these groups which could inform clinical and research 

practice at the time of COVID-19 outbreak.  

Both Group P and N without statistically significant between-group difference, experienced 

dizziness, unsteadiness and/or falls on weekly basis following the acute COVID-19 

infection. Most frequent responses were that these symptoms were short-lived lasting a few 

seconds up to 2 minutes or less than 20 minutes. Some people experienced dizziness 

constantly on daily basis. Previous studies (Bronstein et al., 2010; Semenov et al., 2016; 

Kovacs et al., 2019) found that these symptoms, especially, dizziness can be associated with 

high disability and financial strain (Kovacs et al., 2019) as people may be unable to work 

due to their symptoms or even must change jobs (Bronstein et al., 2010). Importantly, the 

survey in Chapter 5 found that approximately 30 % of respondents in each group, could not 

return to their jobs or had to change job after COVID-19 infection. 
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Further, falls have been reported as an atypical presentation following COVID-19 in older 

population (Norman et al., 2020; Gawronska et al., 2021). The data from survey included in 

this thesis is the first to report falls in both Group P and N, following COVID-19. Most 

importantly, falls were frequent in younger adults. Symptoms such as falls after COVID-19 

are atypical but should be considered when screening and testing people at increased risk 

due to their age (Gawronska et al., 2021) and those who have a concern about their balance 

and/or experience dizziness. However, prospective studies are needed to investigate the 

possible correlation between COVID-19 and falls in all ages. 

Overall, based on the survey data (Chapter 5), it may be important to first consider how best 

to assess dizziness, unsteadiness and/or falls which persist post-COVID at first contact with 

patient to make a referral to the most appropriate specialist clinic for thorough assessment 

and management (Saniasiaya and Kulasegarah, 2021; Gawronska et al., 2021; Almufarrij 

and Munro, 2021; Jafari et al., 2022). All healthcare professionals, including 

physiotherapists, should be aware of these symptoms and how they present first and 

foremost, subjectively, to provide a more efficient care to long-COVID patients including 

general physiotherapy and VRT where appropriate (Malayala and Reza, 2020). Despite the 

satisfactory sample size, results should be interpreted with caution given the low level of 

evidence, currently unclear studies to refer (Saniasiaya and Kulasegarah, 2021; Almufarrij 

and Munro, 2021; Jafari et al., 2022)., and the limitations related to this survey (Chapter 5) 

including the fact that it is based on self-reported anonymous data.  

 

6.3 Clinical implications and future directions in the rehabilitation of people with 

chronic vestibular disorders and those post-COVID 

 

The work presented in this thesis represents a series of novel studies. Studies in Chapter 2 

and 3 investigated the predictive models in healthy ageing and people with CVD for FGA 

and FGA DT performance, respectively. Chapter 4 focused on investigating the 

effectiveness of VRT with the addition of DT training in people with CVD. Finally, Chapter 

5 explored the prevalence, clinical presentation (e.g., self-reported) and impact of dizziness, 

unsteadiness and/or falls in people who were infected by COVID-19. Although, the subject 

number in these studies was relatively small (except Chapter 5), they have identified some 

directions for future research in healthy ageing and vestibular field in terms of DT gait 
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assessment and its relation to cognitive function performance, PA levels, sleep, 

psychological state, and subjective symptoms in people with CVD. The work in this thesis 

has also, explored the effectiveness of DT exercises as an addition to customised VRT and 

provided insights into symptoms of dizziness, postural unsteadiness and/or falls experienced 

by people following the most recent COVID-19 outbreak. If proven to be effective in larger 

clinical trials, this thesis could provide a new framework for the assessment and 

rehabilitation of adults with CVD but also, help to gain better understanding of the 

assessment and treatment strategies in people who were infected by COVID-19 and are 

symptomatic for dizziness, unsteadiness and/or falls. 

 

6.3.1 Changes in FGA and FGA DT 

Chapter 4 showed that both VRT with and without DT exercises helps to improve subjective 

symptoms, balance, gait, and ability to DT in people with CVD. Practising DT exercises 

may provide a greater change in patients’ perceived handicap from dizziness, and ViD.  

Important finding is that although, both groups improved to normative average scores in 

FGA-Literacy post-treatment, only Group VRT with DT exercises achieved average 

normative FGA-Numeracy score while Group VRT without DT exercises, even though, 

significantly improved, remained at risk of falling. 

 

An unanswered question from Chapter 4 which could lead to future studies is if the people 

who undertook VRT with DT training can maintain the effects on treatment outcome for 

longer period. Previous studies that investigated the effectiveness of an additional novel 

approach such as the usage of virtual reality applications delivered via head-mounted device 

(Viziano et al., 2019) and the addition of high-tech optokinetic stimulation modalities 

(Pavlou et al., 2004) to a traditional customised VRT, reported that people retained some 

improvements to postural stability, dizziness, balance confidence and psychological state 

following treatment at 12-months follow-up (Viziano et al., 2019) and even 16- and 36-

months follow-up performed over the phone (Pavlou et al., 2004). Also, people improved in 

both groups (Chapter 4), however it is questioned whether they would achieve greater 

improvements if there was a longer duration of VRT. Thus, future studies should aim to 

investigate DT training as an addition to VRT in people with CVD over longer time (follow-

ups) versus VRT without DT training. Since the experimental study in Chapter 4 is not 

powered, further studies should try and replicate this rehabilitation protocol in larger sample 
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sizes. Task prioritisation strategies and types of cognitive tasks included in DT training are 

another exciting field for future investigations (Danneels et al., 2020; Goh et al., 2021).  

 

6.3.2 Changes in subjective symptoms 

Both Groups who received VRT with and without DT training (Chapter 4) showed 

improvements in subjective symptoms of vertigo, dizziness including ViD and balance 

confidence. However, greater improvement in ViD, handicap perceived from dizziness and 

balance confidence was noted in people who undertook VRT with DT training probably 

because they were offered more complex exercises to practise and then felt more confident 

moving which perhaps helped vestibular compensation on its own. However, these people 

were not offered necessarily more intense exercises than in the Group VRT without DT 

exercises but rather had to split their attention between two tasks whilst practising the 

exercises. From Chapters 3 and 4 and previous studies in people with CVD (Pavlou et al., 

2012; Pavlou et al., 2013), ViD should be targeted with specific exercises including 

structured and gradually progressive optokinetic stimulation. The results in Chapters 3 and 

4 also, suggest improving ViD in people with CVD, may improve people’s gait and DT gait 

performance and decrease the falls risk in complex tasks such as FGA-Numeracy.  

It is possible that there are some mechanisms to be explored in future studies that could 

explain how people adapt to DT training and the impact of this adaptation on their subjective 

symptoms. Another thought is that it is possible that people felt that they were improving 

more (e.g., placebo effect) because they were in the Group with DT exercises which is a 

novel approach to VRT in people with CVD. Future studies should aim to blind people to 

VRT approach they receive. Researchers may also, choose to include self-reported 

questionnaires to explore how people felt about having received VRT with DT training and 

explore the relationship between their answers to the level of improvement of their 

symptoms. 

 

6.3.3 Changes in cognitive function performance 

The findings in study from Chapter 4 are in line with previous work (Smith and Zheng, 

2013; Popp et al., 2017; Sugaya et al., 2018; Smith et al., 2019; Danneels et al., 2020; Chari 

et al., 2022) demonstrating that people with vestibular disorders show performance 
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impairment in working memory, and aspect of executive function examining divided 

attention. The performance impairments in these cognitive constructs could be partially 

attributed to a variety of higher vestibular projections throughout the cortex and subcortex, 

of which the vestibulo-hippocampal pathways play a major role in visuospatial, attention 

and memory abilities (Brandt et al., 2005; Smith et al., 2013; Smith et al., 2005; Hitier et al., 

2014). Further, poorer cognitive function performance is associated with worse performance 

on gait tasks with and without DT (Woollacott and Shumway-Cook, 2002; Yogev-

Seligmann et al., 2008; Danneels et al., 2020) which was also, observed in this thesis. 

 

The rehabilitation study in Chapter 4 did not offer cognitive function training. However, 

post-treatment, only Group VRT without DT exercises achieved significant improvements 

on two tasks, the MTT and RVP. It is believed that any significant improvements achieved 

in cognitive function performance in the Group VRT without DT exercises happened 

indirectly via improvement in subjective symptoms. To support this statement, data from 

Chapter 4 showed that at baseline, only in Group VRT without DT exercises, poorer 

performance on MTT and RVP was significantly correlated, with higher (e.g., worse) scores 

for autonomic/somatic symptoms, and subjective balance confidence, ViD, and vertigo, 

respectively. Thus, improvements achieved post treatment in subjective symptoms, in this 

group, may have positively impacted the cognitive function performance on MTT and RVP 

tasks.  

 

Moreover, Chapter 4 showed that poorer cognitive function performance and psychological 

symptoms were strongly correlated in people with CVD which also, agrees with previous 

studies (Gurvich et al., 2013; Smith et al., 2019). However, these observations were found 

only in Group VRT without DT exercises. In the same group, baseline worse performance 

on MTT was significantly correlated with higher scores on HADS for anxiety component. 

The impact of psychological symptoms on demotivation and distractibility and as a result, 

poorer cognitive function performance is detrimental (Sugaya et al., 2017; Smith et al., 

2019). Apart from the negative psychological response to feeling dizzy and unsteady, 

emotional distress and anxiety may, also, affect cognitive function performance (Balaban et 

al., 2011; Gurvich et al., 2013; Smith and Darlington, 2013). The data in Chapters 3 and 4 

suggests that in clinical and research practice, evaluation of cognitive function performance 

and emotional status should be included to explore their interactions pre- and post-treatment.   

 



249 
 

Some indirect benefits from VRT were observed on cognitive function performance in both 

groups. However, it is unknown which are the most effective ways of improving cognitive 

function performance in people with CVD. Improvements in these contexts potentially could 

enhance treatment outcomes in terms of gait and balance stability as well as ability to DT 

(Chapter 3). Future studies should explore how cognitive training and DT training affects 

cognitive function performance treatment outcome in people with CVD and explore that 

treatment outcome in relation to balance, gait, and DT gait.   

 

6.3.4 Changes in sleep  

Chapter 4 investigated the effect of VRT with and without DT training and included self-

reporting sleep outcomes. Chapter 4 showed that worse PSQI score was associated with 

more severe dizziness, poorer balance confidence and higher emotional distress (Sugaya et 

al., 2017; Smith et al., 2019). Chapter 4 showed that sleep scores improved in people with 

CVD post customised and supervised VRT with and without DT training. It is possible that 

interactions between sleep behaviour and other subjective symptoms exist and improve with 

improvements in dizziness, balance confidence, psychological state, and PA levels. The 

mechanisms behind sleep and vestibular system are under investigation but not yet clear 

(Besnard et al., 2018). It is believed that sleep improves indirectly because other subjective 

symptoms improved since the experimental study did not involve direct sleep rehabilitation 

or advice from a sleep therapist.  

 

6.3.5 Changes in psychological state 

The findings from Chapter 4 demonstrate that customised and supervised VRT with or 

without DT are helpful to improve indirectly the psychological status in people with CVD. 

This is in accordance with previous studies (Pavlou et al., 2004; Pavlou et al., 2013). Chapter 

4 shows that even supervision every 3 weeks can still improve anxiety of these people no 

matter the type of customised VRT. Supervised and customised VRT are supported by the 

current clinical practice guideline from the Academy of Neurologic Physical Therapy (Hall et 

al., 2022). The supervised VRT aim to encourage and address distressing symptoms and 

functional impairments, promote habituation, gradual exposure to symptoms and triggering 

situations, and challenge negative beliefs (Beidel et al., 2001). Furthermore, as with patients 

who experience other chronic conditions, through supervision and education the therapist 
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can empathise (Cohen et al., 2011; Vaismoradi et al., 2016) patients’ vestibular condition 

and associated symptoms, explaining that they are not alone and there are other people with 

similar conditions show improvements to their symptoms so they can do as well. People can 

be asked to observe their symptoms, gain better understanding of them so the self-

management could be more achievable. However, care should be given to those who show 

unhealthy focusing on their symptoms. 

 

More recent feasibility studies start implementing integrated cognitive behavioural therapy 

(CBT) together with VRT programme to challenge negative beliefs and illness perceptions 

and show promising results compared to gold standard VRT in terms of psychological 

improvements in people with CVD (Herdman et al., 2020; Herdman et al., 2021; Herdman 

et al., 2022). However, the clear additional effect of combining these strategies with VRT is 

yet unclear and should be explored in randomised controlled trials which should also aim to 

explore standard alone customised and supervised VRT versus CBT-VRT over longer 

period and a later follow-up to assess treatment maintenance of the programmes. It is 

possible that people with CVD do not fully recover because they need longer in duration 

rehabilitation programmes than only 3 months. It is common in clinic to require between 3-

6 months to achieve further improvement and this is as per current clinical practise and only 

a few studies incorporate supervised VRT for 6 months or more (Viziano et al., 2019; 

Shiozaki et al., 2021). Most studies do not offer longer than 3 months VRT. Based on the 

available studies that offer 3 months VRT, the current clinical guidelines consider very 

satisfactory this duration for rehabilitation (Hall et al., 2016; Hall et al., 2022).  

 

6.4 Project limitations 

 

Limitations for each of the experimental studies are provided in relevant chapters. In this 

section, reference is made to limitations related to the whole thesis. A pilot VRT study aimed 

to compare two types of OKS based VRT for the improvement of ViD in people with CVD 

(section 6.4.1 below). This experimental study was meant to be the Chapter 5 of this thesis. 

Unfortunately, this study was not completed because of COVID-19 outbreak. The current 

Chapter 5 explored the prevalence, clinical presentation (self-reported) and impact of 

dizziness, unsteadiness and/or falls in adults over 18 years old who were infected by 
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COVID-19. At the time of the outbreak, it was not known how many adults infected by 

COVID-19 experienced dizziness, unsteadiness and/or falls and the impact these symptoms 

had on people’s life. Also, there was no information yet on long-COVID and long-COVID 

clinics did not exist. However, more and more people experienced such symptoms and 

sustained them for longer than six (Huang et al., 2021) and even 12 months (Zhao et al., 

2021; Pawelek DAA, 2021). This was of relevance to this thesis in terms of understanding 

the appropriate approaches to assessment and rehabilitation of these people as well as 

making awareness of healthcare providers and warrant National Health System (NHS) 

centres for need of developing specific long-COVID clinics to provide care to people who 

experienced dizziness, unsteadiness and/or falls. Long-COVID clinics were opened soon 

after, to support people with long-COVID symptoms under multidisciplinary management 

and operate accordingly to the demand. The subsection 6.4.2 refers to the impact of COVID-

19 on this thesis.   

 

6.4.1 The effect of Virtual Reality and DVD optokinetic stimulation exposure on 

visual induced dizziness symptoms in people with chronic vestibular disorders 

This pilot study was submitted for ethical approval and approved by the Integrated Research 

Application System (IRAS) (IRAS No: 272301; Research Ethics Committee (REC) 

Reference: 20/LO/1244) during COVID-19 outbreak. Unfortunately, due to the prolonged 

lockdown periods, the unknown start time for participants’ recruitment for this study from 

the NHS centres, the nature of this project which would require participants to travel to the 

research site on weekly basis for their rehabilitation which was not allowed at that time due 

to COVID-19 restrictions, and specific deadline to complete this doctoral project, this study 

did not initiate. It is possible that this project will continue as postdoctoral research since 

ethical approval has been granted for 3 years with possibility of extension if needed.  

 

6.4.2 Impact of COVID-19 on this doctorate project 

In December 2019, several pneumonia cases with an unidentified aetiology were reported 

in Wuhan, China, and announced to the World Health Organisation (WHO) (WHO, 2020). 

A novel coronavirus was identified on 6 January 2020 as the cause of these cases. On 30 

January 2020, WHO declared the novel coronavirus outbreak to be a global health 
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emergency of international concern and named the novel coronavirus as COVID-19. To 

minimise the spread of COVID-19, the government in the United Kingdom (UK), decided 

to go on lockdown on 23rd of March 2020.  

The lockdown due to COVID-19 had significant consequences for this doctorate project. At 

the time of the lockdown, recruitment of people with vestibular disorders was smooth and 

continuous. However, from 17th of March 2020 onwards, people with vestibular disorders 

who were already taking part in the DT assessment (Chapter 3) and rehabilitation trial 

(Chapter 4), hesitated to come to the university site for their face-to-face appointments. Also, 

the research team was hesitant to continue face-to-face appointments due to the infection 

rates going up so rapidly. For the rehabilitation study (Chapter 4), between 16th-31st of 

March 2020 11 follow-up appointments, two 6-weeks, and two post-treatment assessment 

sessions were cancelled. Moreover, between 16th-30th of March 2020, 8 people with 

vestibular disorders were scheduled to attend the university site for their baseline assessment 

for study in Chapter 3. These appointments were cancelled, people were not recruited and 

remained on hold for over a year due to restrictions from King’s College London (KCL) on 

PhD studies conduct during COVID-19 and when the lockdown period finished, no one of 

these individuals were willing to travel and take part in face-to-face research.  

All PhD students were asked by KCL to sign a consent that any unnecessary research 

COVID-19 nonrelated would pause or continue remotely where possible from 23rd of March 

2020 onwards. The permission to continue virtually any follow-up appointments for existing 

participants in the rehabilitation study (Chapter 4) was given by submission of a non-

substantial amendment form as requested by IRAS.  Any new participants identified for the 

trial who did not sign consent yet, were placed on hold till further notice from government 

and KCL. 

The rehabilitation trial (Chapter 4) remained blinded. For the participants that were already 

involved in trial, information sheet was shared with participants on safely conducting virtual 

follow-up sessions. The sessions continued every 3 weeks as per protocol for all participants. 

Regarding the 6 weeks and 13 weeks’ assessments (Chapter 4), participants completed in 

time all subjective outcome measures which could be easily sent via email and completed 

electronically. All questionnaires were completed and sent via email by the participants to 

the research team. Participants who were enrolled in the study (Chapter 3) a week or two 

before COVID-19 lockdown, were happy to wear the monitors and then to post them back 
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to the KCL site. After receiving the monitors, they were in quarantine for at least 72 hours 

before collection.  

It was not feasible to carry out the 6 weeks and 13 weeks’ assessments for participants in 

time for the study in Chapter 4. The first step after the first lockdown was to understand how 

to perform the cognitive CANTAB battery and the gait assessments remotely, accurately, 

and safely for the participants. All apart two participants performed the CANTAB cognitive 

tests online from home. However, these assessments were delayed up to three weeks. For 

the gait assessment (e.g., FGA and FGA DT) the challenge was to identify how to perform 

the testing virtually whilst maintaining people’s safety. Appropriate space had to be 

identified at the participants’ homes, i.e., free of hazards and six meter long (which was not 

possible for three people). The rest of the people, three in total, who did the 13-week 

assessment of FGA virtually with the research team which included two assessors, same as 

the ones who did the face-to-face assessments, were thoroughly guided virtually at a separate 

appointment prior testing how to set up the walkway and find all appropriate equipment such 

as stairs and obstacle to perform the FGA.  

The participants were also asked to have with them at least one member of family on the 

day for safety reasons. The family member was given advice on the day of the testing, prior 

to testing and with no presence of patient, on how to respond when the patient was tested on 

the day. It was fortunate that people who were assessed virtually for FGA and FGA DT were 

highly functional otherwise if assessors thought that the participants was not safe to perform 

the assessment virtually, they would immediately stop. Another challenge was to manage to 

schedule an appointment for the gait assessment session convenient for the participant as 

well as for the two assessors of the research team who are normally responsible for carrying 

out the 6- and 13-week assessments for this project. The two assessors, one from Taiwan 

and one from Saudi Arabia, who were carrying out the assessments for the rehabilitation 

study (Chapter 4) had to return to their countries due to COVID-19 and were in quarantine 

for a couple of weeks before becoming available again to continue the assessments. This 

was followed by an additional challenge regarding booking the appointments as there was a 

significant time difference between UK, Taiwan, and Saudi Arabia. Overall, gait assessment 

was arranged as week 16 and 17 instead of 13 post treatment.  

As a result of difficulties related to COVID-19, two participants did not complete the post-

treatment gait assessment because of lack of space at their home for one and for the other 
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not feeling comfortable about appearing on camera and, co-existing factors such as stress 

related to COVID-19, illness, and work uncertainty. Five people did not complete the 6 

weeks’ gait assessment because it was too late to complete so the 6 weeks assessments were 

dropped totally from the trial. The current Chapter 4 includes a study on pre-post treatment 

measures only. The focus was only on final assessments once people completed the 

rehabilitation. Regarding CANTAB cognitive tests, the 6 weeks assessments were not 

completed, and two people did not complete the post-treatment assessment. In total 4 people 

dropped out of the rehabilitation study due to COVID-19 (Chapter 4-see exact reasons in 

4.4.1 Study Flowchart). This is approximately 50% of all dropouts.  

Finally, regarding the third trial with OKS rehabilitation, at the time of lockdown the trial 

protocol and the associated documents were under the Sponsor’s review before submission 

for ethical approval of the trial to REC. At that point, any process of the protocol and 

documents review were postponed because of priority paid to COVID-19 related issues and 

research at NHS. This study was approved after one year of submission for ethics, on 30th 

of December 2020 but at that time it was not possible to start recruitment from the NHS site. 

It was not clear when this would be possible. At that time, KCL did not allow PhD students 

to conduct any face-to-face research, and this lasted until end of April 2021. Thus, there was 

a need to apply for ethics to conduct an alternative study (e.g., survey) which would be 

relevant, if possible, to the rest of the PhD and would be feasible to run only virtually in case 

of another lockdown. Thus, I designed a survey for people who had COVID-19 and 

experienced dizziness unsteadiness and/or falls (Chapter 5). 

Overall, the experimental studies in Chapters 3 and 4 were delayed for an additional year 

and a half due to COVID-19. When face-to-face appointments were allowed, there were 

many Personal Protective Equipment (PPE) restrictions. Laboratories for testing and 

rehabilitation were bookable, but access was limited to some days of the week and no more 

than two participants a day, one in the morning and one in the afternoon. This made it even 

challenging to book convenient appointment for the patients.  Recruitment for studies 

(Chapter 3 and 4, respectively) was expected to be completed by December 2020, while it 

was completed a year later, on 30th December 2021. The time frame for all PhD students for 

their whole project was automatically extended by three months because face-to-face data 

collection at university was not possible for PhD students for one year. In the end, sample 

size target was not reached for study 3 and instead of 50 people, 41 were recruited. For study 

4, instead of 48 people for the pilot study, 39 were recruited which had a significant impact 
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on the quality of studies. Overall, COVID-19 also delayed the publications in this thesis. 

When the restrictions were eased, priority was given to attend face-to-face and virtual 

conferences to disseminate the findings from the studies in this thesis. Any publications will 

follow submitting this thesis. 

 

6.5 Conclusion   

 

DT performance was linked to increased falls risk and particularly in healthy older adults 

and people with CVD. The DT paradigms should be included as part of a gait assessment to 

identify problematic areas for more targeted preventative interventions. Moreover, balance 

intervention programs as well as community exercise classes should consider including a 

DT component for falls prevention. For the assessments of gait and balance and delivery of 

VRT, a customised DT component of appropriate complexity should be included. This may 

help further improve gait and ability to DT during walking, thus, may decrease overall falls 

risk, especially in older adults with vestibular disorders, and maintain people’s independence 

for longer. Practising DT exercises may, also, provide a greater change in patients’ perceived 

handicap from dizziness, and ViD.  

 

Further, it is important to consider cognitive function performance assessment and its 

preserve in healthy older adults to help maintain better gait performance. Cognitive function 

performance assessment and training should be considered in assessment and treatment 

interventions, respectively, in clinical populations with balance and gait disorders including 

people with CVD. Overall, future studies should focus on researching appropriate DT 

assessment strategies to identify more effectively people at increased falls risk, especially, 

those who seem to be more functional as assessed on the current objective gait measures. 

Studies which investigate the effectiveness of VRT in people with CVD, should examine 

the impact of cognitive function training strategies on DT performance in this population. 

Finally, people with long-COVID symptoms such as dizziness unsteadiness and/or falls 

should be referred to long-COVID or GP clinics for screening to identify the nature of their 

symptoms, then referred to the specialist clinics for further assessment and intervention. 

Future studies should examine the effectiveness of VRT in people who were infected by 
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COVID-19 and live with dizziness, unsteadiness and/or falls related to body and/or head 

movements and positions.   

 

Investigation of assessment and rehabilitation of CVD continues to be an exciting area of 

research and growth.  The results from relevant clinical trials have had an impact on the 

assessment and treatment of people with CVD.  However, further research is needed to 

identify the effectiveness of commonly used assessment tools and to develop tests that will 

be able to adequately examine multiple aspects of balance, gait, and subjective symptoms.  

Concerning patients with vestibular disorders, recent work further proves the relevance of 

VRT in patients with CVD. However, randomised controlled clinical trials are needed to 

assess the benefit of novel approaches such as “high-tech” equipment and approaches such 

as DT training to determine optimal treatment strategies. New evidence exists for people 

experiencing dizziness, unsteadiness and/or falls following acute COVID-19 infection. The 

VRT may be of relevance to patients with such symptoms. However, there is a need to 

understand more the prevalence of these symptoms and other clinical characteristics 

associated with those to make aware healthcare providers and deliver appropriate assessment 

and intervention strategies including VRT where relevant.  
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Appendix A. Written consent form 

 

             

CONSENT FORM FOR PARTICIPANTS IN RESEARCH STUDIES 

 

Please complete this form after you have read the Information Sheet 

and/or listened to an explanation about the research. 

 

Title of Study: The relationship between dual-task gait performance, physical activity levels, 

sleep and aging in healthy adults.’ 

 

King’s College Research Ethics Committee Ref: LRS-18/19-8994 

 

Thank you for considering taking part in this research. The person organising the research 

must explain the project to you before you agree to take part. If you have any questions 

arising from the Information Sheet or explanation already given to you, please ask the 

researcher before you decide whether to join in. You will be given a copy of this Consent 

Form to keep and refer to at any time. 

 

I confirm that I understand that by ticking/initialling each box I am consenting to this 

element of the study. I understand that it will be assumed that unticked/initialled boxes 

mean that I DO NOT consent to that part of the study. I understand that by not giving 

consent for any one element I may be deemed ineligible for the study. 

 

 

 

1. I confirm that I have read and understood the information sheet dated 

24/01/2019 Version [1] for the above study. I have had the opportunity to 

consider the information and asked questions which have been answered to my 

satisfaction. 

Please 

initial 

 

Please 

initial 
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2. I consent voluntarily to be a participant in this study and understand that I can 

refuse to answer questions and I can withdraw from the study at any time, 

without having to give a reason, up until 31st December 2019. 

 

3. I consent to the processing of my personal information for the purposes 

explained to me in the Information Sheet.  I understand that such information 

will be handled in accordance with the terms of the General Data Protection 

Regulation. 

 

4. I understand that my information may be subject to review by responsible 

individuals from the College for monitoring and audit purposes.  

 

5. I understand that confidentiality and anonymity will be maintained, and it will 

not be possible to identify me in any research outputs.  

 

6. I consent to my data being shared with researchers who are within King’s 

College London as outlined in the participant information sheet. 

 

7. I agree to be contacted in the future by King’s College London researchers who 

would like to invite me to participate in follow up studies to this project. 

 

8. I agree to be contacted in the future by King’s College London researchers who 

would like to invite me to participate in future studies of a similar nature of this 

project. 

 

9. I agree that the research team may use my data for future research and 

understand that any such use of identifiable data would be reviewed and 

approved by a research ethics committee. (In such cases, as with this project, 

data would not be identifiable in any report). 
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10. I understand that the information I have submitted will be published as a report 

and I wish to receive a copy of it. 

 

11. I understand that I must not take part if I fall under the exclusion criteria as 

detailed in the information sheet and explained to me by the researcher. 

 

12. I agree that my GP may be contacted if any unexpected results are found in 

relation to my health. 

 

13. I have informed the researcher of any other research in which I am currently 

involved or have been involved in during the past 12 months. 

 

 

 

 

__________________               __________________              _________________ 

Name of Participant                 Date        Signature 

 

__________________               __________________              _________________ 

Name of Researcher                 Date                              Signature 
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Appendix B. Participant information sheet 

PARTICIPANT INFORMATION SHEET                                                     

Ethical Clearance Reference Number: LRS-18/19-8994                                 

 

YOU WILL BE GIVEN A COPY OF THIS PARTICIPANT INFORMATION SHEET 

 

Title of the research project: ‘The relationship between dual-task gait performance, 

physical activity levels, sleep and aging in healthy adults.’ 

 

Assessing the relationship between dual-task gait performance, physical activity levels, 

sleep, and aging in healthy adults.  

 

We would like to invite you to participate in this original research project. You should only 

participate if you wish to; choosing not to participate will not affect you in any way. Before 

you decide whether you wish to participate, it is important for you to understand why this 

research project is being done and what your participation will involve.  Please take time to 

carefully read the information below and discuss it with your family or friends if you wish. 

If there is anything that is not clear, or you would like more information, please do not 

hesitate to ask us. 

 

 

Background 

Many activities of daily living require the interaction of multiple balance and cognitive 

‘thinking’ tasks such as walking and talking. Various studies have been carried out to assess 

the effect of performing a cognitive “thinking” task on balance in healthy adults. It has been 

demonstrated that cognitive and balance tasks can interfere with each other; especially with 

advancing age. However, it is unclear to what extent sleep and physical activity levels, noise 
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and type of cognitive (i.e., numeracy or literacy) task influence ability to perform complex 

gait tasks and simultaneously multi-task. 

 

What is the purpose of this research project? 

The proposed study aims to investigate, in healthy adults aged between 18-80 years old the 

effect of practising an auditory (i.e., restaurant noise), numeracy or literacy task on the 

ability to perform complex walking tasks at the same time. This study will assess the effect 

of sleep, physical activity levels, ability to perform attention and memory tests and age on 

the ability to dual task (i.e., simultaneously practise an auditory, numeracy or literacy task 

and the complex walking tasks). 

 

Why have I been chosen to participate? 

You have been asked to participate in this research project because your age is between 18-

80 years old, and you are a healthy adult. 

 

Do I have to participate? 

It is up to you to decide whether to participate or not. If you agree to participate, we will ask 

you to give your verbal consent and sign a written consent form to show that you have agreed 

to participate. You are free to withdraw at any time without the need to provide a reason for 

your decision.  

 

What will happen to me if I participate? 

After you contact the PhD student, Ms Viktoria Azoidou, regarding your interest in 

participating in the study, you will be asked to complete the screening questionnaire via 

telephone or email as per everyone’s preference. This will take approximately 5 minutes. If 

at this point you do not meet the inclusion criteria for the study, no further participation will 

be required, and the questionnaire will be disposed of in a confidential waste bin at King’s 

College London. If after screening, you meet the eligibility criteria, an appointment will be 

arranged for you at King’s College London, Centre for Human and Applied Physiological 

Sciences, London, to discuss any concerns or answer any questions you may have regarding 

the Participant Information Sheet, then sign the written consent form and the test battery will 

begin. On the day, you will be, also, provided with a wrist-band physical activity monitor to 

wear for 24 hours per day, seven days a week.  
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After the above testing will finish, you will be asked whether you would like to participate 

in a secondary brief testing which is not compulsory as it is the above. However, if you 

would like to take part in the secondary testing, a second appointment will be arranged for 

you to attend the same laboratory where you will be asked to complete again only the 

cognitive function testing with the addition of the auditory (restaurant noise) task. Travel 

expenses to and from the research site will be reimbursed on presentation of a valid receipt 

for your travel for first as well as second session if you decide to attend. 

 

On the day of testing, you will have the study described to you and will be given this 

information sheet to read again. You will then be asked to sign a consent form if you decide 

to participate. You will then be asked to complete a) a set of questionnaires to investigate 

balance confidence, sleep, and activity levels; ii) a set of attention and memory tests; iii) a 

standing balance and complex walking test (i.e., walking with head movements) and iv) the 

complex walking test with the addition of a dual task. The dual-task test will be repeated 

three times with an auditory (restaurant noise), numeracy (i.e., counting backward) and 

literacy (i.e., reciting letters of the alphabet) task.   

 

The measures to be collected for this study are listed below on the next page. It will take 

approximately 2 hours to complete all testing on the first day. If you decide to take part in 

the secondary testing another day only to be tested for cognitive function with the addition 

of an auditory (restaurant noise) task, this will take approximately 45 minutes to 60 minutes 

to complete.  

 

Objective outcome measures: 

Functional Gait Assessment (FGA) 

The primary outcome is the Functional Gait Assessment (FGA) is a 10-item test that assesses 

performance on complex gait tasks (e.g., walking with head turns, stepping over an obstacle 

or stopping and turning). The test takes approximately 5 minutes to complete.  

 

Functional Gait Dual-Task test 

The Functional Gait Assessment be always completed first in isolation, followed by the dual-

task test conditions, which will be completed in random order. The cognitive ‘thinking’ dual-

task condition will involve a numeracy and literacy task and the auditory stimuli will involve 

restaurant noise. For the noise dual-task test condition, the Functional Gait Assessment will 
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be repeated while simultaneously listening to restaurant noise through Bluetooth enhanced 

headphones. For the cognitive ‘thinking’ dual-task conditions, the numeracy task will 

involve counting backwards from 100 in 7’s and multiplication and division of the 7- and 8-

times table up to x12. The literacy task will involve reciting alternate letters of the alphabet, 

week, and month. All participants will start with the same numeracy or literacy task. 

Participants will perform the cognitive dual task tests in order of a→ b→ c→ a. When they 

will do the same task again, they will be asked to start from the number, alphabet letter, day 

or months where they finished last time to reduce practice effect. No instructions regarding 

prioritisation of the tasks during dual-tasking conditions will be given. It will take 

approximately 20 minutes to complete the FGA dual-task tests. 

 

Standard pure tone audiometry  

Standard pure tone audiometry (British Society of Audiology-BSA 2011) will be conducted 

at octave levels across 250 to 8000 Hz with a portable calibrated audiometer. The Speech in 

babble test (SiB) is a low redundancy speech in babble type noise test. The SiB is presented 

on a calibrated computer using Matlab software. There are 8 in total phonemically and 

phonetically balanced word lists. The words are presented in the background of a 20-talker 

babble noise. Two randomly selected monosyllabic consonant vowel consonant word lists 

in a background of multitalker babble are presented to each ear (i.e., each ear is tested twice). 

The signal to noise ratio during the test is varied adaptively. A threshold value is obtained, 

calculated by the Matlab software as the mean signal to noise ratio of 70.7% correct 

performance criteria (2:1 rule) from the final (six to eight) reversals. An extended normative 

data study revised the cut off mean value for both ears at 4.4 dB. 

 

Mini-Balance Evaluation Systems Test (Mini-BESTest) 

Mini-Balance Evaluation Systems Test (Mini-BESTest) is a measure of dynamic balance 

(anticipatory postural adjustments, reactive postural control, sensory orientation, and 

dynamic gait). The Mini-BESTest takes approximately 10 minutes to administer. 

 

Montreal Cognitive Assessment (MoCA) 

The MoCA tool is a rapid screening tool for mild cognitive impairment. It assesses different 

cognitive domains: attention and concentration, executive function, memory, language, 

visuo-constructional skills, conceptual thinking, calculations, and orientation.  

Cambridge Neuropsychological Test Automated Battery (CANTAB)  
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Cambridge Neuropsychological Test Automated Battery (CANTAB) is a semiautomated 

computer program that utilizes a touch screen technology and press pad, to assess multiple 

components of cognitive ‘thinking’, including attention, visual memory, spatial memory, 

executive function, and reaction time. 

 

You will be comfortably seated at approximate distance of 0.5m away from the screen pad 

monitor and will be asked to complete the CANTAB tests after instructions have been 

provided. The tests that will be included are Rapid Visual Information Processing (RVP), 

Paired Associates Learning (PAL), Spatial Working Memory (SWM), Reaction Time (RTI), 

Delayed Matching to Sample (DMS), Motor Screening Task (MOT), Spatial Span (SSP) 

and Multitasking Test (MTT) and their order will be different for each participant. The 

CANTAB tests will take approximately 45 minutes to complete. 

 

Cognitive function dual-task test  

This test will be performed only for participants that will agree to attend the research 

laboratory for the secondary testing. This test will not be included in the testing battery of 

the first day and main assessment. The cognitive dual-task test will include the CANTAB 

tests as on the first day and main assessment which will be completed by the participants 

while, simultaneously, they will be listening to an auditory (restaurant noise) task. The 

auditory task will be the same as on the first testing day. The test will take approximately 

45-60 minutes to complete.   

 

Axivity Wrist Band 3-Axis logging accelerometer 

Participants’ physical activity level will be assessed using a wrist-worn accelerometer, the 

Axivity Wrist Band 3-Axis logging accelerometer (Ax3). You will be asked to wear the Ax3 

accelerometer on their dominant wrist for one week, starting before the date of the single-

testing session, for 24 hours a day, 7 days a week without taking it off.  The accelerometer 

will not need to be charged during the 7-day period. The device has a size of a large watch 

and is waterproof and can be worn during all daily activities. You will be asked to mail the 

device back to Ms Azoidou, in a pre-paid, pre-addressed envelope, after the seven-day 

monitoring period. 

 

The computer-based visual test                                                                                                                                                                                                                 

The computer-based visual test is to test visual dependence which is over reliance on 
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vision for balance control. The test is called the Rod and Disc test. You will be seated 

comfortably on a chair in darkened room and asked to focus on a computer screen. The test 

will involve setting a line to your perceived vertical in the presence of a moving visual 

surround. It will take approximately 10 minutes to complete.    

 

There will be an opportunity to have a break after each test if required. As only two physical 

tests will be performed it is not anticipated that fatigue will be a major factor in this study.  

 

Subjective Questionnaires: 

Activities Specific Balance Confidence (ABC) 

The Activities Specific Balance Confidence (ABC) assesses balance confidence in daily 

activities.  

 

Hospital Anxiety and Depression Scale (HADS)  

The Hospital Anxiety and Depression Scale (HADS) is a 14-item scale consisting of two 

subscales to assess symptoms of anxiety disorders (HAD-A) and depression (HAD-D).  

 

Pittsburgh Sleep Quality Index (PSQI) 

The Pittsburgh Sleep Quality Index (PSQI) generates scores for seven component scores: 

subjective sleep quality, sleep latency, sleep duration habitual sleep efficiency, sleep 

disturbance, use of sleeping medication, and daytime dysfunction. 

 

Epworth Sleepiness Scale (ESS) 

The Epworth Sleepiness Scale is a validated and widely used questionnaire exploring 

daytime sleepiness.  

 

EQ-5D-5L Measure 

The EQ-5D-5L is a new version of EQ-5D and is a generic measure of health for clinical 

and economic appraisal. The EQ-5D-5L descriptive system comprises the same 5 

dimensions (mobility, self-care, usual activities, pain/discomfort, anxiety/depression). Each 

dimension has 5 levels: no problems, slight problems, moderate problems, severe problems, 

and extreme problems.  

The following questionnaires will be completed to allow for future comparisons with people 

with a peripheral vestibular disorder:  
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Situational Characteristics Questionnaire (SCQ) 

The Situational Characteristics Questionnaire (SCQ) −shortened version measures how 

frequently symptoms are provoked or exacerbated in environments (e.g., travelling on 

escalators, watching moving objects).  

 

Dizziness Handicap Inventory (DHI) 

The Dizziness Handicap Inventory (DHI) is a 25-item self-assessment inventory designed 

to evaluate self-perceived handicap imposed by symptoms of dizziness. 

 

Cognitive and Behavioural Symptom Questionnaire (CBSQ) 

The Cognitive and Behavioural Symptom Questionnaire (CBSQ) is a measure of subjects’ 

cognitive (i.e., beliefs) and behavioural responses to symptoms of their health condition. 

This measure includes five cognitive (i.e., beliefs) subscales: Symptom Focusing, 

Catastrophizing, Damaging Beliefs, Fear Avoidance and Embarrassment Avoidance; and 

two behavioural subscales: All or- Nothing and Avoidance/Rest. All items are rated on a 5-

point Likert scale ranging from ‘strongly disagree’ to ‘strongly agree’. 

 

The Illness Perception Questionnaire-Revised (IPQ-R) 

The Illness Perception Questionnaire-Revised (IPQ-R) is used to assess participants’ illness 

perceptions. Illness identity is measured by asking patients to indicate whether they have 

experienced and attribute several potential symptoms to their dizziness condition. Higher 

scores (range 0-24) indicate increased illness identity. Causal Factors are assessed by asking 

participants to list up to three things that they believe caused their condition. These 

dimensions are measured on a five-point Likert scale (strongly disagree – strongly agree). 

 

It will take approximately 20 minutes to complete all questionnaires.  

 

Incentives 

Travel up to a maximum of £25.00 to and from the research site will be reimbursed on 

presentation of an official receipt for your travel. 

 

What are the possible risks of taking part? 

You may, on occasions feel slightly unsteady whilst performing the test. A physiotherapist 

will be always supervising you very closely and will help if necessary. 
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What are the possible benefits of taking part? 

There is no direct benefit to you from taking part in this study. There are no direct benefits 

to taking part. However, the information we obtain from this study may help us improve our 

assessment and rehabilitation of falls in older adults as well as other patient populations that 

experience balance problems and inform future research studies. 

 

Data handling and confidentiality 

Your data will be processed in accordance with the General Data Protection Regulation 2016 

(GDPR). All information collected will be kept strictly confidential and stored anonymously 

on password protected computers used only by research staff. Data will be stored securely 

in accordance with the Data Protection Act (1998) and the General Data Protection 

Regulations which came into effect on 25 May 2018. Your data will not be passed on to 

anyone outside of your medical care team. Stored, anonymised data may be used for future 

medical and health-related studies. Data will be retained for 10 years after it has been 

collected. 

 

Data Protection Statement 

The data controller for this project will be King’s College London (KCL). The University 

will process your personal data for the purpose of the research outlined above. The legal 

basis for processing your personal data for research purposes under GDPR is a ‘task in the 

public interest’. You can provide your consent for the use of your personal data in this study 

by completing the consent form that has been provided to you.  

 

You have the right to access information held about you. Your right of access can be 

exercised in accordance with the General Data Protection Regulation. You also have other 

rights including rights of correction, erasure, objection, and data portability. Questions, 

comments and requests about your personal data can also be sent to the King’s College 

London Data Protection Officer Mr Albert Chan info-compliance@kcl.ac.uk. If you wish to 

lodge a complaint with the Information Commissioner’s Office, please visit 

www.ico.org.uk.  

 

What if I change my mind about taking part? 

You are free to withdraw at any point of the study, without having to give a reason. 

Withdrawing from the study will not affect you in any way. You can withdraw your data 
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from the study up until 31st December 2019, after which withdrawal of your data will no 

longer be possible due as the data will have been anonymised and committed to the final 

report. If you choose to withdraw from the study, we will not retain the information you 

have given thus far. 

 

How is the project being funded? 

This study is self-funded.  

 

What will happen to the results of the study? 

The information collected will be analysed. The results of the study will be summarised in 

the PhD thesis of Miss Viktoria Azoidou and will be published in recognised medical 

journals. All participants’ identities will remain confidential. With your permission, we will 

also retain your contact details so that we can provide a copy of the results to you after the 

study has ended. 

 

Who should I contact for further information? 

If you have any questions or require more information about this study, please contact me 

using the following contact details:  

Ms Viktoria Azoidou, 

King’s College London 

Room 3.11, 3rd floor Shepherd’s House 

Guy’s Campus 

London 

SE1 1UL 

Tel: 02078486679 

Email: viktoria.azoidou@kcl.ac.uk 

 

What if I have further questions, or if something goes wrong? 

If this study has harmed, you in any way or if you wish to make a complaint about the 

conduct of the study you can contact King's College London using the details below for 

further advice and information: 

Laura Stackpoole 

Senior Research Ethics Officer 

mailto:viktoria.azoidou@kcl.ac.uk
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Tel: 020 7848 4070 

Email: bdm@kcl.ac.uk   

 

 

Thank you for reading this information sheet and for considering taking part in this 

research. 

 

 

 

 

 

 

mailto:bdm@kcl.ac.uk
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Appendix C. Functional gait assessment   

 

  

Participant Number: ___________                                         Date: ______________ 

 

Functional Gait Assessment 

Requirements: A marked 6-m (20-ft) walkway that is marked with a 30.48-cm (12-in) width.

 ____ 1. GAIT LEVEL SURFACE 

Instructions: Walk at your normal speed from here to the next mark 

(6 m [20 ft]). 

Grading: Mark the highest category that applies. 

(3) Normal—Walks 6 m (20 ft) in less than 5.5 seconds, no 

assistive devices, good speed, no evidence for imbalance, 

normal gait pattern, deviates no more than 15.24 cm (6 in) 

outside of the 30.48-cm (12-in) walkway width. 

(2) Mild impairment—Walks 6 m (20 ft) in less than 7 seconds 

but greater than 5.5 seconds, uses assistive device, slower 

speed, mild gait deviations, or deviates 15.24-25.4 cm (6-10 

in) outside of the 30.48-cm (12-in) walkway width. 

(1) Moderate impairment—Walks 6 m (20 ft), slow speed, abnor-

mal gait pattern, evidence for imbalance, or deviates 25.438.1 

cm (10-15 in) outside of the 30.48-cm (12-in) walkway width. 

Requires more than 7 seconds to ambulate 6 m (20 ft). 

(0) Severe impairment—Cannot walk 6 m (20 ft) without 

assistance, severe gait deviations or imbalance, deviates 

greater than 38.1 cm (15 in) outside of the 30.48-cm (12-in) 

walkway width or reaches and touches the wall. 

 ____ 2. CHANGE IN GAIT SPEED 

Instructions: Begin walking at your normal pace (for 1.5 m [5 ft]). 

When I tell you “go,” walk as fast as you can (for 1.5 m [5 ft]). When 

I tell you “slow,” walk as slowly as you can (for 1.5 m [5 ft]). 

Grading: Mark the highest category that applies. 

(3) Normal—Able to smoothly change walking speed without loss 

of balance or gait deviation. Shows a significant difference in 

walking speeds between normal, fast, and slow speeds. Devi-

ates no more than 15.24 cm (6 in) outside of the 30.48-cm (12-

in) walkway width. 

(2) Mild impairment—Is able to change speed but demonstrates 

mild gait deviations, deviates 15.24-25.4 cm (6-10 in) outside 

of the 30.48-cm (12-in) walkway width, or no gait deviations 

but unable to achieve a significant change in velocity, or uses 

an assistive device. 

(1) Moderate impairment—Makes only minor adjustments to 

walking speed, or accomplishes a change in speed with 

significant gait deviations, deviates 25.4-38.1 cm (10-15 in) 

outside the 30.48-cm (12-in) walkway width, or changes speed 

but loses balance but is able to recover and continue walking. 

(0) Severe impairment—Cannot change speeds, deviates greater 

than 38.1 cm (15 in) outside 30.48-cm (12-in) walkway width, 

or loses balance and has to reach for wall or be caught. 

 ____ 3. GAIT WITH HORIZONTAL HEAD TURNS 

Instructions: Walk from here to the next mark 6 m (20 ft) away. Begin 

walking at your normal pace. Keep walking straight; after 3 steps, 

turn your head to the right and keep walking straight while looking to 

the right. After 3 more steps, turn your head to the left and keep 

walking straight while looking left. Continue alternating looking right 

and left every 3 steps until you have completed 2 repetitions in each 

direction. Grading: Mark the highest category that applies. 

(3) Normal—Performs head turns smoothly with no change in 

gait. Deviates no more than 15.24 cm (6 in) outside 30.48-cm 

(12-in) walkway width. 

(2) Mild impairment—Performs head turns smoothly with slight 

change in gait velocity (eg, minor disruption to smooth gait 

path), deviates 15.24-25.4 cm (6-10 in) outside 30.48-cm (12-

in) walkway width, or uses an assistive device. 

(1) Moderate impairment—Performs head turns with moderate 

change in gait velocity, slows down, deviates 25.4-38.1 cm 

(10-15 in) outside 30.48-cm (12-in) walkway width but recov-

ers, can continue to walk. 

(0) Severe impairment—Performs task with severe disruption of 

gait (eg, staggers 38.1 cm [15 in] outside 30.48-cm (12-in) 

walkway width, loses balance, stops, or reaches for wall). 

 _____ 4. GAIT WITH VERTICAL HEAD TURNS 

Instructions: Walk from here to the next mark (6m [20 ft]). Begin 

walking 

at your normal pace. Keep walking straight; after 3 steps, tip your 

head up and keep walking straight while looking up. After 3 more 

steps, tip your head down, keep walking straight while looking down. 

Continue alternating looking up and down every 3 steps until you 

have completed 2 repetitions in each direction. 

Grading: Mark the highest category that applies. 

(3) Normal—Performs head turns with no change in gait. 

Deviates no more than 15.24 cm (6 in) outside 30.48-cm (12-

in) walkway width. 

(2) Mild impairment—Performs task with slight change in gait 

velocity (eg, minor disruption to smooth gait path), deviates 

15.24-25.4 cm (6-10 in) outside 30.48-cm (12-in) walkway 

width or uses assistive device. 

(1) Moderate impairment—Performs task with moderate change 

in gait velocity, slows down, deviates 25.4-38.1 cm (10-15 in) 

outside 30.48-cm (12-in) walkway width but recovers, can 

continue to walk. 

(0) Severe impairment—Performs task with severe disruption of 

gait (eg, staggers 38.1 cm [15 in] outside 30.48-cm (12-in) 

walkway width, loses balance, stops, reaches for wall). 

 _____ 5. GAIT AND PIVOT TURN 

Instructions: Begin with walking at your normal pace. When I tell you, 

“turn and stop,” turn as quickly as you can to face the opposite 

direction and stop. 

Grading: Mark the highest category that applies. 

(3) Normal—Pivot turns safely within 3 seconds and stops 

quickly with no loss of balance. 

(2) Mild impairment—Pivot turns safely in >3 seconds and stops 

with no loss of balance, or pivot turns safely within 3 seconds 

and stops with mild imbalance, requires small steps to catch 

balance. 

(1) Moderate impairment—Turns slowly, requires verbal cueing, 

or requires several small steps to catch balance following turn 

and stop. 

(0) Severe impairment—Cannot turn safely, requires assistance to 

turn and stop. 
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6. STEP OVER OBSTACLE 

Instructions: Begin walking at your normal speed. When you come to 

the 

shoe box, step over it, not around it, and keep walking. 

Grading: Mark the highest category that applies. 

(1) Normal—Is able to step over 2 stacked shoe boxes taped 

together (22.86 cm [9 in] total height) without changing gait speed; 

no evidence of imbalance. 

(1) Mild impairment—Is able to step over one shoe box (11.43 

cm [4.5 in] total height) without changing gait speed; no evidence of 

imbalance. 

(1) Moderate impairment—Is able to step over one shoe box 

(11.43 cm [4.5 in] total height) but must slow down and adjust steps 

to clear box safely. May require verbal cueing. 

(0) Severe impairment—Cannot perform without assistance. 

 

 

 

 
 

 _____ 7. GAIT WITH NARROW BASE OF SUPPORT 

Instructions: Walk on the floor with arms folded across the chest, feet 

aligned heel to toe in tandem for a distance of 3.6 m [12 ft]. The 

number of steps taken in a straight line are counted for a maximum 

of 10 steps. Grading: Mark the highest category that applies. 

(1) Normal—Is able to ambulate for 10 steps heel to toe with no 

staggering. 

(1) Mild impairment—Ambulates 7-9 steps. 

(1) Moderate impairment—Ambulates 4-7 steps. 

(0) Severe impairment—Ambulates less than 4 steps heel to toe 

or cannot perform without assistance. 

 _____ 8. GAIT WITH EYES CLOSED 

Instructions: Walk at your normal speed from here to the next mark 

(6 m 

[20 ft]) with your eyes closed. 

Grading: Mark the highest category that applies. 

(2) Normal—Walks 6m (20ft), no assistive devices, good speed, 

no evidence of imbalance, nor malgait pattern, deviates no more than 

15.24 cm (6 in) outside 30.48-cm (12-in) walkway width. Ambulates 

6 m (20 ft) in less than 7 seconds. 

(2) Mild impairment—Walks 6 m (20 ft), uses assistive device, 

slower speed, mild gait deviations, deviates 15.24-25.4 cm (6-10 in) 

outside 30.48-cm (12-in) walkway width. Ambulates 6 m (20 ft) in 

less than 9 seconds but greater than 7 seconds. 

(1) Moderate impairment—Walks 6m (20ft), slow speed, abnor-

mal gait pattern, evidence for imbalance, deviates 25.4-38.1 cm (10-

15 in) outside 30.48-cm (12-in) walkway width. Requires more than 

9 seconds to ambulate 6 m (20 ft). 

(0) Severe impairment—Cannotwalk6m(20ft) without assistance, 

severe gait deviations or imbalance, deviates greater than 38.1 

cm (15 in) outside 30.48-cm (12-in) walkway width or will not 

attempt task. 

 
 _____ 9. AMBULATING BACKWARDS 

Instructions: Walk backwards until I tell you to stop. 

Grading: Mark the highest category that applies. 

(3) Normal—Walks 6m (20ft),no assistive devices, good speed, 

no evidence for imbalance, normal gait pattern, deviates no more than 

15.24 cm (6 in) outside 30.48-cm (12-in) walkway width. 

(2) Mild impairment—Walks 6 m (20 ft), uses assistive device, 

slower speed, mild gait deviations, deviates 15.24-25.4 cm (6-10 in) 

outside 30.48-cm (12-in) walkway width. 

(1) Moderate impairment—Walks 6 m (20 ft), slow speed, 

abnormal gait pattern, evidence for imbalance, deviates 25.4-38.1 cm 

(10-15 in) outside 30.48-cm (12-in) walkway width. 

(0) Severe impairment—Cannotwalk6m(20ft) without 

assistance, severe gait deviations or imbalance, 

deviatesgreaterthan38.1 cm (15 in) outside 30.48-cm (12-in) 

walkway width or will not attempt task. 

 _____ 10. STEPS 

Instructions: Walk up these stairs as you would at home (ie, using the 

rail 

if necessary). At the top turn around and walk down. 

Grading: Mark the highest category that applies. 

(3) Normal—Alternating feet, no rail. 

(2) Mild impairment—Alternating feet, must use rail. 

(1) Moderate impairment—Two feet to a stair; must use rail. 

(0) Severe impairment—Cannot do safely. 

 

 

 TOTAL SCORE:  __  MAXIMUM SCORE 30

 

 
a Adapted from Dynamic Gait Index.1 Modified and reprinted with permission of authors and Lippincott Williams & Wilkins 

(http://lww.com). 

  

 Wrisley et al, 

2004 
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Appendix D. Scoring sheet for functional gait assessment and 

functional gait assessment with dual task conditions  

 

 

 

 

 

 

 

 

 

Functional Gait Assessment 

FGA dual task protocol & score sheets 

• 3rd FGA: Dual tasking-cognitive numeracy 

o Counting backward from 100 in 7’s 

o Reciting multiplication tables of 8 (1-12) 

o Reciting division tables of 7 (1-12) 

 

• 4th FGA: Dual task-cognitive-literacy 

o Alternate letters of alphabet 

 

▪ A,C,E,G,I,K,M,O,Q,S,U,W,Y 

▪ B,D,F,H,J,L,N,P,R,T,V,X,Z 

 

o Alternate days in a week 

▪ Monday, Wednesday, Friday, Sunday 

▪ Tuesday,Thursday,Saturday 

 

o Alternate months in a year 

▪ January, March, May, July, September, November 

▪ February, April, June, August, October, December  
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FGA Scoring sheet 

ID :______VP________________   Date:  ___________ 

ITEMS FGA 
Standard 
 

FGA 
Auditory 

FGA-cog-numeracy 
 

FGA-cog-literacy 

1   Start-100 
End-   
No. Error-   
 
  

Start- 
A,C,E,G,I,K,M,O,Q,S,U,W,Y 
End 
 B,D,F,H,J,L,N,P,R,T,V,X,Z 
 
No. Error-   
  

2   Start- 1x8=8 
End –  
 
No error –   
  

Start- 
Monday, Wednesday, Friday, 
Sunday 
End 
Tuesday, Thursday, Saturday 
 
Error- 0 
  
 

3   Start – 7/7=1 
 
End- 
Error-   
 
  

Start 
 January, March, May, July, 
September, November 
End- 
February, April, June, August, 
October, December  
 
Error-   
 
  

4   Start 72 
 
End 
  
Error   
 
  

Start- 
A,C,E,G,I,K,M,O,Q,S,U,W,Y 
End 
 B,D,F,H,J,L,N,P,R,T,V,X,Z 
 
No. Error-   
  

5   Start – x8 
 
End 
 
Error   
 
  

Start- 
Monday, Wednesday, Friday, 
Sunday 
End 
Tuesday, Thursday, Saturday 
 
Error-   
  
 

6   Start- /7 
 

Start 
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6   Start- /7 
 
End 
  
Error   
 
  

Start 
 January, March, May, July, 
September, November 
End- 
February, April, June, August, 
October, December  
 
Error-   
 
  

7   Start 
 
End 
 
Error   
 
  

Start- 
A,C,E,G,I,K,M,O,Q,S,U,W,Y 
End 
 B,D,F,H,J,L,N,P,R,T,V,X,Z 
 
No. Error-   
  

8   Start – x8 
 
End 
 
Error 0 
 
  

Start- 
Monday, Wednesday, Friday, 
Sunday 
End 
Tuesday, Thursday, Saturday 
 
Error- 0 
 
  

9   Start- /7 
 
End 
 
Error   
 
  

Start 
 January, March, May, July, 
September, November 
End- 
February, April, June, August, 
October, December  
 
Error  
  
 

10   Start 
 
End 
 
Error 0 
 
  

Start- 
A,C,E,G,I,K,M,O,Q,S,U,W,Y 
End 
 B,D,F,H,J,L,N,P,R,T,V,X,Z 
 
No. Error-   
 
   

Comments: 
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Appendix E. Mean, range ± standard deviation for independent 

variables in healthy adults 

Independent Variables Mean, range SD 

ABC 94.29, 60.6-100 6.44 

HADS_A 5.46, 0-15 3.81 

HADS_D 2.59, 0-10 2.34 

PSQI 5.45, 0-16 3.49 

ESS 5.49, 0-16 3.39 

EQ_5D_5L_Index 0.94, 0.6-1 0.08 

EQ_5D_5L_VAS 86.91, 40-100 10.66 

DMS 84.54, 53-100 11.99 

MTT 213.07, -155.5-199 160.46 

PAL 14.71, 0-58 15.21 

RTI 224.51, 147-469 63.42 

RVP 457.61, 335-921 101.12 

SWM 7.31, 2-12 2.71 

PA Sedentary in percent 

(%) 

70.99, 53.06-91.87 8.92 

PA Mild in percent (%) 19.76, 3.38-32.08 5.61 

PA Moderate in percent 

(%) 

8.32, 0.31-17.86 4.11 

PA Vigorous in percent 

(%) 

0.71, 0.00-6.26 1.00 

PA total per 7 days in 

percent (%) 

28.79, 8.14-44.86 8.77 

SD = Standard deviation; ABC = Activity specific Balance Confidence; HADS_ A = 

Hospital Anxiety and Depression_ Anxiety component; HADS_ D= Hospital Anxiety and 

Depression_ Depression component; PSQI = Pittsburgh Sleep Quality Index; ESS = 

Epworth Sleepiness Scale; VAS = Visual Analogue Scale; DMS = Delayed Matching to 

Sample; MTT = Multitasking Task; PAL = Paired Associates Learning; RTI = Reaction 

Time; RVP = Rapid Visual Information Processing; SWM = Sustained Working Memory; 

PA = Physical Activity.   
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Appendix F. Written consent form 

 

 

 

 

 

 

WRITTEN CONSENT FORM FOR PARTICIPANTS IN RESEARCH STUDIES 

 

Please complete this form after you have read the Information Sheet 
and/or listened to an explanation about the research. 

 

 

T        S  d : ‘Effectiveness of Customised Vestibular Rehabilitation with and without additional 
Dual-Task Training in Persons with a Chronic Vestibular Disorder. A Randomised Controlled 
Trial’. 

 

Research Ethics Committee Ref: 256173-19/LO/1066 

 

Thank you for considering taking part in this research. The person organising the research must 
explain the project to you before you agree to take part. If you have any questions arising from 
the Information Sheet or explanation already given to you, please ask the researcher before you 
decide whether to join in. You will be given a copy of this Consent Form to keep and refer to at 
any time. 

 

I confirm that I understand that by initialling each box I am consenting to this element of 
the study. I understand that it will be assumed that unticked/initialled boxes mean that I 
DO NOT consent to that part of the study. I understand that by not giving consent for any 
one element I may be deemed ineligible for the study. 

 

 

 

1. I confirm that I have read and understood the information sheet dated 1st of March 
2019 Version [1] for the above study. I have had the opportunity to consider the 
information and asked questions which have been answered to my satisfaction. 
 

2. I consent voluntarily to be a participant in this study and understand that I can 
refuse to answer questions and I can withdraw from the study at any time, without 
having to give a reason, up until 31st October 2021. 
 

3. I consent to the processing of my personal information for the purposes explained 
to me in the Information Sheet.  I understand that such information will be handled 
in accordance with the terms of the General Data Protection Regulation. 

 

Please 

initial 

 

 

 

Please 

initial 
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4. I understand that my information may be subject to review by responsible 
individuals from the College for monitoring and audit purposes.  
 

5. I understand that confidentiality and anonymity will be maintained, and it will not 
be possible to identify me in any research outputs  

 

6. I consent to my data being shared with researchers who are within K  g’  C  lege 
London as outlined in the Participant Information Sheet. 

 

7. I  g                  d                  K  g’  C    g  L  d               w   
would like to invite me to participate in follow up studies to this project, or in 
future studies of a similar nature. 
 

8. I agree that the research team may access my academic and medical records for 
the purposes of this research project. 

 

9. I agree that the research team may use my data for future research and 
understand that any such use of identifiable data would be reviewed and 
approved by a research ethics committee. (In such cases, as with this project, 
data would not be identifiable in any report). 
 

10. I understand that the information I have submitted will be published as a report 
and I wish to receive a copy of it. 
 

11. I consent to complete the Exercise Log Diary daily and return it to the research 
team fully completed as it is stated in the Participant Information Sheet. 
 

12. I consent to return the physical activity monitor back to the research team as           
it is stated in the Participant Information Sheet. 
 

13. I understand that I must not take part if I fall under the exclusion criteria as 
detailed in the information sheet and explained to me by the researcher. 

 

14. I agree that my GP may be informed that I will participate in this study and 
contacted if any unexpected results are found in relation to my health. 
 

15. I have informed the researcher of any other research in which I am currently 
involved or have been involved in during the past 12 months. 

 

16. I understand that confidentiality cannot be guaranteed during the team 
intervention. 
 

17. I give my permission to my General Practitioner (GP) as well as clinical care team 
to be informed in case my Montreal Cognitive Assessment Test (MoCA)      
score indicates cognitive impairment (i.e., score <26/30).  
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18. I give my permission to my GP as well as clinical care team to be informed in 
            case my Hospital Anxiety and Depression Scale indicates increased depression      
           symptoms (score i.e., >15/21).  
 
 

 

__________________               __________________              _________________ 

Name of Participant                  Date          Signature 

 

 

 

-------------------------------                ----------------------------             ----------------------------- 

Name of individual who             Date                                       Signature 

is taking the consent 

 

 



339 
 

Appendix G. Participant information sheet 

PARTICIPANT INFORMATION SHEET                        

Ethical Clearance Reference Number: 256173-19/LO/1066                                 

 

YOU WILL BE GIVEN A COPY OF THIS PARTICIPANT INFORMATION SHEET 

 

Title of the research project: ‘Effectiveness of Customised Vestibular Rehabilitation with 

and without additional Dual-Task Training in Persons with a Chronic Vestibular Disorder. 

A Randomised Controlled Trial’. 

 

We would like to invite you to participate in this original research project. You should only 

participate if you wish to; choosing not to participate will not affect you in any way. Before 

you decide whether you wish to participate, it is important for you to understand why this 

research project is being done and what your participation will involve.  Please take time to 

carefully read the information below and discuss it with your family or friends if you wish. 

If there is anything that is not clear, or you would like more information, please do not 

hesitate to ask us. 

 

 

Background 

Vestibular rehabilitation is the mainstay of treatment for patients with a peripheral vestibular 

disorder. Although, approximately, 50% to 80% of persons with a vestibular dysfunction 

achieve significant subjective symptom, dizziness symptom, postural and gait stability 

improvements, full recovery is less common and the reasons for that remain unknown. At 

present, further research is needed to identify optimal vestibular rehabilitation treatment 

approaches. 
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Dual tasking involves simultaneous performance of a motor task (i.e., walking) and a 

secondary cognitive (thinking) task such as talking, listening, or reciting numbers or letters 

of the alphabet. Dual-task training (i.e., dual-tasking exercises) has been shown to improve 

balance control and gait parameters in older adults with and without concern of falling. 

However, no studies have investigated dual-tasking training in persons with a vestibular 

disorder. This is despite evidence showing that balance and gait are negatively affected in 

persons with a vestibular disorder when a cognitive (thinking) task is added at the same time.  

 

Furthermore, studies show that there is a relationship between physical activity levels and 

sleep patterns with balance control in persons with a vestibular disorder. However, currently, 

there are no studies, examining the effect of physical activity and sleep patter on 

rehabilitation outcome and vice versa. 

 

What is the purpose of this research project? 

The proposed study aims to investigate whether customised vestibular rehabilitation 

incorporating dual-task exercises will provide greater improvements pre and post treatment 

compared to customised vestibular rehabilitation in isolation, in persons with a chronic 

vestibular disorder aged between 18-80 years old.  

 

Why have I been chosen to participate? 

You have been asked to participate in this research project because you are aged between 

18-80 years old and experience dizziness and or unsteadiness for more than 3 months due to 

a vestibular disorder. Your consultant physician has referred you to us.  

 

Do I have to participate? 

It is up to you to decide whether to participate or not. If you agree to participate, we will ask 

you to give your verbal consent and sign a written consent form to show that you have agreed 

to participate. You are free to withdraw at any time without the need to provide a reason. 

Your decision to participate or not will not affect your care. 

What will I have to do if I participate? 

After you contact the PhD student, Ms Viktoria Azoidou, regarding your interest in 

participating in the study, you will be asked to complete a screening questionnaire via post 
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or email, as per your preference. If after screening, you meet the eligibility criteria, an 

appointment will be arranged for the baseline assessment session at King’s College London, 

Centre for Human and Applied Physiological Sciences, London, SE1 1UL. If, the screening 

questionnaire indicates that you do not meet the inclusion criteria for the study no further 

participation will be required and the questionnaire will be disposed of in a confidential 

waste bin at King’s College London.   

On the day of baseline testing, you will firstly have the study described to you and will be 

given this information sheet to read again. You will be asked to sign a consent form if you 

decide to participate. You will then be asked to complete: 

a) a set of questionnaires to investigate symptoms related to your vestibular condition 

such as dizziness, psychological state, balance confidence in daily life, sleep and 

daily physical activity levels. These will take approximately 30 minutes to complete. 

A member of the research team will be happy to help with the completion of any of 

these questionnaires, or to answer any questions you may have. If there are any 

questions you feel uncomfortable answering, please let the researcher know.  

 

b) a set of cognitive tests to assess your concentration, memory, and multi-task ability. 

The tests will be performed on a computerised touch screen and will take 

approximately 45 minutes to complete. 

 

c) a standing balance and functional walking test (i.e., walking with head 

movements) with and without the addition of a dual task. The dual-task test will be 

repeated three times with an auditory (restaurant noise), numeracy (i.e., counting 

backward) and literacy (i.e., reciting letters of the alphabet) task. It will take 

approximately 60 minutes to complete these tasks. 

 

d) auditory tests i.e.  The Pure Tone Audiometry (PTA) which is the ‘gold standard’ 

hearing test. The Speech in babble test (SiB) tests a person’s ability to identify words 

in the presence of background multitalker babble. Two randomly selected 

monosyllabic words in a background of multitalker babble will be presented to each 

ear (i.e., each ear is tested twice). This test will take approximately 10 minutes to 

complete. 
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Same testing will be performed three times though the course of the 12-week intervention 

(i.e., at baseline, week 6 and at the completion of the intervention, week 13). A 20-minutes 

break will be included for the entire duration of each testing for refreshments and snacks. 

  

At the baseline testing session, you will be provided with a physical activity monitor worn 

on the wrist. You will be asked to wear the monitor for 24 hours a day, seven days a week 

without taking it off. The activity monitor is water resistant and does not need to be removed 

to bathe or wash up. You will be asked to wear the physical activity monitor for one week 

at baseline and for one week at the end of treatment in week-12. 

After one week, you will be asked to return the monitor and will have your first customised 

vestibular rehabilitation session. At this time, you will be informed of the group you have 

been randomly assigned to (vestibular rehabilitation with (Group A) or without (Group B) 

dual task exercises. 

Rehabilitation sessions: All participants in each group will receive a 45-minute 

individualised vestibular rehabilitation session once every 3 weeks for 12 weeks with a 

trained therapist and will receive customized exercises to practice on days not attending 

clinic. The home-based exercise programme will consist of three to five exercises at a time 

based on individual functional deficits and subjective symptoms.  

At each session progress will be assessed, any concerns will be discussed, exercises not yet 

included in the home programme will be practiced and exercises will be modified to 

gradually increase task difficulty.  

 

You will be given 12 daily exercise diaries, one for each of the 12 weeks of intervention on 

which you will be asked to complete daily your exercise compliance.  

 

What are the possible risks of taking part? 

Occasionally, you may feel slightly unsteady or experience some nausea, mild dizziness 

and/or disorientation (like motion sickness). These symptoms are part of the rehabilitation 

process and should be short lasting, returning to your normal baseline within seconds or 

minutes after finishing an exercise. Some of the balance tests may make you feel slightly 

unsteady.  
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What are the possible benefits of taking part? 

Both rehabilitation programmes aim to improve the symptoms you experience, improve 

balance function, balance confidence, quality of life and return to your usual activities of 

daily living. We cannot promise to improve your symptoms and balance function, but it is 

expected that both programmes will have a beneficial effect on your symptoms and balance. 

 

How will my information be kept confidential? 

Your data will be processed in accordance with the General Data Protection Regulation 2016 

(GDPR). All information collected will be kept strictly confidential and stored anonymously 

on password protected computers used only by research staff. Data will be stored securely 

in accordance with the Data Protection Act (1998) and the General Data Protection 

Regulations which came into effect on 25 May 2018. Your data will not be passed on to 

anyone outside of your medical care team. Stored, anonymised data may be used for future 

medical and health-related studies. Data will be retained for 10 years after it has been 

collected. 

 

With your permission we would like to share this information with your referring medical 

team. Your GP will be informed about your participation in this study and your GP will be 

informed if significantly increased depression symptoms are identified. You will be asked 

in the written consent form if you agree to your GP being informed. 

 

Who will have the right to access my personal data? 

King’s College London is the sponsor for this study based in London, United Kingdom. We 

will be using information from you and your medical records to undertake this study and 

will act as the data controller for this study. This means that we are responsible for looking 

after your information and using it properly. King’s College London will keep identifiable 

information about you for 2 years, which is the duration of this study and then it will be 

destroyed. 

Your rights to access, change or move your information are limited, as we need to manage 

your information in specific ways for the research to be reliable and accurate. If you 

withdraw from the study, we will keep the information about you that we have already 

obtained. To safeguard your rights, we will use the minimum personally identifiable 

information possible. 
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You can find out more about how we use your information by sending an email to the King’s 

College London Data Protection Officer, Mr Albert Chan, at info-compliance@kcl.ac.uk . 

The outpatient clinics at the Royal National Throat, Nose and Ear (RNTNE) Hospital, 

University College London Hospitals (UCLH) NHS Foundation Trust and balance clinic at 

the Adult Audiology Services Guy’s Hospital, Guy’s and St’ Thomas (GSTT) National 

Health Service (NHS) Foundation Trust will use your name, NHS number and contact 

details telephone number to contact you about the research study, and make sure that 

relevant information about the study is recorded for your care, and to oversee the quality of 

the study. Individuals from King’s College London and regulatory organisations may look 

at your medical and research records to check the accuracy of the research study. The 

outpatient clinics at the Royal National Throat, Nose and Ear (RNTNE) Hospital, University 

College London Hospitals (UCLH) NHS Foundation Trust and balance clinic at the Adult 

Audiology Services Guy’s Hospital, Guy’s, and St’ Thomas (GSTT) National Health 

Service (NHS) Foundation Trust will pass these details to King’s College London along 

with the information collected from and your medical records. The only people in King’s 

College London who will have access to information that identifies you will be people who 

need to contact you to ask you whether you would like to participate in the study, to arrange 

an appointment and/or audit the data collection process. The people who analyse the 

information will not be able to identify you and will not be able to find out your name, NHS 

number or contact details. 

King’s College London will keep identifiable information about you from this study for 2 

years, the duration of the study and then will destroy it. 

What if I change my mind about taking part? 

You are free to withdraw at any point of the study, without having to give a reason. 

Withdrawing from the study will not affect you in any way. You can withdraw your data 

from the study up until 1st August 2020, after which withdrawal of your data will no longer 

be possible due as the data will have been anonymised and committed to the final report. If 

you choose to withdraw from the study, we will not retain the information you have given 

thus far. 
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Who has reviewed the study? 

All NHS based research is reviewed by an independent group of people, called a Research 

Ethics Committee, whose role is to protect your safety, rights, wellbeing, and dignity.  

 

This study is being completed as part of a PhD study by Ms Viktoria Azoidou of King’s 

College London and is supervised by Dr Marousa Pavlou in collaboration with Professor 

Doris-Eva Bamiou, Head of Neuro-otology Department, Royal National Throat, Nose and 

Ear Hospital, University College London Hospitals and Dr Louisa Murdin, Consultant in 

Audiovestibular Medicine, Guy’s and St Thomas Hospital, NHS Foundation Trust. 

 

What will happen to the results of the study? 

The information collected will be analysed and published in recognised medical journals. 

You will be informed of any publications and a copy will be posted to you. All participants’ 

identities will remain confidential.  

 

What if something goes wrong? 

If you have a concern about any aspect of this study, please speak to the researchers, who 

will do their best to answer your questions. Contact details for Dr Marousa Pavlou may be 

found below. 

 

If you remain unhappy and wish to complain formally, you can do this by contacting Dr 

Marousa Pavlou. Contact details for Dr Pavlou may be found below. 

 

If something goes wrong and you are harmed during the research due to someone’s 

negligence, then you may have grounds for legal action for compensation against King’s 

College London, but you may have to pay for legal costs. The normal NHS complaints 

procedure will still be available to you. 

 

Who should I contact for further information? 

Dr Marousa Pavlou, 

King’s College London 

Room 3.5, 3rd floor Shepherd’s House 

Guy’s Campus 

London 
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SE1 1UL 

Tel: 02078486328 

Email: marousa.pavlou@kcl.ac.uk 

 

 

We would like to thank you for reading the Participant information sheet and for 

considering taking part in this study. If you have any further questions, please speak 

to the research team before considering entry into this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mailto:marousa.pavlou@kcl.ac.uk
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Appendix H. Brief description of CANTAB tasks  

Test and 

time to 

complete 

Measure of the test 

used 

Cognitive aspect 

that the test 

measures  

Task procedure  

 

 

 

Rapid 

Visual 

Information 

Processing 

(RVP) 

 

10 minutes 

 

RVP Median 

Response Latency: 

The median response 

latency on trials 

where the subject 

responded correctly. 

Calculated across all 

assessed trials. 

This test: 

 

c) is sensitive to 

dysfunction 

in the 

parietal and 

frontal lobe 

areas of the 

brain  

d) assesses 

visual 

sustained 

attention 
 

A white box appears in the 

middle of the computer screen. 

Numbers from 2 to 9, appear in 

a pseudo-random order inside 

this box, at the speed of 100 

numbers per minute on a fast 

mode, or during the slow 

version at a speed of 40 

numbers per minute. 

Participant is asked to find 

target sequences of numbers 

such as 2-4-6, 3-5-7, 4-6-8 and 

to confirm his responses using 

the press pad. Target sequences 

occur at the rate of 16 every 2 

minutes in the fast and 16 

every 5 minutes during the 

slow mode.  

 

 

 

Paired 

Associates 

Learning 

(PAL) 

 

10 minutes 

 

PAL Total Errors 

(Adjusted): The 

number of times the 

subject chose the 

incorrect box for a 

stimulus on 

assessment problems, 

plus an adjustment for 

the estimated number 

of errors they would 

have made on any 

This test:  

 

c) is sensitive to 

functional 

changes in 

medial 

temporal 

lobe  

d) tests visual 

(episodic) 

Each mode of the task includes 

several stages, which the 

participant must finish in order. 

In every stage, boxes are 

displayed on the screen and 

open randomly one at a time. 

One or more of these boxes 

will contain a pattern. The 

patterns shown in the boxes are 

then displayed in the center of 

the screen, one at a time, and 
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problems, attempts, 

and recalls they did 

not reach. 

memory and 

new learning 

the person has touched the box 

where the pattern was initially 

present. Each stage may have 

up to six or ten attempts (trials) 

in total. This depends on the 

mode If the person does a 

mistake, the patterns are 

presented again to remind the 

participant of their locations. 

The person moves to the next 

stage when he gets all the 

locations correct. If the subject 

is not able to complete a stage, 

the test ends.   

 

 

 

Spatial 

Working 

Memory 

(SWM) 

 

8 minutes 

 

 

 

 

 

 

SWM Strategy (6-8 

boxes): The number 

of times a subject 

begins a new search 

pattern from the same 

box they started with 

previously. If they 

always begin a search 

from the same starting 

point, we infer that 

the subject is 

employing a planned 

strategy for finding 

the tokens. Therefore, 

a low score indicates 

high strategy use (1 = 

they always begin the 

search from the same 

box), a high score 

This test: 

 

c) is sensitive to 

dysfunction 

of frontal 

lobe and 

executive 

function  

d) assesses 

subject’s 

ability to 

recall spatial 

information 

and to 

operate 

remembered 

items in 

working 

memory  

Several coloured boxes are 

shown on the screen. The aim 

of this test is that the subject 

must find one blue ‘token’ in 

each of several boxes and use 

them to fill up an empty 

column on the right-hand side 

of the screen. If subject touches 

any box in which a blue ‘token’ 

has been found previously, it is 

considered as an error. The 

number of boxes is gradually 

increased from three to ten 

boxes. The colour and position 

of the boxes used are changed 

from trial to trial to discourage 

the participants using 

stereotyped search strategies.  
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indicates that they are 

beginning their 

searches from many 

different boxes. 

Calculated across 

assessed trials with 6 

tokens or 8 tokens. 

 

 

 

Reaction 

Time (RTI) 

 

5 minutes 

 

RTI Simple Median 

Movement Time: The 

median time taken for 

a subject to release the 

response button and 

select the target 

stimulus after it 

flashed yellow on 

screen. Calculated 

across correct, 

assessed trials in 

which the stimulus 

could appear in one 

location only. 

Measured in 

milliseconds. 

This test: 

 

c) is sensitive 

measure of 

motor and 

cognitive 

functions 

d) measures 

person’s 

speed of 

response to a 

visual target 

when the 

stimulus is 

predictable 

(simple 

reaction 

time) or 

unpredictable 

(choice 

reaction 

time) 

In the simple release and touch 

stage, the person is instructed 

to hold down the press pad 

button until the yellow spot 

appears in the centre of the 

screen, and then must touch the 

screen where the spot appears. 

Touching too soon or too late is 

an error. In the five-choice 

release and touch stage, the 

choice reaction task is again 

introduced, and by this stage 

the participant has been trained 

to hold down the press pad 

button until the spot appears, 

then leave the press button and 

touch the position on the screen 

where the spot was presented. 

Touching too soon or too late is 

considered a mistake. In both 

stages, the person is trained to a 

criterion, within a minimum 

and maximum number of trials 

given for each stage. If the 

participant fails to reach the 
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criterion on any of these stages, 

the task ends.  

 

 

 

Delayed 

Matching to 

Sample 

(DMS) 

 

10 minutes 

DMS Percent Correct 

(all delays): The 

percentage of 

assessment trials 

containing a delay 

during which the 

subject chose the 

correct box on their 

first box choice. 

Calculated across all 

assessed trials 

containing a delay. 

 
 

This test: 

 

c) is sensitive to 

dysfunctions 

mainly in the 

medial 

temporal 

lobe, and less 

in the frontal 

lobe 

d) assesses 

short-term 

recognition 

memory 

The participant is shown a 

complex visual pattern (the 

sample) and then, after a short 

delay, four patterns. Each 

pattern is made up of four sub-

elements, each of a different 

colour. The person is requested 

to touch the pattern that 

matches the sample. In some 

trials the sample and the choice 

patterns are shown 

concomitantly, while in others 

there is a delay of 0, 4, or 12 

seconds between covering the 

sample pattern and showing the 

choice patterns. If the first 

choice is wrong, the person 

must make a second choice, 

and so on, until a correct choice 

is done.  

 

 

 

Multi-

Tasking 

Test (MTT) 

 

8 minutes 

Multitasking cost 

(median): The 

difference between 

the median latency of 

response (from 

stimulus appearance 

to button press) 

during assessed 

blocks in which both 

rules are used versus 

assessed blocks in 

This test: 

b) assesses 

participant’s 

ability to 

manage 

conflicting 

information 

provided by 

the direction 

of an arrow 

and its 

The test displays an arrow 

which can appear on either side 

of the screen (right or left) and 

can point in either direction (to 

the right or to the left). 

Each trial displays a cue at the 

top of the screen that indicates 

to the participant whether they 

must select the right or the left 

button according to the ‘side on 

which the arrow appeared’ or 
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which only a single 

rule is used. 

Calculated by 

subtracting the 

median latency of 

response during single 

task block(s) from the 

median latency of 

response during 

multitasking block(s). 

A positive score 

indicates that the 

subject responds more 

slowly during 

multitasking blocks 

and indicates a higher 

cost of managing 

multiple sources of 

information. 

 

location on 

the screen 

and to 

ignore task-

relevant 

information. 

         

     

 

 

 

 

the ‘direction in which the 

arrow was pointing.  

In some sections of the task 

this rule is consistent across 

trials (single task) while in 

others it may change from trial 

to trial in a randomised order 

(multi-tasking). Using both 

rules in a flexible manner 

places a higher demand on 

cognition than using a single 

rule.    
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Appendix I. Mean, range ± SD for independent variables in 

people with chronic vestibular disorders  

Independent Variables Mean, range SD 

ABC 62.32, 0-89.38 
 

20.91 

HADS_A 9.02, 1-15 4.31 

HADS_D 6.27, 0-13 3.70 

PSQI 8.54, 0-17 4.57 

ESS 7.78, 0-18 4.84 

SCQ 18.60, 0.27-4 
 

0.93 

DHI 49.76, 22-86  17.33 

VSS_V 0.93, 0.11-3 0.69 

VSS_A 1.30, 0-3.2 
 

0.77 

EQ_5D_5L Index 0.73,0.39-0.95 0.15 

EQ_5D_5L_VAS 64.32, 25-100 18.27 

DMS 84.54, 47-100 13.09 

MTT 284.48, 78-577 138.08 

PAL 18.59, 1-58 15.15 

RTI 222.87, 123-384 63.41 

RVP 451.12, 337-699.5 86.11 

SWM 8.37, 2-12 2.64 

PA Sedentary in percent (%) 78.32, 62.20-89.97 7.17 

PA Mild in percent (%) 14.07, 3.57-30.54 6.68 

PA Moderate in percent (%) 7.56, 1.06-21.50 4.71 

PA Vigorous in percent (%) 0.19, 0-1.05 0.29 

PA total per 7 days in percent 

(%) 

21.39, 0-37.80 7.98 

SD = Standard deviation; ABC = Activity specific Balance Confidence; HADS_ A = 

Hospital Anxiety and Depression_ Anxiety component; HADS_ D= Hospital Anxiety and 

Depression_ Depression component; PSQI = Pittsburgh Sleep Quality Index; ESS = 

Epworth Sleepiness Scale; SCQ = Situational Characteristics Questionnaire; DHI = 

Dizziness Handicap Inventory; VSS_A = Vertigo Symptom Scale_Autonomic/Somatic; 

VSS_V = Vestibular Symptom Scale_Vestibular; VAS = Visual Analogue Scale; DMS = 

Delayed Matching to Sample; MTT = Multitasking Task; PAL = Paired Associates 

Learning; RTI = Reaction Time; RVP = Rapid Visual Information Processing; SWM = 

Sustained Working Memory; PA = Physical Activity.   
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Appendix J. Exercise log diary 

 

EXERCISE LOG DIARY 

 

Study Title: 

‘Effectiveness of Customised Vestibular Rehabilitation with and without additional 

Dual-Task Training in Persons with a Chronic Vestibular Disorder. A Pilot 

Randomised Controlled Trial’ 

 

Weekly diary for week commencing: __ __ / __ __ / __ __ __ __ 

 

Participant ID: __ __ __ __  
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This daily diary is for you to record exercises you have done and whether or not you fell 

over the last 24 hours.  

Please fill it out each day.  

Write the total number of exercises and sessions per day as well as the length of time you 

spent undertaking the vestibular exercises per day. There is a box to add any comments about 

how you felt during or after exercising or reasons for not undertaking the exercises. 

Write down the number of falls you have (if any). Please consider a fall as “an unexpected 

event in which you come to rest on the ground, floor, or lower level”. 

If you don’t have a fall that day, please enter ‘0’ rather than leaving the box blank. 

In this pack there are 12 diaries, one for each week of the 12 weeks that you will be 

undertaking the vestibular rehabilitation intervention. Below you can see an example of how 

to complete the exercise diary.  

Attached to every diary is a stamped addressed envelope – please complete and return 

these to us every 3 weeks.  

 

 

 

 

 

 

 

 

 

 

 



355 
 

Example Completed Diary 

WEEK COMMENCING:  10/02/2019   

 Mon Tues Wed Thurs Fri Sat Sun 

 

Total Number of vestibular 

exercises performed/ 

session 

4 4 5 0 3 3 5 

Total Time spent on 

vestibular exercises 

(minutes)/session 

15 20 20 0 10 10 20 

Number of exercise 

sessions/ day 
2 1    2 0 2 2    2 

Comments on vestibular 

exercises 

 

Felt too tired to complete exercises on Thursday 

 

 

Number of Falls 0 2    0 1 0 0 0 

Number of falls that caused 

you an injury 
0 1 0 1 0 0 0 
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WEEK 1 COMMENCING: _ _ / _ _ / _ _ _ _ 

 Mon Tues Wed Thurs Fri Sat Sun 

 

Total Number of vestibular 

exercises performed/ 

session 

       

Total Time spent on 

vestibular exercises 

(minutes)/session 

       

Number of exercise 

sessions/ day 
       

Comments on vestibular 

exercises 

 

 

 

 

 

Number of Falls        

Number of falls that caused 

you an injury 
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WEEK 2 COMMENCING: _ _ / _ _ / _ _ _ _  

 Mon Tues Wed Thurs Fri Sat Sun 

 

Total Number of vestibular 

exercises performed/ 

session 

       

Total Time spent on 

vestibular exercises 

(minutes)/session 

       

Number of exercise 

sessions/ day 
       

Comments on vestibular 

exercises 

 

 

 

 

 

Number of Falls        

Number of falls that caused 

you an injury 
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WEEK 3 COMMENCING: _ _ / _ _ / _ _ _ _  

 Mon Tues Wed Thurs Fri Sat Sun 

 

Total Number of vestibular 

exercises performed/ 

session 

       

Total Time spent on 

vestibular exercises 

(minutes)/ session 

       

Number of exercise 

sessions/ day 
       

Comments on vestibular 

exercises 

 

 

 

 

 

Number of Falls        

Number of falls that caused 

you an injury 
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WEEK 4 COMMENCING: _ _ / _ _ / _ _ _ _ 

 Mon Tues Wed Thurs Fri Sat Sun 

 

Total Number of vestibular 

exercises performed/ 

session 

       

Total Time spent on 

vestibular exercises 

(minutes)/session 

       

Number of exercise 

sessions/ day 
       

Comments on vestibular 

exercises 

 

 

 

 

 

Number of Falls        

Number of falls that caused 

you an injury 
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WEEK 5 COMMENCING: _ _ / _ _ / _ _ _ _  

 Mon Tues Wed Thurs Fri Sat Sun 

 

Total Number of vestibular 

exercises performed/ 

session 

       

Total Time spent on 

vestibular exercises 

(minutes)/session 

       

Number of exercise 

sessions/ day 
       

Comments on vestibular 

exercises 

 

 

 

 

 

Number of Falls        

Number of falls that caused 

you an injury 
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WEEK 6 COMMENCING: _ _ / _ _ / _ _ _ _  

 Mon Tues Wed Thurs Fri Sat Sun 

 

Total Number of vestibular 

exercises performed/ 

session 

       

Total Time spent on 

vestibular exercises 

(minutes)/ session 

       

Number of exercise 

sessions/ day 
       

Comments on vestibular 

exercises 

 

 

 

 

 

Number of Falls        

Number of falls that caused 

you an injury 
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WEEK 7 COMMENCING: _ _ / _ _ / _ _ _ _ 

 Mon Tues Wed Thurs Fri Sat Sun 

 

Total Number of vestibular 

exercises performed/ 

session 

       

Total Time spent on 

vestibular exercises 

(minutes)/session 

       

Number of exercise 

sessions/ day 
       

Comments on vestibular 

exercises 

 

 

 

 

 

Number of Falls        

Number of falls that caused 

you an injury 
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WEEK 8 COMMENCING: _ _ / _ _ / _ _ _ _  

 Mon Tues Wed Thurs Fri Sat Sun 

 

Total Number of vestibular 

exercises performed/ 

session 

       

Total Time spent on 

vestibular exercises 

(minutes)/session 

       

Number of exercise 

sessions/ day 
       

Comments on vestibular 

exercises 

 

 

 

 

 

Number of Falls        

Number of falls that caused 

you an injury 
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WEEK 9 COMMENCING: _ _ / _ _ / _ _ _ _  

 Mon Tues Wed Thurs Fri Sat Sun 

 

Total Number of vestibular 

exercises performed/ 

session 

       

Total Time spent on 

vestibular exercises 

(minutes)/ session 

       

Number of exercise 

sessions/ day 
       

Comments on vestibular 

exercises 

 

 

 

 

 

Number of Falls        

Number of falls that caused 

you an injury 
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WEEK 10 COMMENCING: _ _ / _ _ / _ _ _ _ 

 Mon Tues Wed Thurs Fri Sat Sun 

 

Total Number of vestibular 

exercises performed/ 

session 

       

Total Time spent on 

vestibular exercises 

(minutes)/session 

       

Number of exercise 

sessions/ day 
       

Comments on vestibular 

exercises 

 

 

 

 

 

Number of Falls        

Number of falls that caused 

you an injury 
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WEEK 11 COMMENCING: _ _ / _ _ / _ _ _ _  

 Mon Tues Wed Thurs Fri Sat Sun 

 

Total Number of vestibular 

exercises performed/ 

session 

       

Total Time spent on 

vestibular exercises 

(minutes)/session 

       

Number of exercise 

sessions/ day 
       

Comments on vestibular 

exercises 

 

 

 

 

 

Number of Falls        

Number of falls that caused 

you an injury 
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WEEK 12 COMMENCING: _ _ / _ _ / _ _ _ _  

 Mon Tues Wed Thurs Fri Sat Sun 

 

Total Number of vestibular 

exercises performed/ 

session 

       

Total Time spent on 

vestibular exercises 

(minutes)/ session 

       

Number of exercise 

sessions/ day 
       

Comments on vestibular 

exercises 

 

 

 

 

 

Number of Falls        

Number of falls that caused 

you an injury 
       

 

 

 

 

 



368 
 

Appendix K. Examples of exercises included in both groups  

 

Postural-balance 

exercises (performed 

with eyes open/eyes 

closed with supervision)  

Eye-head co-ordination 

exercises 

Positioning exercises 

(performed with eyes 

open and closed) 

Standing with feet close 

together without support 

first on stable and then 

unstable surface 

Moving head backward 

and forwards or sideways 

with and without visual 

fixation on a stationary or 

moving target, then two 

targets 

Bending down to touch the 

floor in sitting and 

standing positions with 

different speeds 

Weight shifts from one 

foot to the other/heels to 

toes without support first 

on stable and then unstable 

surface 

Gradually adding different 

speeds of movement, 

distances from target, and 

type of target (business 

card, checkerboard, 

patterned shirt), then two 

targets 

Bending down with head 

turned sideways left or 

right with different speeds  

Reaching for objects in 

standing position with feet 

wide apart/ feet close 

together first on stable and 

then unstable surface 

Moving head backward 

and forwards or sideways 

with and without visual 

fixation on a stationary or 

moving target while 

walking, then similarly 

with two targets  

Looking over the shoulder 

sideways left and right 

with different speeds  

Standing on one leg first 

on stable and then unstable 

surface 

Gradually adding different 

speeds of movement, 

distances from target, and 

type of target (business 

card, checkerboard, 

Lying down and rolling 

from one side to the other 

with different speeds  
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patterned shirt), while 

walking, then similarly 

with two targets 

Static standing/ marching 

performing head and body 

movements whilst on a 

cushion (altered surface) 

 
Sitting up from lying 

down with different 

speeds 

Tandem stance/ walking 
 

Reaching above shoulder 

level right and left at 

different speeds  

Walking sideways 
  

Walking through an 

obstacle course 

  

Performing figure eights, 

circles, pivot shifts 

  

Stepping onto and off a 

step (different heights and 

first on stable then 

unstable surface) 

  

Performing head 

movements upwards and 

downwards and sideways 

with and without visual 

fixation in sitting before 

standing; then while 

walking 

  

Walking and looking over 

the shoulder first on stable 

and then unstable surface 
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Appendix L. Cognitive and auditory tasks incorporated in 

vestibular rehabilitation group with dual task exercises 

 

Cognitive/auditory 

task name 

Description of the cognitive/auditory task 

1. Name things or 

words 

Name things such as types of flower or words beginning with 

a particular letter. 

2.Spell words 

backward 

Spell a word backward such as ‘apple’, ‘red’, ‘bicycle’. Each 

time use different words. 

3. Tell story Tell a story such as what you did in the morning or on your 

vacation. 

4. N-Back task Recite numbers, days or months backwards (i.e. December, 

November etc). 

5. Subtract 

number to letter 

Give the letter as a result of the equation (i.e. k-1=j). Begin 

with the letter b and subtract 1, give the answer and then 

continue with the remainder of the alphabet subtracting one 

and giving the letter answer each time. If you come to the 

end of the alphabet before the time is up, return and begin 

with the letter C subtracting 2 each time. 

6.Tell the opposite 

direction of action 

For example, say the word ‘left’ when you move your right 

leg. 

7. Remembering 

things 

Remember prices or objects such as bills or groceries in the 

last week. 

8. Auditory Listen to podcasts, radio, news, and songs with lyrics.  
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Appendix M. Copy of the survey: prevalence, clinical 

presentation and impact of dizziness, unsteadiness and falls in 

adults who were positive for COVID-19 

 

Top of Form 

Page 1: Page 1 

Introduction 

Welcome to this survey on ‘Prevalence, clinical presentation and impact of dizziness, 

unsteadiness and falls in adults who were positive for COVID-19’. The survey has been 

developed by a research team at King’s College London, University College London, 

Guy’s Hospital and King’s College Hospital, London, UK. 

Thank you for completing this one-off survey that will help us understand the prevalence, 

clinical presentation, and impact of dizziness, unsteadiness and falls in persons who have 

had COVID-19. For the purposes of this survey, a fall is regarded as ‘unintentionally 

coming to the ground or some lower level other than because of sustaining a violent 

blow, loss of consciousness, sudden onset of paralysis as in stroke or seizure’. 

It is anticipated that this survey will take 10 minutes to complete. Please try to answer all 

questions in the survey, as this will help us to answer our research questions as outlined in 

the participant information sheet. 

Your participation in this survey is completely voluntary, which means that you should 

take part only if you wish to. The survey is anonymous and thus it will NOT be possible to 

identify you in anyway. For further information on how we will use your data and the aims 

of this study please read the participant information sheet. This can be downloaded via the 

link https://static.onlinesurveys.ac.uk/media/account/94/survey/733879/question/Participan

t_Information_Sheet__6abnogl.pdf 

For further information, please contact the research team at COVID19survey@kcl.ac.uk 

Page 2: Personal details 

1.Gender 

 Male 

 Female 

 Other 

 Prefer not to say 

2.Age (years) 

https://static.onlinesurveys.ac.uk/media/account/94/survey/733879/question/Participant_Information_Sheet__6abnogl.pdf
https://static.onlinesurveys.ac.uk/media/account/94/survey/733879/question/Participant_Information_Sheet__6abnogl.pdf
mailto:COVID19survey@kcl.ac.uk
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18 

  

19 

  

20 

  

21 

  

22 

  

23 

  

24 

  

25 

  

26 

  

27 

  

28 

  

29 

  

30 

  

31 
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32 

  

33 

  

34 

  

35 

  

36 

  

37 

  

38 

  

39 

  

40 

  

41 

  

42 

  

43 

  

44 

  

45 
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46 

  

47 

  

48 

  

49 

  

50 

  

51 

  

52 

  

53 

  

54 

  

55 

  

56 

  

57 

  

58 

  

59 
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60 

  

61 

  

62 

  

63 

  

64 

  

65 

  

66 

  

67 

  

68 

  

69 

  

70 

  

71 

  

72 

  

73 
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74 

  

75 

  

76 

  

77 

  

78 

  

79 

  

80 

  

81 

  

82 

  

83 

  

84 

  

85 

  

86 

  

87 
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88 

  

89 

  

90 

  

91 

  

92 

  

93 

  

94 

  

95 

  

Prefer not to say 

3.Education level 

 Level 0 (None) 

 Level 1 (left school before age 16) 

 Level 2 (left school at age 16) 

 Level 3 (left school age 17-18) 

 Level 4 [holds a Bachelor (e.g., BSc) or equivalent degree] 

 Level 5 [holds a Master (e.g., MSc) or equivalent degree] 

 Level 6 [holds a Doctoral (PhD) or equivalent degree] 

 Prefer not to say 

Page 3: Personal details 
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4.Civil/marital status 

 Married 

 Single 

 Divorced 

 Widowed 

 In a relationship 

 Other 

 Prefer not to say 

5.Working status 

 Employee 

 Self-employed 

 None 

 Other 

 Prefer not to say 

6.Working hours 

 Full-time 

 Part-time 

 Flexible hours 

 None 

 Other 

 Prefer not to say 

Page 4: Questionnaire 

The questions below are with regards to whether you have had COVID-19 (coronavirus) or 

any physical symptoms that might be related to COVID-19 (coronavirus) as well as your 

dizziness, unsteadiness and/or falls experienced and emotional state during the last month. 

7.Have you had a test for COVID-19? These tests involve a swab of your nose and/or 

throat or require you to spit into a tube (any tests using your blood or looking for 

antibodies are not applicable to this question).  Required 
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Yes 

  

No 

8.Have you even had a positive COVID-19 test?  Required 

 Yes 

 No 

 Inconclusive result 

9.When did you have the positive COVID-19 test? 

 In the last 2 weeks 

 In the last month 

 less than 6 months ago 

 more than 6 months ago 

Page 5: Questionnaire 

10.How have you felt since you have had COVID-19? (Please select only ONE option) 

 I have had no symptoms 

 I have had mild symptoms 

 I have had symptoms that interfered with outside activities 

 I have had symptoms that interfered both with work and outside activities 

 I have had symptoms that made me unable to work or had to change jobs 

 I have had symptoms that made me unable to work for more than one year or 

established a permanent disability 

11.What symptoms do you currently continue to experience since your COVID-19 

diagnosis? (Please select ALL that apply) 

 Fever 

 Persistent cough 

 Unusual fatigue 

 Headache 
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 Chest pain/tightness 

 Sneezing 

 Runny nose 

 Nosebleed 

 Muscle ache 

 Joint pain 

 Skin rash 

 Seizures 

 Nausea 

 Vomiting 

 Abdominal pain 

 Shortness of breath 

 Sore throat 

 Loss of smell/taste 

 Hoarse voice 

 Diarrhoea 

 Confusion 

 Disorientation 

 Drowsiness 

 Loss of appetite 

 Dizziness 

 Unsteadiness 

 Falls 

 No symptoms 

 Other 

a. If you selected Other, please specify: 
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Page 6: Questionnaire 

12.When have you experienced dizziness? 

 At the time of being positive for COVID-19 

 Prior to having COVID-19 

 After having COVID-19 

 Both prior to and since having had COVID-19 

 I have not experienced dizziness 

13.When have you experienced unsteadiness? 

 At the time of being positive for COVID-19 

 Prior to having COVID-19 

 After having COVID-19 

 Both prior to and since having had COVID-19 

 I have not experienced unsteadiness 

14.When have you experienced falls? 

 At the time of being positive for COVID-19 

 Prior to having COVID-19 

 After having COVID-19 

 Both prior to and since having had COVID-19 

 I have not experienced falls 

Page 7: Questionnaire 

15.When did you experience dizziness for the FIRST TIME? 

 Now 

 Days ago 

 Weeks ago 

 Months ago 
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 1-3 years ago 

 3-5 years ago 

 More than 5 years ago 

 Not applicable 

 Other 

a. If you selected Other, please specify: 

 

16.When did you experience unsteadiness for the FIRST TIME? 

 Now 

 Days ago 

 Weeks ago 

 Months ago 

 1-3 years ago 

 3-5 years ago 

 More than 5 years ago 

 Not applicable 

 Other 

a. If you selected Other, please specify: 

 

17.When did you experience falls for the FIRST TIME? 

 Now 

 Days ago 

 Weeks ago 

 Months ago 

 1-3 years ago 

 3-5 years ago 

 More than 5 years ago 
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 Not applicable 

 Other 

a. If you selected Other, please specify: 

 

18.How have your dizziness symptoms changed since you FIRST had them? 

 Getting better 

 Getting worse 

 Staying the same 

 Come and go, vary 

 Not applicable 

Page 8: Questionnaire 

19.How has your unsteadiness changed since you FIRST had it? 

 Getting better 

 Getting worse 

 Staying the same 

 Comes and goes, varies 

 Not applicable 

20.How has your experience of falls changed since you FIRST had it? 

 Getting better 

 Getting worse 

 Staying the same 

 Comes and goes, varies 

 Not applicable 

21.Have you even been diagnosed by a doctor with the following? (Please select ALL that 

apply) 

 Vestibular migraine 

 Benign Paroxysmal Positional Vertigo (BPPV) 
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 Meniere's disease 

 Labyrinthitis 

 Vestibular neuritis 

 Postural orthostatic tachycardia syndrome (PoTS) 

 Low blood pressure 

 Heart disorder causing dizziness, unsteadiness and/or falls 

 Anxiety or stress related dizziness, unsteadiness and/or falls 

 Cervicogenic (neck-related) dizziness, unsteadiness and/or falls 

 Anaemia causing dizziness, unsteadiness and/or falls 

 Vitamin deficiency causing dizziness, unsteadiness and/or falls 

 Brain condition (e.g., multiple sclerosis, stroke) causing dizziness, unsteadiness and/or 

falls 

 Dizziness, unsteadiness and/or falls due to medication 

 I have never been diagnosed with any of the conditions or causes of dizziness, 

unsteadiness and/or falls 

 Other 

a. If you selected Other, please specify: 

 

Page 9: Questionnaire 

22.Have you ever had dizziness due to the diagnosis in the QUESTION 21 above?  

 Yes, but only since having COVID-19 

 Yes, before and after having COVID-19 

 No, I had the condition in past, but I do not get symptoms now 

 Not applicable. I do not have any of the diagnosis as stated above in question 21 

23.Have you ever had unsteadiness due to the diagnosis in the QUESTION 21 above? 

 Yes, but only since having COVID-19 

 Yes, before and after having COVID-19 
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 No, I had the condition in past, but I do not get symptoms now 

 Not applicable. I do not have any of the diagnosis as stated above in question 21 

24.Have you ever had falls due to the diagnosis in the QUESTION 21 above? 

 Yes, but only since having COVID-19 

 Yes, before and after having COVID-19 

 No, I had the condition in past, but I do not get symptoms now 

 Not applicable. I do not have any of the diagnosis as stated above in question 21 

Page 10: Questionnaire 

25.How would you describe your dizziness and/or unsteadiness symptoms and/or any falls 

you experienced? (Please select ALL that apply) 

 Feeling that things are spinning or moving around in the room or outside world 

 Feeling that things are spinning or moving around inside my head 

 Feeling lightheaded 

 Feeling like being on a boat 

 Foggy headed 

 Feeling pressure in the head 

 Feeling faint, about to black out 

 Woozy, giddy, swimmy feeling 

 Feeling unsteady 

 Losing balance and, unintentionally, find myself on the ground or lower level 

 Other 

a. If you selected Other, please specify: 

 

26.Have you experienced any of the following symptoms since the onset of your 

dizziness, unsteadiness and/or falls? (Please select ALL that apply) 

 Feeling unsteady 

 Unsteadiness so severe that you have fallen to the ground 
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 Unable to stand or walk without support 

 Drifting or veering to one side when walking 

 Nausea (feeling sick)/ stomach churning/vomiting 

 Pounding, throbbing, and/or stabbing pain in the head/ behind eye(s) 

 Poor concentration or memory 

 Chest pressure 

 Chest pain 

 Clammy skin 

 Heart pounding or fluttering 

 Heavy feeling in the arms or legs 

 Visual disturbances (e.g., blurring, flickering, double vision) 

 Difficulty breathing, shortness of breath 

 Excessive sweating 

 Hearing loss 

 Tinnitus 

 Earache 

 Other 

a. If you selected Other, please specify: 

 

Page 11: Questionnaire 

27.How often do you experience dizziness? (Please select only ONE option) 

 Constantly 

 Daily 

 1-2 times a week 

 3-4 times a week 

 5-6 times a week 
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 Never 

 Other 

a. If you selected Other, please specify: 

 

28.How often do you experience unsteadiness? (Please select only ONE option) 

 Constantly 

 Daily 

 1-2 times a week 

 3-4 times a week 

 5-6 times a week 

 Never 

 Other 

a. If you selected Other, please specify: 

 

29.How often do you experience falls? (Please select only ONE option) 

 Constantly 

 Daily 

 1-2 times a week 

 3-4 times a week 

 5-6 times a week 

 Never 

 Other 

a. If you selected Other, please specify: 

 

Page 12: Questionnaire 

30.How long does your dizziness last EACH TIME? (Please select only ONE option) 

 It is constant 

 A few seconds up to 2 minutes 
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 Less than 20 minutes 

 20 minutes -1 hour 

 Hours 

 Days 

 Not applicable 

 Other 

a. If you selected Other, please specify: 

 

31.How long does your unsteadiness last EACH TIME? (Please select only ONE option) 

 It is constant 

 A few seconds up to 2 minutes 

 Less than 20 minutes 

 20 minutes -1 hour 

 Hours 

 Days 

 Not applicable 

 Other 

a. If you selected Other, please specify: 

 

32.What triggers your dizziness, unsteadiness and/or falls? (Please select ALL that apply) 

 Looking up, for example, into a high cupboard or shelf 

 Walking down a supermarket aisle 

 Performing activities such as sports, dancing, household chores 

 Only when I am doing certain activities such as turning over in bed, looking up, 

walking 

 With different body movements such as bending over, looking over shoulder 

 Standing up for 3 minutes or more 
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 Driving or being a passenger in a car 

 Heights 

 Watching television and/or working on the computer 

 Looking at striped or moving surfaces (e.g., curtains, flowing water) 

 Moving from a laying down to a sitting up position 

 Moving from a lying down or sitting position to standing up 

 Watching moving traffic or trains (e.g., crossing the street/ at train station) 

 While laying down 

 Dark environments/ closing eyes 

 Straining/ lifting objects 

 Headache/ migraine 

 Menstruation (female subjects) 

 Anxiety/stress 

 Fear 

 Poor sleep/lack of sleep 

 Other 

a. If you selected Other, please specify: 

 

Page 13: Questionnaire 

33.You are listening to someone on the telephone and someone next to you starts talking. 

Can you follow what is being said by both speakers? Please rate on a scale of 0-10, where 

0 stands for not at all and 10 for easily. 

0 

  

1 

  

2 
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3 

  

4 

  

5 

  

6 

  

7 

  

8 

  

9 

  

10 

34.Can you easily ignore other sounds when trying to listen to something? Please rate on a 

scale of 0-10, where 0 stands for not at all and 10 for easily. 

0 

  

1 

  

2 

  

3 

  

4 

  

5 
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6 

  

7 

  

8 

  

9 

  

10 

35.From 0% to 100% how much does your dizziness impact on your overall ability to 

perform daily activities? (From 0%, no effect, to 100% unable to do daily activities). 

0% 

  

10% 

  

20% 

  

30% 

  

40% 

  

50% 

  

60% 

  

70% 
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80% 

  

90% 

  

100% 

36.From 0% to 100% how much does your unsteadiness impact on your overall ability to 

perform daily activities? (From 0%, no effect, to 100% unable to do daily activities). 

0% 

  

10% 

  

20% 

  

30% 

  

40% 

  

50% 
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70% 

  

80% 

  

90% 

  

100% 
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37.From 0% to 100% how much does your falls impact on your overall ability to perform 

daily activities? (From 0%, no effect, to 100% unable to do daily activities). 

0% 

  

10% 

  

20% 

  

30% 

  

40% 

  

50% 

  

60% 

  

70% 

  

80% 

  

90% 

  

100% 

Page 14: Final page 

Thank you for taking the time to complete this survey.  If there anything else you would 

like to tell us about your COVID-19 experience and dizziness, unsteadiness or falls, you 

can contact the research team via covid19survey@kcl.ac.uk. However, by doing so, you 

agree to reveal your email address. 

mailto:covid-19survey@kcl.ac.uk
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Please note, we are unable to respond to individual comments. If you have any requests or 

queries, you can contact the research team via covid19survey@kcl.ac.uk. The research 

team will aim to respond to emails within 2-5 working days. 

Bottom of Form 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mailto:covid-19survey@kcl.ac.uk
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Appendix N. Participant information sheet  

PARTICIPANT INFORMATION SHEET                                        

Ethical Clearance Reference Number: MRSP-20/21-21924                                   

 

A COPY OF THIS INFORMATION SHEET WILL BE MADE AVAILABLE FOR 

YOU TO DOWNLOAD  

 

Title of the research project: ‘Prevalence, clinical presentation, and impact of dizziness, 

unsteadiness and falls in adults who were positive for COVID-19.’ 

 

Assessing the prevalence and impact of dizziness, unsteadiness and/or falls on daily 

activities and emotional state in adults over 18 years’ old who have had a COVID-19 

diagnosis. This application is an independent study and not an extension from a 

previous study.  

 

We would like to invite you to participate in this original research project which involves 

anonymously completing an online survey delivered via your 

smartphone/tablet/laptop/personal computer (PC). You should only participate if you wish 

to; choosing not to participate will not affect you in any way. Before you decide if you wish 

to take part, it is important for you to understand why this research project is being done and 

what your participation will involve.  Please take time to carefully read the information 

below and discuss it with your family or friends if you wish. If there is anything that is not 

clear, or you would like more information, please do not hesitate to ask us. 

 

Background 

Dizziness affects 15-20% of adults yearly. In UK and US, the lifetime prevalence of 

dizziness is between 20% and 40%. Dizziness may have an impact on quality of life and 
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emotional state. Dizziness is reported as a common clinical symptom of COVID-19. This is 

not surprising as dizziness has historically been associated with viral infections. In persons 

with COVID-19, dizziness can often be overlooked as it may present as a symptom to 

different pathologies. Moreover, unsteadiness is a common symptom which increases with 

advancing age. Unsteadiness may lead to injury, disability, loss of independence and balance 

confidence as well as reduced quality of life. Finally, unintentional falls are the leading cause 

of injury-related deaths, especially in older adults. Currently, it is not known how many 

adults who have had COVID-19 have been, physically and emotionally, affected by 

dizziness, unsteadiness and/or falls.  Therefore, research is required to determine their 

prevalence, leading cause, and impact on a person’s life so that optimal assessment and 

management approaches may be identified. 

 

What is the purpose of this research project? 

The proposed study aims to investigate the prevalence, type, frequency and triggers for 

dizziness, unsteadiness and/or falls and their impact on daily activities and emotional state 

in adults over 18 years’ old who have had COVID-19.  

Why have I been chosen to participate? 

You have been asked to participate in this research project because your age is 18 or over 

years old and have had had COVID-19 along with dizziness, unsteadiness and/or falls.  

 

Do I have to participate? 

Participation in this study is voluntary and it is up to you to decide whether to participate or 

not. Please read this participant information sheet and if you have any questions, please 

email covid19survey@kcl.ac.uk. As the data will be collected anonymously, the submission 

of a completed survey will imply consent. While accessing the survey, you are free to 

withdraw at any time without the need to provide a reason for your decision. However, you 

will not be able to withdraw your data after you have submitted the survey.   

 

What will happen to me if I participate? 

If you would like to take part in this study, you will be given a link to an online survey. You 

do not have to provide any of your personal details such as name, date of birth or contact 

details. The survey will be completed anonymously. This means that it will not be possible 

to identify you in any way from your answers in the survey.  

mailto:covid19survey@kcl.ac.uk
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Once you have completed the consent form provided via the online link, you can carry on 

into completing the online survey via the same link. The online survey collects information 

on demographics (e.g., age, gender, education, civil/marital status), questions about your 

COVID-19 diagnosis and dizziness, unsteadiness and/or falls related symptoms. The survey 

includes sections on current symptoms including dizziness and unsteadiness, and specific 

dizziness, unsteadiness and falls related questions including type, frequency, duration, 

triggers and impact on daily activities and emotional state. The survey takes approximately 

10 minutes to complete. The survey must be completed in a single session. As the survey is 

anonymous and we do not keep any contact details for you, it will not be possible to save 

your answers and return to complete the survey at a different time. If you decide to close the 

survey while you are completing it, you will have to re-start again from the beginning when 

accessing the survey again.  

 

Incentives 

There are no incentives for taking part in this study.  

 

What are the possible risks of taking part? 

We do not anticipate any risks of taking part in this survey.  

  

What are the possible benefits of taking part? 

There is no direct benefit to you individually, but anonymised research data will be made 

available publicly to help provide information on prevalence and impact of dizziness, 

unsteadiness and falls in adults who have had COVID-19 like yourself. This may lead to 

better understanding of appropriate assessment protocols and treatment strategies for 

persons who have had COVID-19 and experience dizziness.  

 

There are NHS websites (https://www.post-covid.org.uk/get-support, 

https://www.yourcovidrecovery.nhs.uk/) dedicated to providing support for persons who 

have had COVID-19. Please access these websites for information and contact details 

regarding accessing help for breathlessness, getting active again and mental health. 

However, you should contact your GP if the dizziness, unsteadiness and/or falls are 

persistent or intrusive. 

 

https://www.post-covid.org.uk/get-support
https://www.yourcovidrecovery.nhs.uk/
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 Data handling and confidentiality 

Your data will be processed in accordance with the General Data Protection Regulation 2016 

(GDPR). All information collected as part of this project will be anonymous and regarded 

as strictly confidential and will be held securely until the research is finished. All data for 

analysis will remain anonymous. In reporting on the research findings, it will not be possible 

to identify any of the participants. All research staff are provided with training regarding 

GDPR and KCL standards for handling data. In accordance with the Data Protection Act 

(1998) and the General Data Protection Regulations which came into effect on 25 May 2018, 

any data provided electronically will be anonymous and stored on a database on a restricted 

server only accessible by specified members of the research team who have been given 

authorisation to access the database.   

  

We will hold the data for 4 years after the completion of the study in accordance with King’s 

College London data retention guidelines.   

Data Protection Statement 

Your anonymous data will be processed in line with the General Data Protection Regulation 

2016 (GDPR). If you would like more information about how your anonymous data will be 

processed in line with GDPR please visit the link below:  

https://www.kcl.ac.uk/research/support/research-ethics/kings-college-london-statementon-

use of-personal-data-in-research  

Will participation be kept confidential?  

All the data collected as part of this project will be anonymous and remain strictly 

confidential and will be held securely until the research is finished. All data for analysis will 

be anonymous. In reporting on the research findings, it will not be possible to identify any 

of the participants who took part in the survey.  

 

We will not collect any identifiable information. No study data will be available in any 

identifiable format to anyone. The sponsor and data controller for this project will be King’s 

College London. King’s College London will process your anonymous data for the purpose 

of the research described within this participant information sheet. King’s College London 

(as a Sponsor) will not be able to identify individuals completing the survey.  
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When you agree to take part in a research study, the data you have provided may be shared 

with researchers running other research studies in this organisation and in other 

organisations, but it will always be anonymous as you provided it in the survey. These 

organisations may be universities, NHS organisations or companies involved in health and 

care research in this country or abroad. Your information will only be used by organisations 

and researchers to conduct research in line with the UK Policy Framework for Health and 

Social Care Research and will be always anonymous as collected in the survey. Your 

anonymous information could be used for research in any aspect of health or care, but it will 

not be possible to identify you in anyway.    

  

Questions, comments, and requests about your anonymous data can be sent to the King’s 

College London Data Protection Officer, Mr Albert Chan, info-compliance@kcl.ac.uk. If 

you wish to lodge a complaint with the Information Commissioner’s Office, please visit 

www.ico.org.uk.  

  

What if I change my mind about taking part? 

You are free to withdraw at any point of the study, without giving a reason. Withdrawing 

from the study will not affect you in any way. You can stop participating by stopping 

completion of the online survey at any point. You can withdraw your data from the study up 

until you submit the online survey.  

 

Incomplete surveys will not be saved online and will not be accepted. Anonymous data will 

be saved and used for analysis and publication only for fully completed surveys.   

 

How is the project being funded? 

This is a PhD student research project. There is no external funding for this project.  

 

What will happen to the results of the study? 

The anonymous information collected from the submitted surveys will be analysed and 

published online as a research report.  
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Who should I contact for further information? 

If you have any questions or require more information about this study, please use the 

following contact details:  

Ms Viktoria Azoidou, 

King’s College London 

Room 3.11, 3rd floor Shepherd’s House 

Guy’s Campus 

London 

SE1 1UL 

Email: covid19survey@kcl.ac.uk 

 

 

What if I have further questions, or if something goes wrong? 

If this study has harmed, you in any way or if you wish to make a complaint about the 

conduct of the study you can contact King's College London using the details below for 

further advice and information: 

Laura Stackpoole 

Senior Research Ethics Officer 

Tel: 020 7848 4070 

Email: bdm@kcl.ac.uk   

 

 

Thank you for reading this participant information sheet and for considering taking 

part in this research. 

 

 

 

 

 

 

 

mailto:covid19survey@kcl.ac.uk
mailto:bdm@kcl.ac.uk
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Appendix O. Responses in Group N and P reported in absolute 

frequencies; n, regarding when a) dizziness, b) unsteadiness, and 

c) falls were experienced for the first time 

 

a) 

 

b) 
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c)  
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Appendix P. Responses in Group N and P reported in absolute 

frequencies; n, with regards to how a) dizziness, b) unsteadiness, 

and c) falls have changed since respondents first had them 

 

a) 

 

b) 
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c)  
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Appendix Q. Functional gait can be affected by noise: effects of 

age and cognitive function: a pilot study  

 

 

Front Neurol. 2021; 12: 634395. 

Published online 2021 Feb 9. doi: 10.3389/fneur.2021.634395 

PMCID: PMC7900144 

PMID: 33633677 

Functional Gait Can Be Affected by Noise: Effects of Age and 

Cognitive Function: A Pilot Study 

Margot Buyle,1,* Viktoria Azoidou,2 Marousa Pavlou,2 Vincent Van Rompaey,1,3 and Doris-Eva 

Bamiou4,5 

Author information Article notes Copyright and License information Disclaimer 

Abstract 

Background: The ageing process may degrade an individual's balance 

control, hearing capacity, and cognitive function. Older adults perform 

worse on simultaneously executed balance and secondary tasks (i.e., dual-

task performance) than younger adults and may be more vulnerable to 

auditory distraction. 

Aim: The purpose of this study was to determine the effect of passive 

listening on functional gait in healthy older vs. younger adults, and to 

investigate the effect of age, functional gait, hearing ability and cognitive 

functioning on dual-task performance. 

Methods: Twenty young and 20 older healthy adults were recruited. 

Functional gait (Functional Gait Assessment in silent and noisy condition), 

hearing function (audiogram; Speech in Babble test), and cognitive ability 

(Cambridge Neuropsychological Test Automated Battery) were measured. 

Results: Overall, a significant difference between functional gait 

performance in silent vs. noisy conditions was found (p = 0.022), with no 

significant difference in dual-task cost between the two groups (p = 0.11). 

Correlations were found between increasing age, worse functional gait 

performance, poorer hearing capacity and lower performance on cognitive 

function tasks. Interestingly, worse performance on attention tasks  
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appeared to be associated with a worse functional gait performance in the 

noisy condition. 

Conclusion: Passive listening to multi-talker babble noise can affect 

functional gait in both young and older adults. This effect could result 

from the cognitive load of the babble noise, due to the engagement of 

attention networks by the unattended speech. 

Keywords: functional gait, cognition, hearing loss, passive listening, 

attention 

Go to: 

Introduction 

Balance control is not just an automatic process but also a perceptual 

motor task that requires cognitive function, especially attention (1). 

Ageing can be associated with a decline in balance, hearing, and cognitive 

function. Age-related changes in pathways that underpin balance control 

may lead to balance impairment or increased falls risk (2). There is, also, 

evidence that both age-related hearing loss [(3) for a review (4)] and age-

related cognitive decline [(5, 6) for a review (7)] increase these risks. 

Furthermore, hearing loss is a potential risk factor for cognitive deficits in 

older adults [(8) for a review (9)]. In particular attention, working memory 

and executive function seem to be impaired in individuals with hearing 

loss [(9) for a review]. 

It is suggested that an inability to allocate attention could be an important 

factor contributing to balance constraints during gait in fallers (10). Older 

adults in particular need more attentional resources to keep their postural 

stability (10, 11), especially when multitasking (10). If the attention 

capacity is exceeded when performing two tasks together, a dual-task 

interference effect will be seen, i.e., the performance of one or both tasks 

deteriorates (12, 13). 

There are several studies assessing dual-task effects on dynamic balance 

performance. Some of these have investigated the effect of auditory tasks 

on balance ability, but only three studies reported the effect of an 

attentional demanding “active” listening task on balance performance. 

Bruce and colleagues examined dual-task costs (i.e., the performance 

decrement that results from executing two tasks simultaneously) on a  
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working memory task, and on balance recovery tasks in quiet and 

background multi-talker babble noise conditions. There was no effect of 

auditory challenge on postural measures for either young or old adults, as 

well as old adults with age-related hearing loss (14). An earlier study by 

Springer et al. (15) studied gait under dual tasking in young adults, old 

non-fallers and elderly at risk of falling. Gait was evaluated as a single 

task and under three different dual-task conditions (i.e., two active 

listening tasks and an arithmetic task). The performance of the tasks that 

required attention had a destabilising effect on the postural control of older 

fallers. However, they failed to find an age-associated increase in the dual-

task effect on gait variability between non-fallers and young adults. 

Notably, all three groups showed a reduction in gait speed during all three 

dual-tasking conditions. Young adults possibly decreased their gait speed 

to remain stable, while older non-fallers decreased their speed and swing 

times (15). In another study, young adults and old adults had to listen to 

and report key words from a target sentence while walking. The 

researchers reported that walking required more cognitive resources for 

older than for younger adults, and proposed that effortful listening in 

elderly resulted in a competition for cognitive capacity required for 

walking (16). 

Passive listening tasks might be particularly relevant to investigate since 

we live in a very noisy world (17). This may be especially interesting in 

older adults, as various neuroimaging studies have indicated their 

vulnerability to auditory distraction (18, 19). Stevens and colleagues found 

that the noisy fMRI environment induced an age-related distraction effect 

that was attributed to a misallocation of attention to the distracting sound, 

leading to failure of the performance of the initial (visual) task (19). 

The first aim of this study was to investigate the effect of passive auditory 

distraction on functional gait in older vs. younger healthy adults. We used 

the standard Functional Gait Assessment (FGA) (20) and an auditory FGA 

protocol with an informational type two-talker babble noise masker in a 

passive listening task for this purpose. Secondary aims were to investigate 

the relationship between age, hearing capacity, cognitive function 

(predominantly visual attention allocation) and the individual's functional 

gait performance in standard and noisy conditions. It was hypothesised 

that (1) exposure to babble noise would degrade FGA performance in both  
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groups; (2) FGA performance in babble noise conditions would be worse 

in older compared to younger adults; (3) increasing age, poorer hearing 

ability and lower performance on cognitive function tasks would be 

correlated with worse FGA measures. 

Methods 

This study was a pilot study and part of a case-controlled study at King's 

College London, UK in collaboration with University College London, 

UK. The study was an independent experiment that was conducted within 

another study at King's College London, UK (Ethical approval Reference 

LRS-18/19-8994). 

Participants 

The study population (n = 40) consisted of 20 community-dwelling 

healthy younger adults (n = 20, male = 7; Mage 27.0 ± 5.22 years; range 18–

35) and 20 healthy older adults (n = 20; male = 6; Mage 71.5 ± 4.43 years; 

range 65–80). All participants were screened for compliance with 

inclusion criteria using a participant-screening questionnaire. Every 

subject that agreed to participate in the study signed an informed consent. 

Inclusion Criteria  

Eligible participants were healthy young adults aged 18–35 years old or 

older adults aged 65–80 years old, who lived independently in the 

community or were independently mobile. All individuals were proficient 

in written and spoken English. 

Exclusion Criteria  

Individuals were excluded if they had (self-reported): (a) a hearing aid; (b) 

a diagnosed inner ear disorder which might affect balance performance; 

(c) an acute limb or other orthopaedic injury that had an effect on balance; 

(d) neurological conditions such as stroke, epilepsy, peripheral neuropathy 

or Parkinson's disease that may affect balance and/or walking ability; (e) 

diagnosis of any cognitive problems such as mild cognitive impairment or 

dementia. 

Methods 
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The collected measures of this study were performed in a randomised 

order. The auditory FGA task was one dual-task that was included as part 

of a broader study using also other dual-tasks, which were performed in a 

randomised order. The FGA standard task was always completed first. 

Functional Gait Assessment (FGA)  

The FGA is a standardised test for assessing gait performance (20), during 

10 activities including walking with head turns, eyes closed, and stepping 

over obstacles. Each of the 10 FGA items is scored from zero, for severe 

impairment, to three for normal performance (21). A cut-off score of 22/30 

classifies fall risk and predicts unexplained falls in community-dwelling 

older adults within 6 months (21). The FGA was performed under two 

conditions: 

1) Standard FGA, completed first, in a silent environment. 

2) Auditory FGA, completed second, performed in the presence of an 

informational noise masker (i.e., noise with an informational content). A 

multi-speaker babble noise was used since this is the most common 

environmental background noise where listeners report problems (22). The 

babble noise masker was a mix of two separate continuous discourses by 

two independent speakers that were telling a different story. The noise was 

delivered to the subject's ears at comfortable hearing levels via plastic ear 

pods, which were connected to a Blu HD 6.0 Android phone. Participants 

were instructed to perform the FGA while listening to the babble, but were 

not given any related tasks or asked to listen actively to the babble. 

Standard Pure Tone Audiometry  

Standard pure tone audiometry was conducted at a frequency of 500, 

1,000, 2,000, 4,000, and 6,000 Hz to establish a person's hearing threshold 

level. A four-frequency pure tone average (PTA) of the hearing thresholds 

was obtained for 500, 1,000, 2,000, and 4,000 Hz for the better ear. 

Normal hearing is defined as a PTA below 25 dBHL at all frequencies 

(23). All measurements were performed in a silent room using a portable 

calibrated audiometer (GSI Pello Standard model with DD45's, IP30, and 

B81, Serial Number: GS0071085, calibrated by Guymark UK Ltd.). 

Speech in Babble Test (SiB)  
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The SiB test is an adaptive, low redundancy speech in babble type noise 

test, that uses real words as targets, pronounced by a phonetically-trained 

adult female speaker of Standard Southern British English origin and 

presented in the background of 20-talker babble noise (22). The test was 

presented monaurally in a silent room on a calibrated computer using 

custom-written Matlab software via Sony WIRELESS COMFORT MDR-

RF811RK headphones. A signal to noise ratio (SNR) threshold value is 

calculated as the mean of six to eight reversals, which represents the SNR 

needed for a performance level of about 50% correct, also known as the 

Speech Reception Threshold (SRT), which is referred to as SiB score (22). 

Cambridge Neuropsychological Test Automated Battery (CANTAB)  

The CANTAB core cognition battery, that may detect subtle cognitive 

changes in healthy ageing persons (24), was used to assess neurocognitive 

function in the healthy younger and older adults. The tests included the 

Rapid Visual Processing test (RVP), Reaction Time test (RTI), Motor 

Screening Task (MOT) and Multi-Tasking Test (MTT) (see Table 1), and 

were conducted in a random order for each participant. 

Table 1 

Explanation CANTAB tests. 

Test name Aim of test Task procedure 

Reaction 

Time test 

(RTI) 

This test measures a 

person's speed of 

response to a visual 

target when the stimulus 

is unpredictable. 

The participant must start by selecting and holding a 

button at the bottom of a screen. Hereafter circles were 

presented above and a yellow dot will appear in one of 

the circles. The individual had to react as soon as 

possible, releasing the button at the bottom of the 

screen, and selecting the circle in which the dot 

appeared. Outcome measures assessed movement time 

(ms). Lower scores indicate a better score. 

Rapid Visual 

Processing 

test (RVP) 

This test assesses visual 

sustained attention. 

In the centre of the screen a white box was shown, 

inside which digits from 2 to 9 appeared in a pseudo-

random order, at the rate of 100 digits per minute. 

Participants needed to detect target sequences of digits 

and when the target sequence was seen, a response must 

be given by selecting the button in the centre of the 

screen as quickly as possible. The level of difficulty 

varied with either one- or three-target sequences that the 

participant must watch for at the same time. Outcome 



411 
 

 

Rapid Visual 

Processing 

test (RVP) 

This test assesses visual 

sustained attention. 

In the centre of the screen a white box was shown, 

inside which digits from 2 to 9 appeared in a 

pseudo-random order, at the rate of 100 digits per 

minute. Participants needed to detect target 

sequences of digits and when the target sequence 

was seen, a response must be given by selecting the 

button in the centre of the screen as quickly as 

possible. The level of difficulty varied with either 

one- or three-target sequences that the participant 

must watch for at the same time. Outcome 

measures covered response latency (ms) with lower 

scores indicating a better score. 

Motor 

Screening 

Task (MOT) 

This test provides a general 

assessment of whether 

sensorimotor deficits or lack 

of comprehension will limit 

the collection of valid data 

from the participant. 

In this task, coloured crosses were presented in 

different locations on the screen, one at a time. The 

participant had to select the cross on the screen as 

quickly and accurately as possible. Outcome 

measures assessed the individual's speed of 

response (ms). Lower scores indicate a better 

performance. 

Multi-

Tasking Test 

(MTT) 

This test assesses the 

participant's ability to manage 

conflicting information and to 

ignore task-relevant 

information. 

The test displays an arrow, which can appear on 

either side of the screen and can point in either 

direction. A cue is displayed at the top of the 

screen that indicates whether the individual needs 

to select the right or the left button according to the 

side of the arrow's appearance or the direction in 

which the arrow was pointing. Using both rules in 

a flexible manner places a higher demand on 

cognition than using a single rule since the rule is 

changed from trial to trial in a randomised manner. 

Outcome measures indicated the multitasking cost 

(ms). A positive score indicates a higher cost (i.e., 

slower response during multitasking). 

Open in a separate window 

The CANTAB was administered on a handheld tablet in a quiet room. The 

subject was sitting in a comfortable position with the screen at a 0.50 m 

distance at their eye level. The test administrator sat next to the subject and 

the subject used the index finger of their dominant hand to touch the 

screen of the tablet. Auditory and visual instructions were given via the 

CANTAB itself. When necessary the test administrator could give again 

the exact instructions. There was the opportunity to rest after each test, if 

desired. 

Statistical Analysis 
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Statistical analysis was executed using IBM SPSS statistics 25 software 

for Mac OS X (Armonk, NY). Statistical significance was set at p < 0.05 

for all computations. Data was checked for normality of distribution by the 

Shapiro-Wilk test and presented as mean ± Standard Deviation (SD). 

Mann-Whitney U-tests were run to evaluate significant differences 

between the two age groups for all variables. A Wilcoxon rank test was 

used to determine a possible significant difference between FGA standard 

and FGA audio in general. The dual-task cost (DTC), i.e., the percentage 

change in FGA performance due to the dual-task condition, was calculated 

for standard FGA vs. auditory FGA using the following equation (25): 

Dual task cost (%)=100 * (Multi task−Single taskSingle task) 

Negative DTC values indicate a decrease in FGA score, which means a 

worse task performance in dual-task condition. 

Furthermore, a Spearman correlation matrix was generated using R studio 

(version 4.0.3; Boston, MA) to assess possible associations among age, 

PTA scores, SiB scores, MTT scores, RTI scores, RVP scores, FGA 

standard scores, FGA audio scores, and FGA dual-task cost. P-values were 

adjusted according to Holm correction. 

Go to: 

Results 

A summary of the descriptive statistics of audiological, cognitive and 

functional gait test results in the young and old participants is reported 

(see Table 2). 

Table 2 

Descriptive statistics of the various variables. 

Characteristics Young Old Mean difference P-value 

 Mean ± SD Mean ± SD   

Number of participants (n) 20 20   

Age (years) 27.0 ± 5.22 71.5 ± 4.43 44.5 0.000 

Gender     
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Male 7 6   

Female 13 14   

PTA average, better ear (dBHL) 11.3 ± 3.43 22.2 ± 7.00 10.9 0.000 

>25 0 5   

= <25 20 15   

SiB average, better ear (dB) 0.18 ± 1.79 2.22 ± 2.02 2.04 0.001 

>3.5 1 5   

= <3.5 19 15   

CANTAB subtest (ms)     

MOT 692 ± 161 819 ± 130 127 0.005 

MTT 167 ± 117 287 ± 145 120 0.001 

RTI 232 ± 54.3 295 ± 70.2 63 0.003 

RVP 437 ± 78.6 510 ± 66.8 73 0.001 

FGA (/30)     

Standard 29.3 ± 0.72 26.6 ± 2.04 2.70 0.000 

>22/30 20 20   

= <22/30 0 0   

Auditory 28.9 ± 0.99 25.8 ± 2.22 3.10 0.000 

>22/30 20 18   

= <22/30 0 2   

Open in a separate window 

PTA, Pure Tone Average; dBHL, Decibel Hearing Loss; SiB, Speech in Babble test; CANTAB, 

Cambridge Neuropsychological Test Automated Battery; MOT, Motor Screening Task; MTT, Multi-

Tasking Test; RTI, Reaction Time test; RVP, Rapid Visual Processing test; FGA, Functional Gait 

Assessment. 
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Mann-Whitney U-tests were run to determine possible FGA differences 

between the two age groups. Statistical analysis showed: (1) a significant 

difference between the two age groups for FGA standard scores (p = 

0.000); (2) FGA audio performance differed significantly between the two 

age groups (p = 0.000); (3) no significant difference between young and 

old adults for their mean FGA dual-task cost values (p = 0.11) (see Figure 

1). Wilcoxon tests indicated that FGA in standard condition did not differ 

significantly from FGA in auditory condition in both the young (p = 0.14) 

and the old age group (p = 0.077). Because of this finding, the age groups 

were collapsed and a Wilcoxon test was performed to assess the difference 

in FGA standard and FGA auditory scores. A significant difference with a 

mean dual-task cost of −1.91% (SD = 5.69; p = 0.022) was found between 

FGA standard and FGA auditory performance in the combined group. 
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Figure 1 

Visual representation of the individual FGA auditory dual-task cost scores in the two different age 

groups. FGA DTC, Functional Gait Assessment dual-task cost; 1, young age group; 2, old age group. 
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Spearman Correlation 

A negative correlation was found between age and FGA standard scores 

(r = −0.73; p = 0.000; Holm p = 0.00), and between age and FGA audio 

scores (r = −0.63; p = 0.000; Holm p = 0.00). This indicates that with 

increasing age, the FGA standard and FGA auditory scores are likely to 

decrease (i.e., worse performance). Positive correlations were found 

between age and PTA (r = 0.69; p = 0.000; Holm p = 0.00), and SiB scores 

(r = 0.45; p = 0.004; Holm p = 0.10). Furthermore, correlations were 

observed for MTT scores and age (r = 0.36; p = 0.024; Holm p = 0.44), 

PTA (r = 0.65; p = 0.000; Holm p = 0.00), SiB (r = 0.53; p = 0.000; 

Holm p = 0.01), RTI (r = 0.46; p = 0.003; Holm p = 0.08), RVP (r = 

0.46; p = 0.003; Holm p = 0.07), and FGA audio (r = −0.40; p = 0.011; 

Holm p = 0.24) scores. Positive correlations between RVP and age (r = 

0.44; p = 0.004; Holm p = 0.10), PTA (r = 0.47; p = 0.002; Holm p = 

0.07), SiB (r = 0.41; p = 0.008; Holm p = 0.17), RTI (r = 0.63; p = 0.000; 

Holm p = 0.00), and a negative correlation with FGA audio (r = −0.49; p = 

0.001; Holm p = 0.04) were indicated. Interestingly, higher visual 

processing response latency scores (i.e., worse performance) are 

significantly associated with lower FGA auditory scores. Correlations 

were found between RTI and age (r = 0.47; p = 0.002; Holm p = 0.07), 

PTA (r = 0.47; p = 0.002; Holm p = 0.07), FGA audio (r = −0.50; p = 

0.001; Holm p = 0.03), and FGA DTC (r = −0.42; p = 0.007; Holm p = 

0.15) scores. Longer movement times are significantly associated with 

lower FGA audio scores (i.e., worse performance). Finally, PTA scores 

correlated negatively with FGA standard (r = −0.58; p = 0.000; Holm p = 

0.00), and FGA audio scores (r = −0.67; p = 0.000; Holm p = 0.00). This 

indicates that higher scores (i.e., worse hearing capacity) are significantly 

associated with lower FGA scores (i.e., worse performance). Negative 

correlations were also indicated between SiB scores and FGA standard 

(r = −0.34; p = p = 0.030; Holm p = 0.51), FGA audio (r = −0.52; p = 

0.001; Holm p = 0.02), and FGA DTC scores (r = −0.34; p = 0.034; 

Holm p = 0.54). 
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Discussion 

To our knowledge, this is the first study to assess functional gait while 

performing a passive listening task. As hypothesised, the exposure to 

babble noise degraded FGA performance in both groups, regardless of an 

individual's age. This finding may be of clinical relevance, in that this 

passive auditory distraction puts two out of 20 healthy older adults at risk 

of falls (FGA <22) (21). However, this change in FGA score may have a 

smaller impact than statistically suggested. The results must therefore be 

interpreted carefully as changes on the FGA should perhaps be more 

pronounced to be clinically meaningful. Nevertheless, such exposure to 

passive listening while walking is happening on a daily basis (17). The 

impact of this situation needs to be further investigated in healthy older 

adults as well as in adults at risk of falls to address the need for more 

optimal rehabilitation approaches. 

According to the “cognitive load” hypothesis, a reduction in balance 

performance in the presence of a concurrent cognitive task indicates a 

decreased amount of attentional capacity [(26) for a review (27)]. This is 

attributed to the secondary cognitive task acting as a distractor receiving 

attentional capacity, leaving less attentional capacity available for balance 

control [(28) for review (11, 29, 30)]. Most studies using healthy adults 

report that the performance of a secondary task influences gait 

(16, 29, 31, 32), and that even healthy young adults seem to generally walk 

more slowly in dual-task conditions (15). A substantial body of evidence 

indicates that gait, even in young healthy adults, utilises attention [(32, 33) 

for a review (34)]. 

The simultaneous performance of two attention-demanding tasks not only 

cause competition for attention, it also challenges the brain to prioritise the 

two tasks [(34) for a review]. Several studies report that both young and 

older healthy adults maintain gait stability when walking and performing a 

cognitive task, but with a decline in the cognitive task performance 

(1, 11, 35, 36), i.e., they show a “posture first” strategy (26, 37). This may 

occur because attentional capacity decreases with age, and older adults 

tend to prioritise their dynamic stability to avoid falling [(28) for a review; 

(27) for a review]. However, Liston and colleagues reported that older 

adults may fail to prioritise postural tasks when dual-tasking, indicating a 

deviation from the posture first strategy (25). In their study a bi-modal  
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spatial multi-task test was performed consisting of a visually-coded spatial 

step navigation task and an auditory-coded spatial congruency task. 

Healthy older adults prioritised temporally regular cognitive tasks rather 

than the postural task. Nevertheless, in our study, this posture first strategy 

might potentially account for the overall rather small negative dual-tasking 

effect due to the passive auditory distraction. Since the adults might have 

prioritised their gait, most of their attention was potentially used to 

perform the balance tasks instead of listening to the informational masker. 

In line with this, no differential impact of ageing on the interference 

between postural and cognitive processing, using a simple auditory 

reaction time task during rapid destabilising floor translation, was also 

reported by Muller et al. (33). Furthermore, there was no effect of auditory 

challenge on postural measures found for either young or old adults, as 

well as old adults with age-related hearing loss in the study of Bruce et al. 

(14). 

The concurrent cognitive task in this study was a passive listening task, 

with the participants exposed to a speech discourse without being asked to 

listen or follow the story, or asked questions. The participants could thus 

opt to ignore this input. Nevertheless, it was sufficient to significantly 

reduce the efficiency of balance in the study population, regardless of the 

participant's age. Beaman and colleagues suggested that even unattended 

speech engages attention networks and reported a disruptive effect of 

supposedly unattended sound on cognitive functioning (38). The presence 

of task-irrelevant background speech can increase the error rate on a 

primary task, such as memory performance (39), possibly by taking up 

cognitive resources that would otherwise be available for other tasks. This 

would be consistent with the “cognitive load” hypothesis (38). 

Despite a slightly larger dual-task cost score for the older adult group, 

there was no significant difference in the dual-task costs between elderly 

and young adults. This may be due to the relatively low challenge of the 

dual task. Older adults appear to be particularly vulnerable to auditory 

distraction by irrelevant stimuli when performing a range of tasks and 

show an increased activity in the default mode regions compared to 

younger adults, in whom specific regions are deactivated to be able to 

encode successfully the target stimuli (19, 40). However, the default mode 

regions were equally deactivated in both age groups in another imaging  
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study that used a simple repetition-priming task (41). This lack of age 

effect was attributed to the fact that the task was relatively easy for both 

young and older participants (41). The same could account for the non-

significant difference in dual-task costs between the two test groups in the 

present study. 

Our third hypothesis stated that there would be associations between age, 

hearing ability, cognitive function, and FGA measures. A few remarkable 

correlations were found. Age was associated with all measures, except for 

FGA DTC. This indicates that ageing is indeed associated with a decline in 

balance, hearing, and cognitive function. However, after Holm correction 

only a trend was considered between age and some cognitive measures. 

These non-significant correlations could be due to the under powering of 

the study. Positive significant correlations were observed between hearing 

capacity and all cognitive measures, although part of these were 

considered a trend or not significant after correction. Some significant 

negative correlations were found between hearing capacity and FGA 

measures. This means that a worse hearing capacity results in a decrease in 

some of these cognitive and functional gait performances. Furthermore, 

significant negative correlations were observed between visual reaction 

processing scores and FGA performances, and between RTI subtest 

movement times and FGA audio scores. Taken together, this implies that a 

worse performance on attention tasks seems to be associated with a worse 

FGA performance in the noisy condition. The role of cognitive factors, 

especially attention, in the control of balance is evident during both 

standing and walking [(1, 32) for a review (27)]. People with less available 

attentional resources are likely to experience difficulties with postural 

tasks when two or more tasks require those cognitive resources. 

Interestingly, a negative influence of tinnitus, i.e., the internal percept of 

sounds that do not arise from external sources, on executive cognitive 

control (e.g., some working memory scores, attention tasks) has been 

indicated in the literature (42, 43). Patients experiencing higher subjective 

tinnitus suffer from a higher burden on attentional resources (42). In this 

study, passive listening to multi-talker babble noise possibly occupied 

some of the attentional resources, which challenged the execution of the 

postural tasks. 
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Limitations of this study need to be acknowledged. First of all, the study 

comprised a rather small sample size and the correlation analysis in 

particular should be repeated with a bigger sample. The healthy older 

adults group was not very representative of the general older adult 

population as they were relatively fit. Furthermore, some observer bias 

needs to be taken into account for judging the FGA task, and also a 

physical and mental fatigue should be considered as the complete study 

lasted 2 h. There was no matching for educational level. Finally, it was not 

asked if the participants ignored the story or actively listened to it. The 

noise was moreover delivered through ear pods that masked the spatial 

aspect. Since this spatial element of environmental sound can induce 

localisation, a delivery without the usage of ear pods might have an even 

more negative effect on FGA scores. Future experiments should take these 

considerations into account. However, this is the first study to assess and 

find the degrading effect of a passive listening task on an individual's 

functional gait performance. 

Conclusion 

A similar negative dual-task effect was observed in both age groups for a 

low demand, passive two-talker listening task. This irrelevant sound can 

take up cognitive resources that could induce a cognitive load, which then 

would result into disruptive effects on the performance of the balance task. 

Nevertheless, the results should be considered preliminary as this is a pilot 

study. Therefore, further research is needed using a larger sample size that 

represents a more realistic measure of elderly suffering from age-related 

declines, to support these preliminary results. Furthermore, a more 

challenging concurrent auditory or cognitive task may be incorporated in 

future studies to investigate potentially more pronounced dual-task costs. 

Brain imaging might be a helpful method to further investigate the 

hypothesis of auditory distraction and its cognitive load due to activated 

neural networks, even in unattended speech/noise conditions. 
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Abbreviations 

CANTAB Cambridge Neuropsychological Test Automated Battery 

dB Decibel 

dBHL Decibel Hearing Loss 

DTC Dual-Task Cost 

FGA Functional Gait Assessment 

MOT Motor Screening Task 

MTT Multi-Tasking Test 

PTA Pure Tone Average 

RTI Reaction Time test 

RVP Rapid Visual Processing test 

SiB Speech in Babble test 

SNR Signal to Noise Ratio 



422 
 

 

SRT Speech Reception Threshold. 
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