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Abstract

Divided attention, the ability to attend and respond simultaneously to two or more
stimuli or tasks, has been typically investigated using dual task paradigms. Dual task
paradigms have been extensively used to examine attentional demands in healthy
people, including various age and patient groups. The effect of ageing on dual task
performance is well-documented; however, dual task research on Huntington’s disease
(HD) is very limited, despite evidence suggesting poor dual task performance in this

disease.

The overarching aim of this thesis was to investigate dual task performance in HD, and
in younger (18-30 years) and older (> 60 years) healthy adults. To achieve this aim, we
used a battery of dual tasks that varied in their input (e.g., visual, auditory) and output
(e.g., motor, verbal) modalities. Each task was examined under two difficulty levels:
easy and hard. Tasks were chosen based on past dual task research in HD and ageing,

and divided attention theories (e.g., resource allocation theories).

Overall, our results showed that HD participants were slower and less accurate across
all task conditions compared with controls. Similarly, older adults were slower and less
accurate compared with younger adults. With a few exceptions, differences reached

statistical significance either in terms of speed or accuracy within each set of tasks.

Our findings suggest differential effects of dual task performance in people with HD
compared to healthy individuals, and between younger and older adults. Findings also
highlight the importance of taking into account different measures of performance (e.g.,

speed, accuracy, dual task costs, etc.) since relationships between groups may differ



Vi

across measures. In regards to the effect of difficulty, overall, dual tasks were performed
slower and less accurately than single tasks, and harder levels were performed slower

and less accurately than easier levels.

A key outcome of our research is that HD participants and older adults may adopt
differential behavioural strategies depending on the type of concurrent task, compared
with controls and younger adults, respectively. Further investigation of dual tasking in
HD and ageing, in conjunction with other tasks, will contribute to better understanding
of attentional impairments that manifest with disease progression and older age.
Consequently, this knowledge will assist with the development of adaptive strategies or

treatments to improve functioning in people with HD and in the elderly.
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Chapter 1

General Introduction



1.1. Overview

Huntington’s disease (HD) is an inherited neurodegenerative condition causing
impairment of movement, cognition and psychiatric function. Prevalence is
approximately 1 in 10,000 individuals, although there is considerable regional variation
(Harris et al., 2009). Onset is on average about the age of 40, but subtle symptoms are
often present earlier (Walker, 2007). The progression of HD is generally slow with the
striatum a main site of early pathology (Georgiou-Karistianis et al., 2013; Tabrizi et al.,
2012). Cortical regions are also known to be affected early in the disease (Couette,
Bachoud-Levi, Brugieres, Sieroff, & Bartolomeo, 2008), and they contribute to
physical, emotional and cognitive symptoms (Deckel, Weiner, Szigeti, Clark, & Vento,

2000; Fenney, Jog, & Duval, 2008; Rosas et al., 2003).

Research on HD has advanced rapidly since the identification of the HD gene in 1993
(The Huntington's Disease Collaborative Research Group, 1993). Studies have
investigated the clinical and neuropathological changes during the presymptomatic,
early and advanced stages (Kirkwood et al., 2000; Kloppel et al., 2009; Reading et al.,
2004; Rosas et al., 2006; Selemon, Rajkowska, & Goldman-Rakic, 2004; Tabrizi et al.,
2011). Disease stage has been defined to reflect functional decline, as rated by the Total
Functional Capacity (TFC) scale from the Unified Huntington’s Disease Rating Scale
(UHDRS; Huntington Study Group, 1996), an extensively employed measure of disease
severity. Cognitive changes, such as attention impairments, have been widely
investigated, although related functions, such as divided attention (the ability to respond
simultaneously to two or more stimuli or tasks), have received little investigation.
Divided attention is indispensable for simple tasks, such as listening to a friend while

walking, as well as for more difficult and/or complex tasks, such as talking while



driving. The limited divided attention research in HD, as well as anecdotal reports from
patients and their families, suggest that the ability to attend to multiple simultaneous
stimuli is impaired in HD. However, it remains unknown whether dual task performance
depends on the type of concurrent task. It is also unknown whether, compared to healthy
individuals, HD is associated with relatively greater dual task interference when task
difficulty increases. Studies of divided attention in HD may point to the involvement of
specific cortical regions affected early in the disease process. If tests that are sensitive to
divided attention impairments can be identified, they could be incorporated in batteries

of tests aimed at determining the efficacy of treatments for HD.

Although divided attention is a relatively new and exciting area of research in HD, it has
long been a topic of research in cognitive psychology. Furthermore, a number of
theoretical frameworks have been put forward to explain difficulties in divided
attention, such as resource allocation and processing speed theories. A substantial
number of studies have investigated divided attention in ageing for both theoretical and
practical reasons. To understand pathological cognitive changes in HD, it is important to
investigate normal ageing, because it will allow us to compare the progression of HD
directly with the progression of normal ageing. This first, introductory chapter provides
a comprehensive review of the current literature on attention function in HD and ageing.
Particular focus will be given on divided attention. The section below begins with an
overview of the aetiology, neuropathology and cognitive changes in HD. Following,
prominent theories of divided attention will be discussed, and their potency to account

for findings in divided attention research in HD and ageing will be evaluated.



1.2. Genetics and Aetiology of HD

Gusella et al. (1983) localised the HD gene, IT15, on chromosome 4 using linkage
analysis. Ten years later, the gene was identified as an expanded and unstable cytosine-
adenine-guanine (CAG) trinucleotide repeat within the IT15 gene (The Huntington's
Disease Collaborative Research Group, 1993). Normal individuals have fewer than 35
CAG repeats, whereas 39 or more are generally associated with the development of HD
(Groen et al., 2010; Teo, Wang, Law, Lee, & Chong, 2008). Expansions between 36 and
39 are within the indeterminate range, and people may appear asymptomatic throughout
their lives (Bates, Harper, & Jones, 2002; Hayward, 2004; Panegyres & Goh, 2011),
whereas expansions greater than 60 are associated with juvenile onset (Andresen et al.,
2006). Notably, there is an inverse association between CAG repeat length and age of
onset (Andresen et al., 2006; Krobitsch & Kazantsev, 2011). Predictive testing for HD,
which is now available in many countries, enables at-risk individuals to obtain

confirmation of their genetic status (Tibben, 2007).

The IT15 gene codes the protein huntingtin. Loss of function of normal huntingtin, as
well as gain of toxic function (i.e., a new function of a protein that is not part of its
normal function) of mutant huntingtin that arises from the expanded CAG, has been
suggested to contribute to HD pathogenesis (Gil & Rego, 2008; Krobitsch & Kazantsev,
2011). In addition, other neuropathological mechanisms, such as apoptosis (Ferreira et
al., 2010), autophagy (Martinez-Vicente et al., 2010), excitotoxicity (Seong et al., 2005;
Turner & Schapira, 2010), oxidative stress (Medina & Tunez, 2010), and mitochondrial
dysfunction (Chen et al., 2007) have also been implicated in HD pathology (for a review
see Gil & Rego, 2008). Several lines of evidence suggest that these mechanisms are not

mutually exclusive. Some of these pathological processes may commence early in the



disease course, whereas others may develop later in more advanced stages. It is
generally agreed that many of these factors contribute to a cascade of neuronal damage

in HD.

Identification of the HD gene provided one of the first and most important steps in
understanding the genome of HD, which is essential for studying disease progression.
Understanding the effects of the expanded CAG repeat may ultimately provide insights
into the nature of the neuropathological mechanisms at play in HD, and may also enable

the development of interventions to delay onset and/or slow its progression.

1.3. Symptoms and Diagnosis of HD

A triad of symptoms including motor, cognitive and psychiatric disturbances are
characteristic of HD. Motor symptoms include voluntary (Beste et al., 2009; Tabrizi et
al., 2009) and involuntary (hyperkinetic and/or hypokinetic) abnormalities (Fenney et
al., 2008; Thaut, Miltner, Lange, Hurt, & Hoemberg, 1999). Commonly reported
cognitive symptoms include impairments in attention (Georgiou-Karistianis et al., 2012;
Stout & Johnson, 2005; Wolf, Vasic, Schonfeldt-Lecuona, Ecker, & Landwehrmeyer,
2008), memory (Lawrence et al., 1996; van der Hiele et al., 2007), planning (Peinemann
et al., 2005; Watkins et al., 2000), decision making (Eddy & Rickards, 2012; Stout,
Rodawalt, & Siemers, 2001), visuospatial ability (Lawrence, Watkins, Sahakian,
Hodges, & Robbins, 2000; Majerova et al., 2012), verbal fluency (Ho et al., 2002;
Larsson, Almkvist, Luszcz, & Wahlin, 2008), procedural learning (Knopman & Nissen,
1991; Schmidtke, Manner, Kaufmann, & Schmolck, 2002), awareness (Hoth et al.,
2007; Sitek et al., 2013) and perception (Aviezer et al., 2009; Finke et al., 2007;

O'Donnell et al., 2008). Psychiatric symptoms include depression (Julien et al., 2007;



Paulsen et al., 2005), irritability (Chatterjee, Anderson, Moskowitz, Hauser, & Marder,
2005; Paulsen, Ready, Hamilton, Mega, & Cummings, 2001), anxiety (Decruyenaere et
al., 2003; Soliveri et al., 2002), obsessive-compulsiveness (Duff et al., 2007), apathy
(Burns, Folstein, Brandt, & Folstein, 1990; Naarding, Janzing, Eling, van der Werf, &
Kremer, 2009) and personality disorders (Jensen, Fenger, Bolwig, & Sgrensen, 1998;
Vassos, Panas, Kladi, & Vassilopoulos, 2007). Cognitive and psychiatric symptoms
have been identified during the presymptomatic stages (Duff et al., 2007; Solomon et
al., 2007); however, by clinical convention, diagnosis of HD still requires the presence
of chorea, which are jerky involuntary movements (Andresen et al., 2006; Paulsen et al.,

2006; Wild & Tabrizi, 2007).

1.4. Neuropathology of HD

The symptoms of HD that lead to eventual decline in every day functional capacity, are
generally attributed to changes in brain structure, which are detectable during the
presymptomatic (Ciarmiello et al., 2006; Georgiou-Karistianis et al., 2013; Nopoulos et
al., 2007; Reading et al., 2004; Rosas et al., 2005; Tabrizi et al., 2009, 2011), early
(Ciarmiello et al., 2006; Tabrizi et al., 2009, 2011), and advanced stages of disease
(Ciarmiello et al., 2006; Montoya, Price, Menear, & Lepage, 2006; Rosas, Salat, Lee,
Zaleta, Pappu, et al., 2008). The section below reviews the subcortical, cortical and
functional brain changes that have been reported in HD, and also brain circuitry models,

which are key to understanding the wide-ranging clinical symptoms in this disease.

1.4.1. Subcortical Changes
The earliest, most striking and most consistent neuropathological abnormalities are

selective, with prominent cell loss and atrophy in the caudate and putamen (i.e.,



neostriatum) (Gutekunst, Norflus, & Hersch, 2002). The striatum shows significant
degeneration early in the disease (Douaud et al., 2006; Kassubek et al., 2004;
Peinemann et al., 2005; Rosas & Goldstein, 2004), and up to 12 years prior to onset
(Aylward et al., 2004; Georgiou-Karistianis et al., 2013; Paulsen et al., 2004; Rosas et
al., 2005; Tabrizi et al., 2012; Thieben et al., 2002). Douaud et al. (2006) reported
approximately 50% reduced volume of the striatum in HD participants in comparison to
controls. Striatal degeneration has been implicated in impaired attentional resources
(Teichmann, Darcy, Bachoud-Levi, & Dupoux, 2009), inhibitory deficits (Aron,
Schlaghecken, et al., 2003), impaired planning (Watkins et al., 2000) and executive
dysfunction (Peinemann et al., 2005), among a range of other cognitive, motor and
neuropsychiatric symptoms. Other affected subcortical regions include the hippocampus
(Rosas, Salat, Lee, Zaleta, Hevelone, et al., 2008; Spargo, Everall, & Lantos, 1993),
thalamus (Douaud et al., 2009; Fennema-Notestine et al., 2004; Heinsen et al., 1999;
Rosas, Salat, Lee, Zaleta, Hevelone, et al., 2008; Ruocco, Bonilha, Li, Lopes-Cendes, &
Cendes, 2008), hypothalamus (Douaud et al., 2006; Kremer et al., 1991), globus
pallidus (Douaud et al., 2006, 2009; Fennema-Notestine et al., 2004), and amygdala

(Douaud et al., 2006; Rosas et al., 2008).

1.4.2. Cortical Changes

Cortical degeneration has also been reported in HD. For instance, postmortem studies
have established that both subcortical and cortical areas are affected in advanced stages
(Gutekunst et al., 1999; Halliday et al., 1998; Mann, Oliver, & Snowden, 1993). In
recent years, neuroimaging studies have shown cortical changes in presymptomatic
stages of HD (Ciarmiello et al., 2006; Muhlau, Gaser, et al., 2007; Rosas et al., 2005;

Thieben et al., 2002), and as early as within a year of diagnosis (Ciarmiello et al., 2006;



Halliday et al., 1998; Muhlau, Gaser, et al., 2007; Rosas, Salat, Lee, Zaleta, Pappu, et
al., 2008), providing evidence of cortical degeneration over more than 12 years of
estimated years to onset (for a description on how to calculate estimated years to onset
see Langbehn, Brinkman, Falush, Paulsen, & Hayden, 2004). Cortical atrophy is
regionally heterogeneous and advances with disease progression (Selemon et al., 2004).
Several cortical regions, including the motor (Macdonald & Halliday, 2002; Orth et al.,
2010; Thu et al., 2010), cingulate (Hobbs et al., 2011; Thu et al., 2010), sensorimotor
(Dumas et al., 2012; Rosas et al., 2002; Rosas, Salat, Lee, Zaleta, Pappu, et al., 2008),
visual (Rosas et al., 2002; Rosas, Salat, Lee, Zaleta, Pappu, et al., 2008), occipital
(Muhlau, Weindl, et al., 2007), and dorsolateral prefrontal cortex (Rupp et al., 2011;
Wolf, Vasic, Schonfeldt-Lecuona, Landwehrmeyer, & Ecker, 2007) have been
implicated; however, it remains elusive whether cortical degeneration is secondary to
striatal changes or independent of striatal pathology (Fennema-Notestine et al., 2004).
The reciprocal neuroanatomical connections between cortical and subcortical regions
add to the complexity of their pathological relationship, rendering it difficult to
understand what the contribution of specific regions to specific neuroanatomical

changes is.

1.4.3. Functional MRI Changes

Imaging studies have provided significant insight regarding functional changes in HD
using a range of both cognitive and motor tasks, including Simon task (Georgiou-
Karistianis et al., 2007; Thiruvady et al., 2007), set-shifting (Gray et al., 2013), Porteus
maze (Clark, Lai, & Deckel, 2002; Deckel et al., 2000), tower (Backman, Robins-
Wahlin, Lundin, Ginovart, & Farde, 1997; Lawrence et al., 1998; Pavese et al., 2003),

line bisection (Ho et al., 2004), discrimination (Paulsen et al., 2004), serial reaction time



(Kim et al., 2004), working memory (Lawrence et al., 1998; Wolf, Sambataro, Vasic,
Shonfeldt-Lecuona, et al., 2008; Wolf, Vasic, Schonfeldt-Lecuona, Ecker, &
Landwehrmeyer, 2009), and interference tasks (Reading et al., 2004; Wolf et al., 2007).
Overall, impaired behavioural task performance and decreased activation in various
subcortical and cortical regions have been reported both in HD (Clark et al., 2002;
Pavese et al., 2003; Wolf et al., 2009) and presymptomatic individuals (Reading et al.,
2004; Wolf, Sambataro, Vasic, Shonfeldt-Lecuona, et al., 2008; Wolf et al., 2007),
compared with controls. Some studies reported increased cortical activation during the
symptomatic (Georgiou-Karistianis et al., 2007; Kim et al., 2004) and presymptomatic
stages (Reading et al., 2004; Wolf et al., 2007) even when there was no evidence of
striatal degeneration or cognitive impairment. Such findings have commonly been
interpreted to be suggestive of a secondary compensatory mechanism for tasks that
typically rely on subcortical areas (Clark et al., 2002; Georgiou-Karistianis et al., 2007).
Overall, these findings suggest that functional imaging is sensitive for detecting
reorganisation of functional neural processing that underlies cognitive and behavioural

activities even presymptomatically.

A number of studies have reported that functional activation patterns increase or
decrease depending on estimated years to onset at the time of imaging (Paulsen et al.,
2004; Saft et al., 2008; Wolf et al., 2007; Zimbelman et al., 2007). During the disease
continuum, variability in functional activation patterns maybe associated with other
neuropathological changes (i.e., neuronal dysfunction), and be influenced by other
factors, such as CAG repeat length and disease stage (for a review see Bohanna,
Georgiou-Karistianis, Hannan, & Egan, 2008; Georgiou-Karistianis, 2009; Paulsen,

2009).
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Collectively, functional imaging findings suggest that both subcortical and cortical
regions contribute to cognitive deficits in HD, and that dysfunction in these regions
precedes overt brain degeneration. However, it still remains elusive as to whether
cortical degeneration arises due to striatal changes or whether it occurs independent of
the striatum. The significance of cortical degeneration and its relationship to the
progressive decline of cognitive functions is also sparse. The following section will

discuss basal ganglia circuitry.

1.4.4. Basal Ganglia Circuitry

The basal ganglia are comprised of a group of structures including the globus pallidus,
substantia nigra, subthalamic nucleus and the striatum (Lawrence et al., 2000). They are
involved in a series of parallel cortico-subcortical circuits, which project from distinct
cortical regions through the basal ganglia and thalamus and then back to their respective
cortical areas of origin (Alexander, DeLong, & Strick, 1986; DeLong & Wichmann,
2007; Joel, 2001). These circuits are presented in Figure 1 (adapted from Alexander et
al.,, 1986) and include the sensorimotor (motor and oculomotor), associative
(dorsolateral prefrontal and lateral orbitofrontal circuits) and limbic (anterior cingulate)
circuits (Alexander et al., 1986; Joel, 2001). The current organisational model of the
basal ganglia holds that the sensorimotor, associative and limbic circuits are implicated
in motor, cognitive and psychiatric symptoms, respectively (Grabli et al., 2004;
Middleton & Strick, 2000; Paulsen et al., 2001). Individuals with HD endure gradual
decline of cognitive function that often precedes motor function decline and overt
movement disorders (Lawrence et al., 1998; Stout et al., 2011). In turn, this may suggest

that the associative circuit is affected earlier in the course of the disease than the limbic
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circuit (Lawrence et al., 1996; Middleton & Strick, 2000), and therefore, divided

attention impairments may be evident earlier.

Dorsolateral Lateral Anterior
Motor Oculomotor  Prefrontal Orhitofrontal  Cingulate
v y R R B
Cortex SMA FEF DLPFC LOF ACA
Striatum Putamen Caudate Caudate (dl) | Caudate (vm) VS
Pallidum/ vI-GPi/ cdm-GPi/ Idm-GPi/ mdm-GPi/ rl-GPi, VP/
Sustantia nigra | cl-SNr vI-SNr rl-SNr rm-SNr rd-SNr
Thalamus VLo, I-VAmc, VApC, m-VAmc, om-MD
VLm MDpl MDpc MDmc
| | |

Figure 1. Basal ganglia circuitry. Parallel organisation of the five basal ganglia-
thalamocortical circuits. ACA = anterior cingulate area, cdm-GPi = caudal dorsomedial
internal globus pallidus, cl-SNr = caudolateral substantia nigra pars reticulate, Idm-GPi
= lateral dorsomedial internal globus pallidus, dl = dorsolateral, DLPFC = dorsolateral
prefrontal cortex, FEF = frontal eye fields, LOF = lateral orbitofrontal cortex, I-VAmc =
lateral ventralis anterior pars magnocellularis, mdm-GPi = medial dorsomedial internal
globus pallidus, MDmc = medialis dorsalis pars magnocell ularis, MDpc = medialis
dorsalis pars parvocellularis, MDpl = medialis dorsalis pars paralamellaris, m-VAmc =
medial lateral ventralis anterior pars magnocellularis, rd-SNr = rostrodorsal substantia
nigra pars reticulate, rl-GPi = rostrolateral internal globus pallidus, rI-SNr = rostrolateral
substantia nigra pars reticulate, rm-SNr = rostromedial, substantia nigra pars reticulate,
pm-MD = posteromedial medialis dorsalis, SMA = supplementary motor area, VApc =
ventralis anterior pars parvocellularis, vI-GPi = ventrolateral internal globus pallidus,
VLm = ventralis lateralis pars medialis, VLo = ventralis lateralis pars oralis, vI-SNr =
ventrolateral substantia nigra pars reticulate, VP = ventral pallidum, VS = ventral
striatum, vm = ventromedial (adapted with permission of the publisher from Alexander
et al., 1986).
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Models of basal ganglia function postulate that all circuits may be divided anatomically
and functionally into two pathways: a direct pathway (responsible for action initiation),
and an indirect pathway (responsible for action inhibition or switching between actions)
(André et al., 2011; Berardelli et al., 1999). As seen in Figure 2, in the direct pathway,
the main output of the striatum projects to the substantia nigra pars reticulata (SNpr) and
the internal globus pallidus (GPi); in the indirect pathway, the main output of the
striatum projects to the GPi via the external globus pallidus (GPe) and the subthalamic
nucleus (STN) (Joel, 2001; Wichmann & DelLong, 1996). There is also some evidence
suggesting that there is a third pathway, termed the hyperdirect pathway, that connects
directly the motor cortex with the STN (Brunenberg et al., 2012; Jahfari et al., 2011).
Chorea may be explained by degeneration of the indirect pathway. Rigidity (limb
stiffness) and bradykinesia (slowing of movement), observed during more advanced
stages, are likely due to degeneration of the direct pathway (André et al., 2011;

Berardelli et al,. 1999).

Within the ample literature that supports an early role of the basal ganglia regions in the
manifestation of clinical symptoms in HD (Bonelli & Cummings, 2007; D’Esposito,
Postle, & Rypma, 2000; Wolf, Sambataro, Vasic, Shonfeldt-Lecuona, et al., 2008), there
is evidence of atrophy in other structures (i.e., thalamus and cortical regions) that could
contribute to cognitive decline (Kassubek et al., 2004). The section below will discuss

in more detail motor symptoms and motor task performance.
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Direct pathway Indirect pathway

Key: Basal ganglia e— Stimulatory pathways e— Inhibitory pathways

Figure 2. Basal ganglia model showing the direct (left) and indirect (right) striatal
output pathways (used with permission of the publisher from Andrews & Brooks,

1998).
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1.5. Motor Deficits and Performance in HD

Typically, the dominant movement disorders observed during the early stages are
chorea and dystonia (overactivity of muscle groups), followed by bradykinesia (slowing
of movement) and rigidity (limb stiffness) in the more advanced stages, although
hypoactivity and hyperactivity movements may coexist (Bilney, Morris, & Denisenko,
2003; Michell et al., 2008). Movements in HD are usually slower, more variable and
less efficient than healthy controls (Georgiou, Bradshaw, Phillips, Chiu, & Bradshaw,
1995; Georgiou, Bradshaw, Phillips, Bradshaw, & Chiu, 1995; Georgiou, Phillips,
Bradshaw, Cunnington, & Chiu, 1997; Smith, Brandt, & Shadmehr, 2000). Chorea
tends to affect the whole body (Reilmann, Bohlen, Kirsten, Ringelstein, & Lange, 2011,
Thaut et al., 1999) and can adversely affect motor function in terms of reaction time
(RT) (Jahanshahi, Brown, & Marsden, 1993; Kim et al., 2004; Wechsler, 2009) and
accuracy (Bilney, Morris, & Perry, 2003; Corbetta, Miezin, Dobmeyer, Shulman, &

Petersen, 1991).

Some studies have examined voluntary movement by assessing continuous movements
towards various visual targets (Georgiou, Phillips, et al., 1997; Smith et al., 2000), and
circle tracing (Lemay, Fimbel, Beuter, & Chouinard, 2005; Say et al., 2011). In these
studies, HD participants have been found to be slower and more error-prone than
controls. Performance during circle tracing depends on the visual information provided
by the circle, as well as on the visual and proprioceptive information of the moving arm,
which together need to be transformed into a common spatial reference (Lemay et al.,
2005). Since the basal ganglia have been implicated in sensorimotor transformation
(Abbruzzese & Berardelli, 2003), it is not surprising that slower and more error-prone

movements in HD have been reported. As fine motor skills deteriorate earlier than gross
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motor skills in HD, tracing tasks may provide a very sensitive means by which to
examine visuomotor integration in HD. The following section will review the nature

and progression of the cognitive changes in HD.

1.6. Cognitive Changes and Assessment in HD

Cognitive changes underpin many aspects of functional capacity, such as occupational
performance and daily living management. Changes in cognition may be detectable
even far from clinical diagnosis and worsen with disease progression (Lemiere,
Decruyenaere, Evers-Kiebooms, Vandenbussche, & Dom, 2002, 2004; Stout et al.,
2007). Deficits are evident in executive function (Peinemann et al., 2005; Reedeker,
Van Der Mast, Giltay, Van Duijn, & Roos, 2010; Rodrigues et al., 2009; Snowden,
Craufurd, Thompson, & Neary, 2002), memory processes (Aretouli & Brandt, 2010;
Brandt, Shpritz, Munro, Marsh, & Rosenblatt, 2005; Solomon et al., 2007; Wolf et al.,
2009), psychomotor speed (Kassubek, Juengling, Ecker, & Landwehrmeyer, 2005;
Snowden et al., 2002; Witjes-Ane et al., 2007), visuospatial abilities (Lawrence et al.,
2000; Mohr et al., 1991), language processing (De Diego-Balaguer et al., 2008; Lepron,
Péran, Cardebat, & Démonet, 2009; Murray, 2000; Saldert, Fors, Stréberg, & Hartelius,
2010; Teichmann et al., 2009; Teichmann et al., 2008), and attention (Aron, Watkins, et
al., 2003; Couette et al., 2008; Delval et al., 2008; Georgiou-Karistianis et al., 2012;
Georgiou, Bradshaw, Phillips, & Chiu, 1996, 1997; Hester, Kinsella, & Ong, 2004;
Thompson et al., 2010). The section below is divided into various cognitive domains,

and within each subsection major studies are presented.
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1.6.1. Executive Functions

Executive function is a multidimensional construct that includes various cognitive
functions reported to be affected in HD, such as working memory, planning, abstract
thinking, attentional set-shifting and divided attention, some of which will be described
in following subsections. Executive dysfunction in HD is similar to that observed in
Parkinson’s disease and frontal lobe patients (Como, 2006). Similarities in these patient
groups may be explained by the connections between the basal ganglia and the frontal
lobes (Saint-Cyr, 2003). Individuals with executive dysfunction may perform well on
tasks that require a single response to the presence of a specific stimulus (i.e., single-
choice tasks), but they may be impaired when they must select from multiple responses

depending on the stimulus present (i.e., two-choice tasks) (Como, 2006).

More relevant to this thesis, interference between processing of more than one task at a
time is considered to be the principal cause for the involvement of executive functions
in divided attention (Baddeley, 1990). Therefore, executive functions are involved only
in processing of multiple tasks, and not in single task processing. Indicators of
interference include longer RT and/or greater error rates when dividing attention
between tasks compared to single task performance, as well as increased neural activity
(Szameitat, Schubert, Miller, & von Cramon, 2002). The following subsection deals

with memory, one of the most integral mental processes.

1.6.2. Memory
Memory refers to the mental processes that are required to store, retain and retrieve
information. Although memory functioning is impaired even in presymptomatic

individuals, it deteriorates more precipitously closer to onset (Lawrence et al., 1996;
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Snowden et al., 2002), and even further with disease progression as indicated by
longitudinal studies (Ho et al., 2003; Ward et al., 2006). Memory deficits in HD are
typically characterised by poor encoding (Davis, Filoteo, & Kesner, 2007) and retrieval
strategies (Ho et al., 2003) that are generally attributable to dysfunctional frontal cortex,
secondary to striato-frontal degeneration (Snowden et al., 2002; Solomon et al., 2007).
Some previous studies indicate that HD participants manifest worse performance on
delayed recall than recognition tasks (Brandt, Leroi, O'Hearn, Rosenblatt, & Margolis,
2004; Delis, Massman, Butters, & Salmon, 1991; Fine et al., 2008; Lundervold,
Reinvang, & Lundervold, 1994; Pillon, Deweer, Agid, & Dubois, 1993). This pattern
has been interpreted as evidence for retrieval-based memory impairments. Despite that,
a meta-analysis of studies investigating episodic memory in HD reported that both free
recall and recognition capacities are impaired (Montoya, Pelletier, et al., 2006),
suggesting that both domains are defective to some extent. Two important types of
memory, working and short-term memory, that are essential for everyday functioning

are discussed next.

1.6.2.1. Working and Short-Term Memory

Working memory is a limited capacity system that is responsible for processing and
temporarily retaining information (Grégoire & Van Der Linden, 1997), whereas short-
term memory is the simple ability to temporarily retain information (Dranias, Ju,
Rajaram, & VanDongen, 2013). Working memory performance becomes increasingly
impaired over the course of HD (Lemiere et al., 2002, 2004). Participants in the early
stages perform poorly on working memory tasks compared with presymptomatic

participants (Lemiere et al., 2004; Snowden et al., 2002) and controls (Lawrence et al.,
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1998; Lemiere et al., 2004). In a similar fashion to working memory, short-term

memory has also been found to be impaired in HD (Davis et al., 2007).

Digit span tasks have been routinely used to evaluate working memory and short-term
memory performance. For instance, digit span forward is a simple measure of short-
term memory as it requires storage and rehearsal of information; digit span backward is
a measure of working memory, as it produces greater attentional and processing
demands, since participants have not only to hold the digits in memory, but also perform
an operation on them (Conway et al., 2005; Craik & Lockhart, 1979). Participants in the
early stages of HD are consistently impaired on both measures (Lemiere et al., 2004;
Snowden et al., 2002). Impairment in performance in the digit span backward may be
explained by the involvement of working memory resources. However, it could be
argued that the digit span forward task is not a passive task; hence, working memory

resources may also be involved, albeit to a lesser extent than in digit span backward.

Counting backward is another attention-demanding task that has been used to reflect the
operations of short-term memory or as a distractor task to “clean-out” short-term
memory storage (Nairne & Healy, 1983). To perform this task, subjects are instructed to
count backward aloud from a specific number by one, two or more digits. In order to
maintain their position, subjects are required to check the current digit in their short-
term memory and decide which digit is next in the sequence. Counting backward has
been found to affect postural balance in the elderly (Swanenburg, de Bruin, Uebelhart,
& Mulder, 2009) and motor performance in HD (Delval et al., 2008). These findings
suggest that counting backward can stress an individual’s attentional system, and

therefore, could be used for the assessment of at-risk or patient populations.
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Petrides (1994) proposed a model of memory retrieval according to which the
ventrolateral frontal cortex mediates the organisation, selection and inhibition of short-
term memory information, whereas the dorsolateral prefrontal cortex mediates
monitoring and manipulating short-term memory information. Neuroimaging studies
have also found the ventrolateral frontal cortex (Mayes, 1998; Owen, Evans, & Petrides,
1996; Owen et al., 1999) and the dorsolateral prefrontal cortex (D'Esposito et al., 1998;
2000; Wolf et al., 2007; Wolf & Walter, 2005) to make distinct functional contributions
as the model holds. Therefore, short-term and working memory deficits apparent in HD
may result from degeneration in the ventrolateral frontal and dorsolateral prefrontal
cortices, respectively. The following subsection deals with psychomotor speed, which is
of great interest in HD due to the movement disorder that characterises the disease, and

also due to its sensitivity in HD.

1.6.3. Psychomotor Speed

Psychomotor speed is the time an individual requires to process, prepare and execute a
response to a stimulus. Alteration in psychomotor function may be amongst the earliest
changes, supporting the idea that cognitive impairments of various kinds may develop at
different points in the progression of the disease (Aylward et al., 1996; Nehl, Ready,
Hamilton, & Paulsen, 2001; Snowden et al., 2002). Psychomotor speed has been
classified as involving both cognitive and motor ability (Hinton et al., 2007; Peavy et

al., 2010; Snowden et al., 2002); therefore, the distinction is somewhat artificial.

RT is a basic measure that has been used to assess psychomotor speed. Simple and

choice RT tasks have been extensively employed in cognitive and experimental
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psychology. Normally, simple RT tasks require participants to detect and respond to a
stimulus by pressing a button, whereas choice RT tasks are more complex as they
require the processing of more than one stimulus prior to response. Although both
simple and choice RT tasks have been found to show significant differences between
various patient groups and controls, choice RT are more demanding tasks, and therefore
even healthy people are usually slower on choice RT tasks (Ponsford & Kinsella, 1992;
van Zomeren & Brouwer, 1994). Although some studies in HD reported no differences
between simple and choice RT tasks, nevertheless, HD participants have been found to
be slower than other patient groups in both measures (Georgiou, Bradshaw, Phillips,
Bradshaw, et al., 1995; Jahanshahi et al., 1993; Sprengelmeyer, Canavan, Lange, &

Homberg, 1995).

RT tasks may be useful for discriminating between different levels of HD severity,
providing insights about motor and cognitive progression, and specifically about
progression declines in psychomotor speed. Although RT tasks are simple and easy to
measure, subjects may vary in their approach to these tasks. For example, one notably
troublesome issue with RT tasks is the speed-accuracy trade-off. Typically, in RT tasks,
participants are instructed to perform as quickly and as accurately as possible. Despite
that, some people are compelled to emphasise speed over accuracy and others take the
opposite approach and emphasise accuracy over speed. Thus, the results from these
tasks may not always mean the same thing. With respect to their inherent nature, RT
measures may reflect a more complex picture than perhaps is sometimes assumed, given
how simple these tasks appear. The following section will address visuospatial

processing, which is a fundamental functional domain in neuropsychology.
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1.6.4. Visuospatial Processing

Visuospatial processing is defined as the spatial perception, recognition and analysis of
visual information (Sack, 2010). Visuospatial deficits are well-documented in HD.
These deficits may arise due to difficulty in appreciating positioning of objects in space
and integrating them into a logically connected spatial framework, or due to
impairments in the ability to perform mental operations on spatial constructs (Georgiou-
Karistianis, 2009). Several visual perception tests, such as line orientation (Girotti,
Marano, Soliveri, Geminiani, & Scigliano, 1988; Soliveri et al., 2002), road map
(Snowden, Craufurd, Griffiths, Thompson, & Neary, 2001; Snowden et al., 2002),
motion discrimination (O’Donnell et al., 2003, 2008), mental rotation (Lineweaver,
Salmon, Bondi, & Corey-Bloom, 2005), cancellation (Arango-Lasprilla et al., 2006;
Gbmez-Tortosa, del Barrio, Barroso, & Garcia Ruiz, 1996), and circle tracing (Lemay et
al., 2005; Say et al., 2011) have indicated that HD participants perform worse than
controls. Circle tracing tasks, also discussed in the motor section earlier in this chapter,
have been employed under direct and indirect conditions (Lemay et al., 2005; Say et al.,
2011). Participants traced a circle on a tablet screen with (direct) and without (indirect)
view of their hand. In the indirect condition, visual feedback on performance was given
through a monitor. Both Lemay et al. (2005) and Say et al. (2011) found greater error
rates in the indirect condition suggesting that the visuospatial demands of circle tracing

may be greater than the motor demands.

Presymptomatic individuals also manifest visuospatial deficits (Brandt, Shpritz, Codori,
Margolis, & Rosenblatt, 2002; Lawrence et al., 2000; Lemiere et al., 2004; Snowden et
al., 2002). Although visuospatial functions are subserved by posterior cortical regions

(Gomez-Tortosa et al., 1996), visuospatial deficits in HD have been typically attributed
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to striatal degeneration (Brandt et al., 2002; Snowden et al., 2002). Evidence of atrophy
in the occipital and parietal cortices before symptom onset may suggest the involvement
of these regions in visuospatial deficits in the early stages of disease. Language

processing is discussed below as the last cognitive subsection.

1.6.5. Language Processing

Language processing refers to the way the brain processes speech and writing to
understand it as language. Language disorders are not traditionally associated with HD,
but increasing evidence suggests that language deterioration comprise impairments in
production (Lepron et al., 2009; Murray, 2000; Péran, Démonet, Pernet, & Cardebat,
2003), comprehension (Murray & Stout, 1999; Saldert et al., 2010), rule application (De
Diego-Balaguer et al., 2008; Teichmann, Dupoux, Kouider, & Bachoud-Levi, 2006;
Teichmann et al., 2005), syntax (Murray & Lenz, 2001), and phonology (Teichmann et
al., 2009). Despite that, a meta-analysis of studies that reported impairments in several
cognitive domains in HD found that language skills were the least impaired (Zakzanis,
1998). Recent evidence suggests that the basal ganglia have a language-specific role
that pertains to rule application and word retrieval (Longworth, Keenan, Barker,

Marslen-Wilson, & Tyler, 2005; Teichmann et al., 2005).

In summary, cognitive changes are not uniform in HD, and their nature and time course,
as well as how they present across individuals, varies considerably. Different cognitive
functions are affected at different disease stages, and subtle decline of symptoms
precede clinical diagnosis. Attention, which is one of the most prominent cognitive

deficits in HD, and the subject of this thesis, is discussed in the following section. As
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part of this, prominent divided attention theories and the effects of HD and normal

ageing on divided attention will also be described.

1.7. The Posner Model of Attention

Most people appreciate instinctively what attention is. Despite that, attention is a
complex construct that has offered researchers many challenges. For the purposes of
this thesis, attention is defined as the cognitive process that selectively concentrates on a
preferred stimulus while overlooking other irrelevant stimuli (Sheridan, Solomont,
Kowall, & Hausdorff, 2003). Attentional dysfunction is one of the cognitive features
that has been consistently reported in HD. Several types of attentional deficits have been
demonstrated including problems with visual attention (Couette et al., 2008), task-set
switching (Aron, Watkins, et al., 2003), attention shifting (Georgiou et al., 1996),
selective attention (Hester et al., 2004) and divided attention (Delval et al., 2008).
Divided attention deficits have been reported prediagnosis (Mazzoni & Wexler, 2009)

suggesting that attentional problems are a fundamental feature of the disease.

Evidence from neuroimaging and lesion studies suggests that different attentional
functions are accomplished by separate anatomical networks. For example, Posner and
Petersen (1990) proposed a distributed network model of attention with three attentional
systems in the brain: (1) a posterior automatic attention system, which involves the
posterior parietal cortex, superior colliculi and pulvinar nuclei of the thalamus, and
which is thought to be activated when a person is required to allocate attention to visual
space; (2) an anterior voluntary attention system, which involves the prefrontal cortex
and the anterior cingulate, and is thought to be activated when a person is required to

attend to or select one out of multiple streams of cognitive processing; and (3) a
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vigilance system, which involves the locus coeruleus, the cholinergic system, the right
prefrontal cortex and the intralaminar thalamic nuclei, and which is thought to be

activated when a person has to maintain a vigilant or alert state.

Some evidence suggests that the anterior attention system, which involves the prefrontal
cortex, may be more sensitive to the effects of increasing age (West & Bell, 1997), and
possibly to the effects of HD and divided attention, since the prefrontal cortex has been
implicated in both. Filoteo et al. (1995) used a visuoperceptual Posner-like divided
attention paradigm, which involved the presentation of global-local stimuli, to
investigate attention shifts in HD and to compare performance with participants with
Parkinson’s and Alzheimer’s diseases. RT of HD and Alzheimer’s participants were
significantly slower than controls, therefore, all participants showed some kind of
impairment on this task. However, unlike participants with Parkinson’s and
Alzheimer’s, who demonstrated impairments in disengaging and maintenance of
attention, respectively, HD participants did not manifest impairments in attention
shifting between these hierarchical levels. This was interpreted as suggesting that the
visuoperceptual deficits in these diseases may be related to different attentional
mechanisms (Filoteo et al., 1995). One interpretation that the authors put forward is that
HD participants may have a visuoperceptual impairment that is independent of shifting
attention impairments. Alternatively, they suggested the possibility that HD participants
are impaired in engaging visual attention, rather that disengaging and moving

components of attention.



25

1.8. Theories of Divided Attention

Several competing theories have attempted to explain dual task interference (i.e.,
impaired attention due to attending two sources of information concurrently) in HD, and
in ageing healthy populations. Based on the observation that performance, and more
specifically speed, declines with age, Salthouse (1985, 1996) proposed the Processing
Speed Theory. According to this theory, age-related decrements in dual task
performance, and cognitive performance in general, are due to a general slowing in
processing speed. There is ample evidence that older adults have slower RT compared
with younger adults (Crossley & Hiscock, 1992; Kemper, Herman, & Lian, 2003;
Kemper, Schmalzried, Herman, Leedahl, & Mohankumar, 2009). Furthermore,
processing speed may be one of the earliest indicators of HD onset and is sensitive to
striatal dysfunction (Aylward et al., 2004; Maroof, Gross, & Brandt, 2011; Snowden et

al., 2002).

Other theories, known as resource or capacity theories, propose that individuals have a
limited availability of mental resources. One of the most influential of these theories is
Kahneman’s Unitary Resource Theory (1973). This theory states that attention is a
limited resource that can be allocated to a single task or can be divided between a
number of tasks. Thus, two or more tasks can be processed simultaneously or through
time-sharing, which is an efficient and timely allocation of processing resources to tasks
(Johnson & Proctor, 2004). The available amount of attention varies depending on the
task (e.g., harder tasks demand more attention), and the individual’s motivation and
arousal levels. In cases where the demand exceeds the amount of attentional capacity,
allocation strategies are used to establish on which tasks the attention resource should

be allocated. Nevertheless, the Unitary Resource Theory cannot explain why two tasks
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that can be performed together with perfect time-sharing, may interfere when combined
with a third task (Johnson & Proctor, 2004). Similarly, the Unitary Resource Theory
cannot explain why two seemingly equally hard tasks can have totally different effects
on a third task, with one of them interfering with the third task and the other not

interfering (Johnson & Proctor, 2004).

These observations gave rise to a multiple resource view of attention. Perhaps the most
widely accepted theory of this kind is Wickens’s (2002, 2008) four-dimensional
Multiple Resources Theory (see Figure 3). This theory proposes that multiple resources
account for information processing depending on four dichotomous dimensions (the
original theory proposed by Wickens had three dichotomous dimensions): (1)
processing stages, including perception-cognition and response, (2) perceptual
modalities, including visual and auditory, (3) visual channels, including ambient and
focal, and (4) processing codes, including spatial and verbal. When two tasks share
common resources on the four dichotomous dimensions, divided attention deteriorates
and dual task performance is less efficient. Therefore, cross-dimensional tasks that have
different perceptual modalities (e.g., visual-auditory) should lead to better processing
than uni-dimensional tasks that have the same perceptual modality (e.g., visual-visual).
Although this model has been widely accepted, it cannot explain dual task interference

when cross-dimensional tasks are performed.
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Figure 3. Wickens’s (2002) four-dimensional Multiple Resources Theory (used with

permission of the publisher).

Attentional deficits in HD have commonly been explained in terms of difficulty in
allocating attentional resources (Delval et al., 2008; Georgiou-Karistianis, Churchyard,
Chiu, & Bradshaw, 2002; Georgiou et al., 1996; Georgiou, Bradshaw, et al., 1997). This
difficulty in resource allocation may be due to subcortical impairment and dysfunctional
circuitry that links the basal ganglia with the frontal lobes (Georgiou et al., 1996). Some
HD studies suggested that motor and cognitive circuits may not be dissociated (Delval
et al., 2008) pointing towards a unitary resource framework. Other studies endorsed the
notion that attention is a multidimensional system of related, but semi-independent

processes (Muller et al., 2002; Sprengelmeyer, Lange, & Homberg, 1995). There is no
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study in either HD or ageing that has explicitly compared the unitary and multiple

resources accounts.

In addition to processing speed and resource allocation theories, working memory
architecture has also been used as a potentially useful framework for discussing divided
attention impairments. According to Baddeley (2001), working memory consists of four
components: the phonological rehearsal loop and the visuospatial sketchpad, which
permit people to temporarily hold and manipulate verbal and visual information
respectively; the episodic buffer, which integrates information and serves as an interface
between working and long-term memory; and the central executive, which controls the
deployment of attention and divided attention. Some overlap between working memory
and multiple resources theories should be noted. Specifically, the concepts of
phonological loop and visuospatial sketchpad proposed by working memory, and the
verbal and spatial processing codes proposed by multiple resources theories, appear to
be comparable. The central executive is usually seen as being similar to a central
supervisory attention processor that schedules competing tasks (Norman & Shallice,
1980), and one of its main functions is to distribute attention in dual tasks (Sebastian,
Menor, & Elosua, 2006). Working memory impairments that have been associated with
HD (Brandt et al., 2002; Lemiere et al., 2004; Stout et al., 2011; Stout et al., 2007; Wolf
et al., 2009) and ageing (Anguera, Reuter-Lorenz, Willingham, & Seidler, 2011,
Kemper et al., 2003; Kemper et al., 2009) may reflect a limited capacity central
executive. Studies with lesion patients and controls suggest that the central executive is
implemented in the dorsolateral prefrontal cortex (Baddeley, 2003), and associated

regions that have been found to have aberrant functional connectivity even in
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presymptomatic HD (Wolf, Sambataro, Vasic, Schonfeldt-Lecuona, et al., 2008; Wolf,

Sambataro, Vasic, Shonfeldt-Lecuona, et al., 2008).

1.9. Divided Attention Tasks versus Dual Tasks

Some confusion in the literature stems from the fact that the terms divided attention task
and dual task are not clearly defined. In addition, a number of studies have used the two
terms interchangeably (Azouvi et al., 2004; McDowd & Craik, 1988; Paré, Rabin,
Fogel, & Pépin, 2009). Divided attention refers to the ability to respond simultaneously
to two or more stimuli or tasks (Dannhauser et al., 2005). Divided attention tasks are
separated into dual tasks and integration tasks. A dual task has two separate elements
that require separate responses, such as driving a car and talking on a mobile phone at
the same time. In contrast, an integration task also has two separate elements, but only a
single response is required, for example comparing the kilometres left to approach a
destination on a road sign with the kilometres displayed on a tour guide (Wickens &
McCarley, 2008). What follows in the next section of this review focuses on dual tasks
only, with the aim of considering evidence for whether responses to a single task are

affected when a second response to a concurrent task is also required.

1.10. The Dual Task Paradigm

The dual task paradigm requires participants to perform two tasks concurrently
(Armieri, Holmes, Spaulding, Jenkins, & Johnson, 2009). Typically, it involves the
manipulation of the parameters of one task to vary difficulty level, and then examines
whether changes in performance of a second, concurrent task, are observed (Rumbaugh

& Washburn, 1996). Dual task paradigms have been used to evaluate trade-offs between
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attentional demands in healthy individuals (Bherer et al., 2008; Hartley, Maquestiaux, &

Silverman Butts, 2011) and in HD (Delval et al., 2008; Muller et al., 2002).

Previous research on divided attention suggested that dual task performance can be
affected by three main factors: practice, task similarity and task difficulty. Practice can
affect dual task performance, as it can lead to automatic, less controlled processing and
reduced attentional load (Sarter & Turchi, 2002). When tasks become automatic their
relationship with cognitive abilities declines (Ben-Shakhar & Sheffer, 2001).
Furthermore, studies have found that similar tasks, which draw on the same resource
pools, are more difficult to perform than dissimilar tasks that draw on different resource
pools (Allport, 1980; McLeod, 1977; Navon & Gopher, 1979). Although task similarity
is relatively easy to manipulate and test in the laboratory, when it comes to real life
situations, it is much harder to determine how similar two tasks are (e.g., driving and
playing tennis). In regards to task difficulty, Alberts et al. (2008) demonstrated that as
dual task difficulty increased, cognitive and motor performance of individuals with
Parkinson’s disease deteriorated. Similar findings have been reported in ageing research

(for a review see Woollacott & Shumway-Cook, 2002).

Divided attention performance has been found to improve with practice (Gothe,
Oberauer, & Kliegl, 2007; McDowd, 1986), and decline with task difficulty (McDowd
& Craik, 1988) in ageing research. Although practice effects have also been found in
HD (Bachoud-Levi et al., 2001; Stout et al., 2012), the effect of practice, task difficulty
and task similarity on divided attention in HD remains to be determined. The section
below presents studies that have investigated divided attention in HD using the dual task

paradigm.



31

1.11. Past Research on Dual Tasking in HD

To date, very limited systematic empirical research has investigated divided attention
deficits in HD using the dual task paradigm. Among the few studies, Sprengelmeyer,
Lange and HOmberg (1995) examined different aspects of attention, such as response
flexibility, and intermodal integration, as well as divided attention in HD. Divided
attention was tested with a visual-auditory dual task. For this task, participants were
required to respond by pressing a button to a series of matrices when four Xs formed a
square, and to a series of high and low pitched tones when a tone was followed by
another tone of the same frequency. Results indicated that for both the HD and control
groups, RT for the visual task was longer than for the auditory task. This finding may
suggest that the visual task was more demanding as it required, amongst other things,
preparation and execution of eye movements and visuo-perceptual processing, whereas
the auditory task required only the detection of auditory targets. These authors
additionally reported that HD was associated with slower RT on the visual task
compared with controls, suggesting defective exploration of complex visual arrays or
disordered visual perception. Although error rates were higher for HD participants in
both the visual and the auditory tasks, the two types of tasks were not differentially
affected. The authors suggested that this finding was due to visuo-perceptual or motor
system deficits. Using the same divided attention task, Miiller et al. (2002) also reported
a similar pattern of significant differences in RT and error rates between HD and control
groups. Both Sprengelmeyer et al. (1995) and Miller et al. (2002) advocated that

attention is a multidimensional system of related, semi-independent processes.

Brown, Jahanshahi and Marsden (1993) tested bimanual movements in six HD

participants, as well as participants with Parkinson’s disease, cerebellar disease, and
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healthy controls. The dual task involved a peg placement and a button pressing task.
Although HD participants carried out the peg placement task equally well in the single
and dual task conditions, their performance on the button pressing task was reduced in
the dual task condition. That is, the repetitive, less-demanding button pressing task was
compromised more than the attentional, more demanding peg placement task. Although
the button pressing task was performed relatively automatically by controls, it is
possible that it was attentionally demanding for HD participants, and therefore, more
affected by a second, concurrent task. This study found some dual task interference
when two uni-dimensional tasks (i.e., motor-motor) were performed concurrently,

providing some support to the Multiple Resources Theory.

A dual task study that sought to investigate the efficiency of voluntary movement, and
to assess if a simultaneous task would affect movement efficiency in HD, found that
overall performance of HD participants did not differentially worsen when they were
required to do two things at the same time (Georgiou, Phillips, et al., 1997). For this
study, participants performed a motor task and a digit-recall task. For the motor task
participants had to generate, with both hands separately, a series of vertical zig-zag
strokes of small or large targets over short or long extents on a graphics tablet. For the
digit-recall task the experimenter called out a random sequence of five numbers
between 0 and 9. Participants were instructed to rehearse the digits while performing the
strokes on the graphics tablet, and then to recall them in the order of presentation when
they completed the motor task. Although HD participants were less able than controls to
adjust movement execution to target size and stroke length, and they manifested deficits
in voluntary movements, their overall performance did not deteriorate in the presence of

a second, simultaneous task. The authors suggested that HD participants may have
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covertly paced each of their movements along with each digit rehearsal. Another
possibility may be that the digit-recall task did not stress the attentional system of HD
participants to an extent that compromised performance of the motor task. In any case,
results are in line with the predictions of the multiple resources framework, as there was

no interference between cross-dimensional concurrent tasks (i.e., motor-verbal).

The majority of previous studies suggests that dual task performance is differentially
affected in HD compared to controls. Significant differences have been found even with
small sample sizes (i.e., Brown et al., 1993). However, the findings are somewhat
difficult to interpret in relation to the stage of HD or HD progression, given varied
subject characteristics in many studies. For example, variability in disease duration is
quite large in some studies, such as Muller et al. (3-13 years) and Sprengelmeyer et al.
(1-9 years). These studies have grouped together participants in different disease stages,

making it impossible to characterise early or late neuropathological profiles.

The number of studies that have investigated dual task performance in HD is limited,
and the factors that contribute to dual task deficits in this disease are not well
understood. Observing dual task performance in healthy individuals may assist in better
understanding deficits in HD by allowing comparisons between the two groups. The

following section presents dual task studies conducted with healthy subjects.

1.12. Dual Tasking in Neurologically Healthy Individuals
It is well-documented that dual tasks can result in task interference and consequently in
impaired task performance even in healthy individuals. In a recent study, Armieri,

Holmes, Spaulding, Jenkins and Johnson (2009) investigated the impact of a working
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memory task on gait by manipulating difficulty and articulation requirements of the
working memory task. Healthy adults were presented with a sequence of three, five or
seven digits and instructed to memorise this sequence. They were then asked to walk on
a gait carpet, and then to report the digits at the end of the walking task. Articulation
was also manipulated by requesting participants to continually rehearse digits either
silently or loudly. Gait parameters suggested that the higher the levels of difficulty
were, the greater the effect of articulation (i.e., velocity decreased). These findings
suggest that manipulating difficulty of tasks may induce dual task interference as

suggested by the Unitary Resource Theory.

Driven by Posner’s (1966) suggestion, that attentional requirements of cognitive tasks
can be manipulated by varying task difficulty, Pellecchia (2003) examined postural
sway in healthy participants, who stood on a balance platform under four concurrent
task conditions: digit reversal, digit classification, counting backward by threes and
standing quietly. Results suggested that the concurrent cognitive tasks affected postural
sway, with counting backward by threes having the greatest impact than all other
cognitive task conditions as indicated by participants’ high error rates. Therefore,
different cognitive tasks may affect postural sway differently. Collectively, these studies
suggest that performance on two concurrent tasks depends on the difficulty as well as on

the type of the tasks.

Other studies have investigated brain activation while healthy participants performed
dual tasks in order to unravel the neural circuitry underlying information processing
during dual tasking. An fMRI study assessed the ability to divide attention between an

auditory and a visual task in healthy males (Loose, Kaufmann, Auer, & Lange, 2003).
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This study used the visual-auditory dual task that has been used by Sprengelmeyer et al.
(1995) and that was described previously in this review. Participants performed the
tasks separately and concurrently. The findings indicated that RT for the visual task was
longer than for the auditory task. The authors suggested that longer visual RT was due
to particular characteristics of the stimuli. Specifically, in the visual task participants
were required to discern a specific pattern within the stimulus, whereas in the auditory
task they simply had to ascertain whether or not the tone was a stimulus, therefore, the
auditory task was easier than the visual task. With more relevance to the question of
dual task performance, RT during the dual task was significantly longer than in the
single tasks. In the single task conditions (visual or auditory), the brain activity in the
corresponding primary and secondary sensory areas (visual or auditory cortex) was
activated. In contrast, in the dual task condition, the activation in the primary and
secondary visual and auditory cortices decreased, and the left prefrontal area was
activated, suggesting that the left prefrontal cortex may be important in the execution of
controlled processing when two tasks had to be performed simultaneously. These results
provide support that the prefrontal cortex is implicated in the central executive and

regulates attention.

In another fMRI study, the posterior dorsolateral prefrontal cortex and the lateral
parietal cortex were activated during dual task performance (Koechlin, Basso, Pietrini,
Panzer, & Grafman, 1999). The aim of this study was to pinpoint the brain regions that
are involved in dual task and delayed response performance. In the control condition,
participants were presented with uppercase letters from the word tablet, and they had to
decide whether or not two successively presented letters were also successive in the

word tablet. In the dual task condition, participants had to respond both to uppercase
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and lowercase letters. Similarly with Loose et al. (2003), the key brain structure
showing consistent activation during dual tasking was the prefrontal cortex. On balance,
the findings of Loose et al. (2003) and Koechlin et al. (1999) suggest that the prefrontal
cortex may be an important region in the execution of controlled processing during
divided attention performance, and also support the view that the prefrontal cortex is

involved in the control of attention and information processing.

A large body of dual task research has focused on age differences. There is conflicting
evidence as to whether older adults perform worse than younger adults when they have
to divide their attention between two tasks. For example, McPhee, Scialfa, Dennis, Ho,
and Caird (2004) investigated age differences in individual’s ability to perform a visual
search for traffic signs during a simulated conversation. Sixteen younger (M = 22.62)
and 16 older adults (M = 64.19) performed the visual search task under single and dual
task conditions in low- and high-cluttered scenes. An age-related increase in speed and
error rates was shown in dual task conditions, especially with high-cluttered scenes,
suggesting that not only the type of tasks, but also the level of difficulty may affect

divided attention with increasing age.

A meta-analysis of 33 studies using speed as the performance measure, and 30 studies
using accuracy, investigated the relationship between divided attention and ageing
(Verhaeghen, Steitz, Sliwinski, & Cerella, 2003). As expected, the results indicated that
both younger and older adults performed worse on dual task conditions than on single
task conditions. Importantly, looking across the studies, Verhaeghen et al. (2003) found
that the effect of dual tasking on speed and accuracy was larger in older than in younger

adults, over and above the effect expected from age-related slowing. Despite that,
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Verhaeghen et al. (2003) also found that age effects on dual tasking were independent
of task difficulty, suggesting that task difficulty may not be an important factor in

explaining age differences in dual task performance.

Despite this, there is evidence that age differences may increase with greater task
difficulty as well as task complexity. For instance, McDowd and Craik (1988)
manipulated task difficulty to investigate age differences in participants who were asked
to perform auditory and visual choice RT tasks as single and dual tasks. Both choice RT
tasks had easy and hard conditions; therefore, participants completed four dual task
combinations (easy auditory choice RT with easy visual choice RT, easy auditory
choice RT with hard visual choice RT, hard auditory choice RT with easy visual choice
RT, and hard auditory choice RT with hard visual choice RT). In a second study, using
visual choice RT, complexity was also increased by manipulating the number of choices
(two-, four- and eight-choice RT). Findings of both studies suggested that older adults
had slower choice RT compared with younger adults, and their performance decreased
in the harder dual task conditions. The authors suggested that mental operations may
slow with increased age, and this slowing is exaggerated in dual tasks that require a

greater number of operations.

Despite the many findings of age effects on dual tasking, some studies have found no
age differences in divided attention. Della Sala, Foley, Beschin, Allerhand and Logie
(2010) examined the effects of divided attention in a large sample (n = 436) of healthy
adults whose age ranged between 16 and 88 years. Participants performed visual
tracking and digit span tasks concurrently. For the tracking task participants had to draw

a line through successive circles printed on a sheet of paper, whereas for the digit span
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task they were presented with a series of numbers at an individual’s digit span, and had
to recall them immediately. The results showed negligible reductions in dual task
performance, indicating that healthy individuals do not manifest difficulty in performing

concurrent tasks in this set of conditions.

To determine whether there are age differences in divided attention, a study employed 9
tasks either alone or simultaneously (de Ribaupierre & Ludwig, 2003). There were 9
dual tasks, including target detection and perceptual clarification tasks, tracking and
digit span tasks similar to those used by Della Sala et al. (2010), monitoring task (colour
and size), and semantic judgment and word recall tasks. Eighty-one younger (M =
23.17) and 86 older adults (M = 72.24) participated. Age-related attentional costs were
manifested for the monitoring (colour and size), target detection, perceptual, and
tracking tasks, and were decreased after controlling for single task performance. In
contrast with previous studies that found age effects on dual tasking, most of the age
effects on dual tasks were accounted for by the age effects observed in the single task
conditions, suggesting that divided attention performance does not worsen with

increasing age.

In summary, past studies that investigated age differences in divided attention have
yielded mixed results. However, although older adults are typically slower than younger
adults when performing dual tasks (Crossley & Hiscock, 1992; de Ribaupierre &
Ludwig, 2003), the effect of ageing on accuracy of dual task performance is less clear,
with previous studies indicating no differences between younger and older adults
(Hawkins, Kramer, & Capaldi, 1992), older adults making more errors (Cho, Gilchrist,

& White, 2008; Hein & Schubert, 2004; Mutter & Goedert, 1997; Springer et al., 2006),
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and older adults making fewer errors (Bherer et al., 2008; Kemper et al., 2009). An
important drawback is that most previous studies have either provided measures of
speed or accuracy. People may experience speed-accuracy trade-offs when performing
tasks, and therefore, faster RT may be associated with increased error rates or vice versa
(Smith & Brewer, 1995). Therefore, an investigation of both speed and accuracy may be
more informative than either speed or accuracy alone. In addition, some studies (e.g.,
Armieri et al., 2009) used some tasks only under dual task conditions, therefore no

baseline measure was provided.

1.13. Does the Type of Concurrent Task Matter?

Previous research both with healthy elderly (Beauchet, Dubost, Aminian, Gonthier, &
Kressig, 2005) and Parkinson’s disease patients (Galletly & Brauer, 2005) has indicated
that dual task performance depends on the type of concurrent tasks. Beauchet et al.
(2005) investigated the influence of verbal and arithmetic tasks on gait in older healthy
adults. They found that stride time variability depended on the type of verbal task, with
variation increasing significantly when participants performed the arithmetic task, but
not when performing the verbal task. Galletly and Brauer (2005) asked Parkinson’s
disease participants to perform six motor and cognitive tasks while being seated, and
also when walking 10 m with and without visual cues. For the motor task, participants
had to use one of their thumbs to press a button on an electronic counter as many times
as possible. For the cognitive tasks, they had to count backward by threes, and generate
as many different words starting with F and S. Results suggested that stride length
decreased with each of the cognitive tasks, but not with the motor task. Participants had
significantly higher error rates in the cognitive tasks compared with the motor task

suggesting that the motor task was the least difficult task. A review article on attention
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and postural control and gait in healthy and balance-impaired individuals further
supported that attentional demands of balance control depend on the type of concurrent

task as well as its difficulty (Woollacott & Shumway-Cook, 2002).

Although research with healthy subjects and some patient groups suggests that dual
tasking depends on the type of tasks involved and their difficulty, it remains unclear
whether dual task performance is respective to the type of concurrent tasks in HD.
Delval et al. (2008) found that HD participants had greater difficulty performing a
cognitive task (counting backward) or walk while performing a motor task (carrying a
tray with four glasses) than controls. Contrary to predictions based on Wickens’s (2002)
Multiple Resources Theory, HD participants had greater difficulty performing the
cognitive task while walking (cognitive-motor dual task) than the motor task while
walking (motor-motor dual task). A phenomenon, in which a person stops walking
while talking, has been commonly observed in HD. This finding has been observed also
in older adults (Faulkner et al., 2006), and suggests that highly automatic tasks, such as

walking, may put demands on attentional load both in HD and older healthy adults.

1.14. Aims and Research Outline

To date, only a few studies have investigated divided attention in HD using the dual task
paradigm (Delval et al., 2008; Miiller et al., 2002; Sprengelmeyer, Lange & Homberg,
1995), and in each of these, only one dual task combination has been investigated. This
may be an important limitation considering that there is some evidence that the type of
concurrent task does matter in dual tasking. Understanding the difficulties that
individuals with HD and older adults have when they attempt to perform two tasks at

the same time has important theoretical and clinical implications, and will provide
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insights into the nature and control of dual task mental processes. With regard to HD, if
dual task measures are found that are sensitive and clinically relevant, such tests may
also become useful in clinical trials to test for cognitive effects of candidate drugs to
treat HD. Overall, it will be practically important to provide a strong picture of the
difficulties individuals with HD may have in performing concurrent tasks, as
interventions using either cognitive training or strategies may be developed to reduce

the impact of dual task requirements on function.

Therefore, the overall aim of the research presented in this thesis was to systematically
investigate dual task performance in individuals with HD, and in neurologically healthy
individuals across younger and older adulthood, by using a battery of tasks that pair
different system modalities. Four sets of tasks were selected taking into consideration
theories of divided attention and findings from past research studies. In particular, the
dual tasks used in this thesis pair tasks that specifically vary in their input (e.g., visual)
and output (e.g., motor) modalities. Because previous research suggested that dual task
interference may emerge under more challenging conditions, each task was examined
using two levels of difficulty: easy and hard. According to the Multiple Resources
Theory (Wickens, 2002, 2008), tasks using separate input and output modalities should
be performed concurrently quite efficiently as they draw on different cognitive
resources. These findings will be the first documentation of dual task performance using
several different pairs of tasks in either HD or at younger and older points within the
lifespan. The value of examining both multiple pairs of tasks and two difficulty levels
for each task lies in the fact that performance may deteriorate with task difficulty, and

may be affected differently depending on the combination of tasks. Thus, it will help to
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form a more comprehensive picture of the impact of dual task requirements using

different modalities in association with HD and with ageing.

To achieve the aims of this research, two separate studies were conducted. The first
study (Chapters 2 and 3) was designed to investigate dual task performance in younger
and older healthy adults. It was conducted to characterise the particular dual task
combinations and difficulty levels in a general (non-pathological) population, thereby
helping to establish the precise methodology for examining dual task performance in
HD. Based on previous findings, it was predicted that older adults would be slower
across all conditions compared with younger adults, and that speed would also decrease
with higher task difficulty levels for both groups with older adults being more
compromised than younger adults. It was also expected that error rates would increase
with increased task difficulty for both groups. Supporting these hypotheses would
suggest that older adults are worse in dual tasking relative to younger adults, and their
performance further deteriorates with increased task difficulty. These results would

provide support for a unitary resource framework.

The second study (Chapters 4 and 5) was designed to investigate dual task performance
in individuals in the early stages of HD. It was predicted that HD participants would be
slower and more error-prone across all conditions compared with healthy age-, sex- and
education-matched controls. Consistent with the literature and our predictions in the
ageing study, it was also expected that speed would decrease and error rates would
increase with greater task difficulty for HD and control groups. Similar to the first
study, supporting these hypotheses would suggest that HD participants are worse in dual

tasking relative to healthy controls, and their performance further deteriorates with
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increased task difficulty. These results would also provide support for a unitary resource

framework.

Note that this thesis is presented in line with Monash University guidelines and
requirements as a “thesis by publication”. Some chapters are comprised of published
papers or papers under review. Therefore, due to the required format of the thesis, there
Is some unavoidable degree of overlap and repetition in content, such as methodology,
for some chapters. The final chapter (Chapter 6) provides an overall discussion of the

findings, limitations and implications of the studies, future directions and conclusion.
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Age Differences in Dual Task Performance
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Preamble to Paper
Chapter 2 presents the first empirical study of this thesis. It examines upper limb
proprioception ability in younger and older adults during dual task performance. The
effect of ageing on dual task performance is well-documented; however, there has been
a clear bias in the literature towards research of lower limb function. Therefore, this
study examined how upper limb proprioceptive ability is affected by age and by the
demands of a concurrent cognitive task. We examined dual task performance in younger
and older adults using circle tracing and serial subtraction tasks. The results are
discussed in the context of resource allocation theories, specifically the Unitary

Resource and the Multiple Resources theories.
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Abstract
The aim of this study was to investigate upper limb proprioceptive ability in younger and
older adults under dual task conditions. Twenty-eight younger (18-30 years) and 28 older
(> 60 years) healthy adults performed circle tracing and serial subtraction tasks separately
and concurrently. Tasks had two levels of difficulty: easy and hard. The circle tracing
task included direct (easy) and indirect (hard) visual feedback conditions, and it was
paired with serial subtraction by twos (easy) or by threes (hard). We found that older
adults were significantly slower than younger adults across all conditions, and had
significantly greater dual task costs when they performed circle tracing with easy serial
subtraction. Higher levels of task difficulty were associated with slower speed in both
groups. We found no age differences in accuracy. Participants either traded speed for
accuracy or accuracy for speed regardless of age group. Overall, the findings suggest that
speed and accuracy may be affected differently during dual tasking. In addition, older
adults may rely more extensively on proprioceptive feedback to guide upper limb

movement compared with younger adults.

Keywords: Divided attention; Proprioception; Attention allocation; Speed-accuracy

trade-off; VVisuomotor integration.
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Introduction

Dual tasking refers to the performance of two tasks simultaneously, such as cooking
while talking. Although the effect of aging on dual tasking is well-documented, in the
aging literature there has been a clear bias towards research of the lower limbs, and few
studies have investigated upper limb performance (e.g., Crossley & Hiscock, 1992; Van
Impe, Coxon, Goble, Wenderoth, & Swinnen, 2011). Furthermore, despite evidence
indicating deterioration of proprioception (awareness of one’s body position) with age,
few studies have investigated proprioception in the upper limbs (for a review see Goble,

Coxon, Wenderoth, Van Impe, & Swinnen, 2009).

To date, research on aging and dual tasking using upper limb tasks has yielded
inconsistent results. For example, Crossley and Hiscock (1992) required 30 younger
(20-40 years), 30 middle-aged (41-65 years) and 32 older (66-90 years) adults to
perform a speeded finger tapping task with and without a concurrent cognitive task that
was examined at two levels of difficulty. The decrement in tapping rate increased
linearly with age from single to dual tasks, and tapping was slowed more by hard than
by easy cognitive tasks. In addition, older adults’ dual task performance was
disproportionately affected by hard tasks, suggesting that age differences may emerge
under more challenging conditions. This later finding was further supported by Kemper,
Herman and Lian (2003), who examined speaking while performing several concurrent
tasks (separately), including simple and complex finger tapping. Results showed that
older (70-80 years) adults manifested greater dual task costs in the complex finger

tapping task compared with younger (18-28 years) adults.
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Kemper, Schmalzried, Herman, Leedahl and Mohankumar (2009) further assessed
language production in 40 younger (18-34 years) and 40 older (65-85 years) adults who
simultaneously performed a tracking task. Contrary to past research that has typically
found older adults to incur greater dual task costs (Verhaeghen, Steitz, Sliwinski, &
Cerella, 2003), in this study it was the younger adults who showed increased dual task
costs in measures of tracking and language production. Kemper et al. (2009) suggested
that slower, less complex speech protected older adults from dual task costs, whereas
younger adults, who had faster, more complex speech, were more susceptible to dual
task demands. These results were explained in terms of possible differential executive

control strategies between different age groups.

A recent imaging study with 20 younger (20.7-32.6 years) and 20 older (62.3-76.5
years) adults found no dual task interference during circle drawing and serial addition in
threes (Van Impe et al., 2011). Age-related increased brain activation was evident in the
fronto-parietal network only during circle drawing, suggesting that compared to
younger adults, older adults may rely more extensively on proprioceptive information to
guide upper limb movement. The authors suggested that either over-learned tasks are
protected against healthy aging effects or that serial addition may not have been
challenging enough to elicit significant age differences. Another imaging study found
that neural substrates responsible for dual task performance were similar between
younger (19-25 years) and older (65-77 years) adults during colour and letter
identification dual tasks, involving the medial prefrontal and lateral fronto-parietal
networks (Hartley, Jonides, & Sylvester, 2011). However, this study also found that
older adults had higher brain activation levels in occipital and polar prefrontal cortex

during dual task performance. Thus, brains of older adults may work differently in order
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to perform at accuracy levels similar to younger adults’, possibly demonstrating that
neural compensation is needed with aging to successfully maintain low levels of dual

task interference.

Previous dual task studies report measures of speed and/or accuracy of performance.
Older adults are typically slower than younger adults when performing dual tasks, even
after age-related slowing is accounted for (Crossley & Hiscock, 1992; de Ribaupierre &
Ludwig, 2003). Compared to speed, the effect of aging on accuracy of dual task
performance is less clear, with previous studies indicating no differences between
younger and older adults (Hawkins, Kramer, & Capaldi, 1992), older adults making
more errors (Cho, Gilchrist, & White, 2008; Hein & Schubert, 2004; Mutter & Goedert,
1997; Springer et al., 2006), and older adults making fewer errors (Bherer et al., 2008;
Kemper et al., 2009). In our view, an important drawback is that most previous studies
have either provided measures of speed or accuracy. We know that people may
experience speed-accuracy trade-offs when performing tasks, and therefore, faster
reaction times may be associated with increased error rates or vice versa (Smith &
Brewer, 1995). Therefore, an investigation of both speed and accuracy may be more

informative than either speed or accuracy alone.

With regard to theoretical frameworks of dual tasking, competing theories have been
proposed. For example, the Unitary Resource Theory proposes that attention is a single,
limited capacity resource that depends on several factors, including task difficulty, and
it can be allocated to a single task or divided between different tasks (Kahneman, 1973).
Thus, in dual tasking, if one task is hard and requires a large proportion of this limited

attentional resource, there will be little of this resource available to support the
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performance of the other task, and performance will deteriorate. This theory also
postulates that compared to younger adults, older adults have reduced attentional
resources, and therefore, some operations are more demanding for older adults (Burke

& Shafto, 2008).

In contrast to this view, there is evidence that two tasks can be performed concurrently
even when difficulty is manipulated (Wickens & McCarley, 2008). This observation led
to the Multiple Resources Theory, which proposes that there are separate resource pools
(e.g., a visual resource pool, an auditory resource pool), each of which can be divided
among concurrent tasks. According to this theory, interference occurs when tasks make
concurrent demands on the same resources (Wickens, 2002; Wickens & McCarley,
2008). For example, the Multiple Resources Theory predicts minimal interference
between a task that is presented visually (and requires manual response), and a
concurrent task that is presented auditorily (and requires vocal response). Empirical
evidence exists for and against both theories (e.g., Parkes & Coleman, 1990; Young &
Stanton, 2007) suggesting that the theoretical basis for dual tasking requires additional

development.

An important question is how upper limb proprioception is affected by age and by the
demands of a concurrent task. To address this question, we examined dual task
performance in younger and older adults by using circle tracing and serial subtraction
tasks. We selected circle tracing to specifically tax upper limb proprioceptive ability.
Evidence suggests changes in upper limb proprioception with age, as reflected by
greater errors and prolonged, irregular movements (Adamo, Alexander, & Brown, 2009;

Adamo, Martin, & Brown, 2007). Therefore, we expected that circle tracing



53

performance of older adults would be more compromised compared with younger
adults. We selected serial subtraction because it has been previously used as an attention
demanding task (Ingram et al., 2000), and is an effective distractor task of attention
(Nicolson & Fawcett, 1990). In support of the Multiple Resources Theory, interference
between circle tracing and serial subtraction should be minimal, because these tasks are
likely to be processed by separate modalities-responses (visual-manual for circle tracing
and auditory-vocal for serial subtraction). Unlike most previous studies that
manipulated difficulty of only one of the tasks, we manipulated difficulty of both circle
tracing and serial subtraction tasks. In support of the Unitary Resource Theory,
manipulating task difficulty would induce resource allocation limitations, and therefore,
age-related differences would emerge under the more challenging conditions. In view of
previous findings, we expected older adults to be slower across all task conditions
compared with younger adults, and speed of both groups to decrease with greater task
difficulty. We also expected error rates of both groups to increase with greater task

difficulty, and older adults to incur greater dual task costs than younger adults.

Method

Participants

Sixty younger (18-30 years) and older (61-90 years) healthy adults participated. Four
older adults were excluded due to either low scores on the Montreal Cognitive
Assessment (MoCA,; Nasreddine et al., 2005) or inability to perform some of the tasks.
The final sample consisted of 28 younger (15 females, M = 22.21, SD = 3.14) and 28
older (15 females, M = 71.96, SD = 7.84) participants. The MoCA is a 30-point
cognitive screening test designed to detect cognitive impairment, and the suggested cut-

off point (also adopted in this study) was 26. Other screening tests included the
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Wechsler Test of Adult Reading (WTAR; Wechsler, 2001), and the Inventory of
Depressive Symptomatology-Self-report (IDS-SR; Rush, Carmody & Reimitz, 2006).
The WTAR is used to estimate verbal 1Q, and is composed of 50 words that have
irregular letter to sound translations. The IDS-SR is a 30-item questionnaire that
assesses the severity of depression within the past 7 days for all symptom domains of
major depression according to the Diagnostic and Statistical Manual-1V (American
Psychiatric Association, 1994). Scores can range between 0 (= no depressive symptoms)

and 84 (= very severe depressive symptoms).

The younger and older groups did not differ significantly on the MoCA (My = 28.07,
SDv = 1.58; Mo = 27.04, SDo = 1.87), t(54) = 1.79, p = .08; WTAR (Mv = 107.50, SDv
= 8.55; Mo = 110.32, SDo = 5.89), t(54) = -.143, p = .16; and IDS-SR (My = 11.96, SDv
= 7.09; Mo = 13.97, SDo = 8.34), t(54) = -.435, p = .67. Education level was also
assessed based on the International Standard Classification of Education (ISCED)
system, according to which O indicates pre-primary education and 6 second stage
tertiary education (UNESCO, 1997). Older adults had significantly fewer years of
formal education than younger adults (My = 5.14, SDy = .35; Mo = 4.21, SDo = .95),
t(54) = 4.81, p < .001. Education was used as a covariate in all experimental analyses,

but was not found to be significant in any analysis.

All participants gave written informed consent, and self-reported that they were free of
neurological disease, psychological disorders, and upper limb impairments. They had
normal or corrected-to-normal vision and hearing, and they were fluent in English.
Ethics approval was granted by the Monash University Human Research Ethics

Committee.
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Dual Task Description and Study Procedure

Participants were tested individually in a quiet room, and were advised to perform all
tasks as quickly and as accurately as possible. For the dual task procedure, we combined
circle tracing and serial subtraction tasks that both included an easy and a hard
condition. The circle tracing task has been previously described by Say et al. (2011),
who adapted a task described in Lemay, Fimbel, Beuter and Chouinard (2005). It was
administered on a Lenovo ThinkPad® X61 (Morrisville, NC, USA) tablet, with the
tablet positioned in front of the participants at comfortable reach. The tablet displayed a
90 mm diameter circle with a 5 mm thick white annulus on a gray background. For the
hard circle tracing conditions, a desktop monitor, which was placed approximately 70
cm in front of the participants and displayed the same white annulus on a gray
background, was also used. Participants traced the circle using a stylus that left a blue
line indicating the circle tracing path trajectory. They started at the vertical apex of the
circle, and traced it with their preferred hand in a clockwise direction. In the easy
(direct) condition, participants could observe their arm and the circle tracing path on the
tablet screen. In the hard (indirect) condition, participants’ tracing arm and tablet were
obscured by a box covering the tablet and a cloak covering the box and their arm. Thus,
in contrast with the easy condition during which participants could directly observe their
performance on the tablet, in the hard condition they could only monitor their progress

indirectly on the desktop monitor.

For the serial subtraction task, participants were given 20 s and were instructed to count
backward by twos (easy condition) or by threes (hard condition). Starting numbers

ranged between 100 and 86 and half the trials commenced on an odd number.
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Design and Statistical Analyses

Participants performed a practice circle tracing trial in the easy condition, and then, four
single tasks separately and in the following order: (1) easy circle tracing, (2) hard circle
tracing, (3) easy serial subtraction and (4) hard serial subtraction. Each circle tracing
condition was repeated three times for 20 s each, and each serial subtraction condition
was performed twice for 20 s each. Next, participants performed three trials of every
possible combination of the circle tracing together with the serial subtraction tasks: (1)
easy circle tracing with easy serial subtraction, (2) easy circle tracing with hard serial
subtraction, (3) hard circle tracing with easy serial subtraction, and (4) hard circle

tracing with hard serial subtraction. Each dual task trial lasted 20 s.

The circle tracing and serial subtraction dual task set was one of four sets of tasks that
participants performed as part of a larger study, and the order of the four sets was
counterbalanced across participants. In contrast, we did not counterbalance the eight
conditions that make up the circle tracing and serial subtraction dual task set; all
participants performed the eight task conditions in the same order. There were several
reasons for this. First, with regard to the circle tracing and serial subtraction set, we
wanted to ensure that hard tasks preceded by easy tasks as there is a learning component
for each of these tasks. Secondly, because of the large number of conditions within each
of the four sets of tasks, a task design containing all possible permutations of task order
within and across sets would have required a much larger sample size. We also felt that
within a task set, by presenting the easier tasks and task combinations first, we could
maintain a level of control over the participants’ previous experiences with the tasks,

which could benefit them similarly as they reached the harder levels.
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The dependent variables for circle tracing were speed (total number of rotations in 20 s),
and accuracy (number of errors per rotation). Errors were defined as the stylus moving
beyond either the inner or outer edge of the white annulus for > 100 ms. For serial
subtraction, the dependent variable was accuracy (percentage of incorrect responses).
We also calculated the rate of responses by dividing the time to complete the task (20 s)

by the number of responses per participant.

For circle tracing, trials with values more than 3.5 standard deviations from the
individual’s mean were removed prior to computing overall means and standard
deviations for speed and for error rates (see Table 1). We computed a 2 X 2 X 3 mixed-
model ANOVA with the between factor, age (young, old), and two within factors, circle
tracing difficulty (easy, hard), and serial subtraction difficulty (none, easy, hard) for
both speed and error rates. We report Greenhouse-Geisser corrected degrees of freedom
due to violations of the sphericity assumption. Significant interactions of interest were
followed with planned comparisons. Bonferroni post hoc tests were conducted for all

post hoc pairwise comparisons. Alpha was set at 0.05.

Dual task costs were also computed to quantify participants’ ability to perform two
tasks simultaneously. We used a 2 X 2 X 2 mixed-model ANOVA with the between
factor, age (young, old), and two within factors, circle tracing difficulty (easy, hard),
and serial subtraction difficulty (easy, hard). As per previous studies (de Ribaupierre &
Ludwig, 2003; Kemper et al., 2003) dual task costs were computed by calculating the
relative ratio of the single task to dual task performance using the following formula:
dual task cost = (single task-dual task)/single task. Positive dual task costs denote a

decrease from single to dual task conditions. Finally, to examine speed-accuracy trade-
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offs, we performed Pearson’s correlations between speed and error rates for each of the

six circle tracing task separately for younger and older participants.

Table 1
Means (Standard Deviations) Across All Task Conditions for Younger and Older
Participants

Tracing Tracing Tracing DTC ~ Subtraction Subtraction

Speed Errors (Speed) Errors Rate
Young Old Young Old Young Old Young Old Young OIld
E Single Task 7.33 5.10 745  5.59 0.84 1.65 1.10 1.17
(342) (2.59) (6.83) (5.92) (1.73) (251) (33) (27)
H Single Task 342 2.21 7.46  4.97 3.23 525 1.91 2.08
(163) (1.28) (3.87) (3.75) (4.50) (7.11) (90) (.81)
HTroanps 527 311 48 296 25 37 110 166 138 166
E Subtracion  (248) (1.71) (4.50) (3.32) (22) (21) (2.10) (2.81) (53) (.45)
E Tracing- 4.85 3.21 4.05 2.70 .30 35 0.52 1.19 1.29 1.65
H Subtraction  (237) (1.79) (3.43) (3.22) (26) (25) (1.29) (2.95) (47) (.58)
H Tracing- 2.74 1.63 465 3.32 .16 21 339 523 2.18 238
E Subtracion  (1.16) (.83) (3.04) (3.04) (20) (22) (5.13) (6.61) (1.04) (.82)
H Tracing- 253 1.65 390 3.14 21 21 259 428 2.18 246

H Subtracion  (.97) (83) (2.70) (2.70) (21) (20) (2.59) (5.58) (127) (1.01)

Note. E = Easy; H = Hard. DTC = Dual task cost.

Results
In the following section, we first describe the circle tracing task performance (single and
dual tasks), followed by dual task costs and speed-accuracy trade-offs. Finally, we

briefly present serial subtraction performance.
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Number of rotations
o

E Tracing H Tracing

Figure 1. Number of rotations on the circle tracing task (easy, hard) as a function of age

(young, old). E = Easy; H = Hard. Standard error bars are included.

As seen in Figure 1, older adults were slower than younger adults, and both groups were
slower in the hard circle tracing conditions. Figure 2 shows that dual tasks (circle
tracing with easy and hard serial subtraction) were performed slower than single tasks
(no serial subtraction). Indeed, a three way ANOVA with speed as the dependent
variable revealed significant main effects of age, F(1,54) = 12.98, p < .001, n? = .19,
circle tracing, F(1.00,54.00) = 153.94, p < .001, n? = .74, and serial subtraction,
F(1.23,66.70) = 58.60, p < .001, n? = .52. More importantly, we found a significant
interaction between age and circle tracing, F(1.00,54.00) = 5.77, p = .02, n? = .10.
Pairwise comparisons revealed that older adults were significantly slower when
performing easy (p < .001) and hard (p < .001) circle tracing compared with younger
adults. In addition, both groups were significantly (p < .001) faster in easy circle tracing
compared with hard circle tracing. We also found a significant interaction between
circle tracing and serial subtraction, F(1.28,69.13) = 34.43, p < .001, n2 = .39. Pairwise

comparisons revealed that performance on circle tracing (easy or hard) was significantly
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(p < .001) faster on its own than when combined with easy and hard serial subtraction

(the latter two of which did not differ).

Number of rotations

2 | ---%--- No Subtraction

- B Subtraction

—a— H Subtraction

E Tracing H Tracing

Figure 2. Number of rotations on the circle tracing task (easy, hard) as a function of
serial subtraction difficulty (none, easy, hard). E = Easy; H = Hard. Standard error bars

are included.

Both age groups maintained similar levels of accuracy across both levels of circle
tracing task difficulty. The same ANOVA with error rates as the dependent variable
showed a significant main effect of serial subtraction, F(1.36,54.00) = 40.09, p < .001,
n? = .42, but no other significant main effects or interactions. Pairwise comparisons
revealed that participants made significantly (p < .001) more errors in the absence of
serial subtraction than when they performed easy or hard serial subtraction concurrently.
In addition, error rates were significantly (p = .04) higher when circle tracing was

performed concurrently with easy than hard serial subtraction.
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Dual task costs for speed were greater in the easy circle tracing conditions compared
with the hard circle tracing conditions, as suggested by a significant main effect of
circle tracing, F(1.00,54.00) = 22.59, p < .001, n2 = .29. We also found a significant
two way interaction involving age and serial subtraction, F(1.00,54.00) = 4.79, p = .03,
n? = .08 (see Figure 3). Pairwise comparisons revealed that older participants had
marginally significantly (p = .05) greater dual task costs than younger participants when
they performed circle tracing concurrently with easy serial subtraction compared with
hard serial subtraction. We did not calculate dual task costs for error rates as both
groups made fewer errors in the dual task conditions compared with the single task

conditions.
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Figure 3. Dual task costs (speed) on the circle tracing task (easy, hard) as a function of
age (young, old) and serial subtraction difficulty (none, easy, hard). E = Easy; H =

Hard. Standard error bars are included.



62

Regardless of age group, individual participants performed the tasks either more slowly

and made fewer mistakes (compromised speed for accuracy) or faster and with more

errors (compromised accuracy for speed). Figure 4 clearly shows significant (p < .001)

positive correlations for both groups across all circle tracing conditions.
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Figure 4. Correlational analyses between speed and error rates for all circle tracing

conditions for younger and older participants. All correlations were significant (p <

.001) suggesting speed-accuracy trade-offs for both groups.
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Error rates for serial subtraction were below 6% for both groups. Due to this low error
rate, no formal statistical analyses were performed. However, the data in Table 1
suggest that error rates for both younger and older participants increased from the single
to the dual task conditions, and were greater when serial subtraction was performed
concurrently with hard circle tracing rather than easy circle tracing. Response rate of
older participants was slower than younger participants across all conditions, and when

serial subtraction was paired with hard circle tracing rather than easy circle tracing task.

Discussion

The results of this study must be considered in light of three types of effects, including
those associated with aging, those associated with task difficulty, and those associated
with single versus dual tasks. In general, we found age-related differences in speed, but
not in accuracy on circle tracing with serial subtraction tasks, highlighting the
importance of investigating both speed and accuracy measures in dual task research.
Circle tracing speed decreased with task difficulty and under the dual task conditions,
whereas lower error rates were associated with higher levels of task difficulty and dual

task performance.

Consistent with our hypothesis and previous studies that have used other combinations
of tasks (Crossley & Hiscock, 1992), we found older age to be associated with slower
performance in both easy and hard circle tracing, probably due to generalized
psychomotor slowing, which is a characteristic of normal aging. Both groups were
slower in circle tracing when they performed serial subtraction concurrently,
corroborating that the addition of the serial subtraction task to the circle tracing task was

associated with greater cognitive load than when the circle tracing task was performed
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on its own. Despite this, compared to the easy serial subtraction task, hard serial
subtraction did not have differentially greater impact on circle tracing speed. This latter
result may suggest that hard serial subtraction may not have been challenging enough to

trigger greater decrease in speed than easy serial subtraction.

In line with past research (Crossley & Hiscock, 1992; Kemper et al., 2003) and with the
Unitary Resource Theory, higher levels of task difficulty were associated with slower
circle tracing performance in both groups. That is, both younger and older adults
performed more slowly hard circle tracing, which used visual occlusion of the arm with
only indirect feedback of the tracing path, compared to the easy circle tracing, in which
the arm and its tracing path could be freely seen. This finding is consistent with Say et
al. (2011) who also found slower performance in the indirect circle tracing condition.
We and others have suggested that performance slowing in hard circle tracing may be
explained by an additional sensorimotor transformation requirement that is necessary
for integrating visual and proprioceptive information into a joint reference frame
(Ingram et al., 2000; Messier & Kalaska, 1997; Say et al., 2011). Additionally, this
differential finding for the direct and indirect circle tracing conditions may imply that
the demands of the visuospatial element of the task (which varied for easy versus hard
conditions) were greater than the motor demands of the task (which were the same for

easy versus hard conditions).

Interestingly, the easy circle tracing task speed appeared to be more susceptible to dual
task interference than the hard circle tracing task speed, and this finding was consistent
across both groups. Our interpretation of this is that the hard circle tracing task may be

more robust to the interference of the second task because performance is already
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somewhat slow, thus allowing participants to incorporate the added demand of the
second task without additional cost to their speed. With respect to the effect of aging,
the dual task costs of performing circle tracing concurrently with easy serial subtraction
was greater. However, with the hard serial subtraction task, performance of the two age
groups was more similar. Overall, we interpret this pattern of effects as indicating that
as tasks get more difficult, younger adults may adopt a more cautious approach, perhaps
because they recognize the need of a slower performance speed to achieve reasonable
accuracy. Alternatively, younger adults may be unable to perform the tasks more
quickly due to their greater attentional requirements. In any case, the decrement in
speed associated with task difficulty was greater for younger compared to older adults

who were already performing the task more slowly.

In contrast to our hypotheses, the higher level of task difficulty was not associated with
increased error rates on circle tracing. The greater proprioceptive demands of the hard
circle tracing task seemed to only influence speed, but not errors for both groups.
Therefore, the reduction in speed from easy to hard circle tracing seemed to engender
sufficient control over performance, so that accuracy was maintained across both levels

of difficulty for both younger and older adults.

Surprisingly, both groups performed the largest number of errors in circle tracing when
it was performed as a single task (i.e., without serial subtraction), and the fewest errors
when it was performed concurrently with hard serial subtraction. Consistent with this
finding may be the explanation that because of the ease with which participants could
perform the single tasks, perhaps they gave less effortful attention in single tasks

compared to dual tasks, and therefore, performance was relatively more governed by
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automatic processes. In turn, under these more automatized performance conditions,
errors may not have been as deliberately avoided, and thus occurred at higher rates. On
the contrary, in dual task conditions, performance may have been necessarily more
controlled due to the higher level of task difficulty, allowing participants to exercise

better control over accuracy of performance, and in turn reducing error rates.

Overall, our results suggest that older adults may possibly rely more extensively on
proprioceptive feedback to guide upper limb movement. Age-related deterioration in
sensorimotor processing may affect upper limb position awareness, especially in harder
task conditions (Adamo et al., 2009; Adamo et al., 2007; Goble & Brown, 2008).
Despite that, older adults were significantly slower than younger adults in the easy
circle tracing conditions as well, when visual feedback was given directly. Past research
reported differential brain activation in older and younger adults during performance of
motor (Goble et al., 2010; Heuninckx, Wenderoth, & Swinnen, 2008; VVan Impe, Coxon,
Goble, Wenderoth, & Swinnen, 2009) and cognitive tasks (Cabeza, 2001; Grady, 2008).
These findings are typically explained in terms of increased functional demands exerted
on the aging brain. With advancing age cognitive functions may become inflexible, and
automaticity may decline (Maquestiaux, Lague-Beauvais, Ruthruff, Hartley, & Bherer,
2010). It is possible that the circle tracing task placed greater cognitive demands on
older adults, even during the easy conditions, so that movement became less automated

due to increased attentional resources required to maintain reasonable accuracy.

This study showed some resource sharing between two seemingly different tasks
suggesting that the visual and auditory modalities and the manual and vocal responses

are not utterly separate as the Multiple Resources Theory holds. Rather, our results
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favor the explanatory framework of the unitary resource pool, although not
conclusively, as we found deficits in dual task performance in speed, but not in error
rates. In line with the Unitary Resource Theory (Kahneman, 1973), with increased task
difficulty, the speed of both groups was reduced and dual task interference was induced.
In further support of this theory, we found that compared with younger adults,
performance of older adults was slower possibly because they reached a point where
available attentional resources were not sufficient to perform the tasks quicker than
younger adults (Burke & Shafto, 2008; Murphy, Craik, Li, & Schneider, 2000).
However, we found no age-related differences or dual task interference in accuracy of
performance. Therefore, our study demonstrates the importance of taking into account

both measures in dual task research as each measure may yield different results.

We should point out certain limitations of our study. Firstly, most of the participants in
the younger group were university students, whereas only about half of the older
participants had completed a higher education degree. Despite this, analyses suggested
that there were no significant education effects on dual task performance. Secondly,
although we asked participants to perform the tasks as quickly and as accurately as
possible, there may have been an aging effect on the balance between the competing
goals of speed and accuracy. That is, participants may have intentionally emphasized
either speed or accuracy, and this tendency may have been associated with the age
grouping to which the participant belonged. Whether the speed-accuracy trade-off
effects that we observed were more a result of conscious than automatic processes is
unknown and remains an important question. Finally, another limitation was that
conditions were not counterbalanced for single and dual tasks and therefore, results can

only be interpreted in the context of single tasks occurring first and dual tasks occurring
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after all single tasks had been performed. Despite this, participants were faster in the
single task conditions, and their performance deteriorated with increased task difficulty
in the dual task conditions. Thus, if anything, counterbalancing may have increased the

magnitude of the observed differences.

In summary, this study has demonstrated that older adults are differentially affected
compared with younger adults when circle tracing is performed concurrently with serial
subtraction, a finding broadly consistent with other studies using different combinations
of tasks to examine dual task effect. Older adults were slower than, but as accurate as
younger adults, partially supporting the Unitary Resource Theory. Both groups showed
speed-accuracy trade-offs sustaining our view that both speed and accuracy measures
are imperative when examining dual task performance. We also found age differences
in dual task costs for some, but not all conditions, suggesting that dual task interference
may emerge under certain conditions, and possibly during certain tasks. Further studies
investigating dual tasking using upper limb motor with cognitive tasks are warranted

and represent a potentially strong research framework.
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Preamble to Paper
Chapter 2 established that older adults are differentially affected compared with
younger adults when circle tracing is performed concurrently with serial subtraction.
This chapter sought to further extend the investigation of dual task performance in
ageing by using two dual task sets that varied in difficulty and complexity. This
paradigm provided a way to further explore whether age-related differences in dual task

performance can be amplified due to increased task difficulty and complexity.

We employed two dual task sets: a simple dual task set that paired simple choice RT
with digit forward, and a complex dual task set that paired complex choice RT with
digit backward. Our findings provide information about the effects of both task
difficulty and complexity on dual task performance in ageing, and have important

implications for the Processing Speed Theory.
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Abstract

This study examined dual task performance in 28 younger (18-30 years) and 28 older (=60 years) adults using two sets of
choice reaction time (RT) tasks paired with digit tasks. Set one paired simple choice RT with digit forward; set two paired
complex choice RT with digit backward. Each task within each set had easy and hard conditions. For the simple choice RT,
participants viewed single letters and pressed a specified keyboard key if the letter was X or Z or a different key for other
letters (easy). For the hard condition, there were 4 target letters (X, Z, O, Y). Digit forward consisted of 4 (easy) or 5 (hard)
digits. For the complex choice RT, participants viewed 4x4 matrices of Xs and Os, and indicated whether four Xs (easy) or
four Xs or four Os (hard) appeared in a row. Digit backward consisted of 3 (easy) or 4 (hard) digits. Within each set,
participants performed every possible combination of tasks. We found that in the simple choice RT tasks older adults were
significantly slower than, but as accurate as younger adults. In the complex choice RT tasks, older adults were significantly
less accurate, but as fast as younger adults. For both age groups and both dual task sets, RT decreased and error rates
increased with greater task difficulty. Older adults had greater dual task costs for error rates in the simple choice RT, whereas
in the complex choice RT, it was the younger group that had greater dual task costs. Findings suggest that younger and
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Introduction

Choice reaction time (R'T) tasks have beer
aging research [1-8]. They are potent for discriminating between
different age groups [1,7,9], are more sensitive measures of age-
related differences in psychomotor performance compared with
simple RT tasks [4,10], and correlate significantly with higher-
order cognitive processes in younger and older adulis [8]. Previous

routinely used in

studies have employed choice RT tasks to investigate the effect of
dual tasking across various age groups [11-14]. The general
agreement is that choice RT slows with aging and with increased
task difficulty, which allegedly reflects compention for anentional
resources. However, most previous aging studies have examined
the effect of choice RT tasks on postural balance in healthy
individuals and manipulated one of the dual tasks only [11,13].
Our understanding of the effect of aging on cognitve task
performance under different levels of dual task difficulty remains
limited. Extending this area of re

carch allows us to tease apart the
various mental operations that deteriorate with increased age, and
how they may be amplified by task difficulty and complexity.
There is some evidence that age-related differences in perfor-
mance are minimal at lower levels of task demand; as task demand
increases, performance of older adults declines relative to that of
younger adulis [15]. This finding is also predicted by the
Compensation-Related Utilization of Neural Circuits Hypothesis
[CRUNCH; 16]. According to CRUNCH, the aging brain
recruits more neural resources due to processing inefficiencies in
order to achieve equivalent performance to that of younger adults’

PLOS ONE | www.plosone.org

brains [16,17]. CRUNCH predicts that this compensatory neural
activation is efficient at low levels of task demand, however,
higher levels of task demand, age-related differences emerge [17].

Some studies investigated age-related dual task effects under
different levels of task difficulty. For example, McDowd and Crak
(1988) paired cognitive choice RT tasks and manipulated task
difficulty to investgate age differences in participants who were
required to perform auditory and visual choice RT tasks on their
own and concurrently. Both choice RT tasks had easier and
harder conditions producing four dual task combinatons (easy
auditory choice RT with easy wisual choice RT; easy auditory
choice RT with hard visual choice RT; hard auditory choice RT
with easy visual choice RT; hard auditory choice RT with hard
visual choice RT). In a second swmdy, using visual choice RT,
complexity was further increased by manipulating the number of
choices (two-, four- and eightchoice RT). Results across both
studies showed that older adults had slower choice RT compared
with younger adulis, and their pedformance further deteriorated

with

under the harder dual task condidons. There was some support for
an age-related decrease in dual task costs, which amplified with
increased task complexity. The authors concluded that age
differences are lkely tw be amplified by task difficulty and
complexity, perhaps because mental operations slow with in-
creased age. This slowing is exaggerated in dual task conditons
that require a greater number of operations, providing a promising
avenue in which to examine the effects of increased task
complexity.
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Figure 1. A non-target (R) and a target (X) trial of the simple
choice RT task.
doi:10.1371/journal pone 0060265.9001

The generalized slowing, observed with increased age, &
predicted by the Processing-Speed Theory. This theory postulates
that age-related differences, observed during cognidve rask
performance, are likely to be underpinned by changes in
processing speed [18]. According to this theory, age-related
differences should be more pronounced in more cognitively
demanding rasks, which are assumed w embody several simpler
cognitive processing stages. Past research has suggested that RT
becomes slower and more variable with increased age; a finding
supported by longitudinal studies [5,7]. However, when measuring
accuracy, the effect of age & remarkably mixed. Some studies have
reported no differences in error rates between younger and older
acults [19], younger adults making fewer errors [20-24] or more
errors [25,26]. It should be noted, however, that a miadon of
several previous studies is that they either reported RT or error
rates, but not both. This presents a potential lmitadon since
including both varables offers a more holistc view of dual task
performance  than viewing speed and accuracy individually,
allowing speed-accuracy trade-offs to be taken into account.

In light of previous findings, we sought to investigate whether
age-related differences in dual task performance emerge when
choice RT tasks are performed concurrently with cognitive tasks,
and whether they are more pronounced with increased task
complexity and difficulty. We extended past research by employ-
ing and comparing two sets of dual tasks that differed in their
degree of complexity. The first task combination paired simple
choice RT with digit forward (termed the simple dual task sef), and
the second combination paired complex choice RT with digic
backward (termed the complex dual task sef. We selected digit
forward and backward, because both have been previously used to
assess attention and working memory [27], and are comparable to
each other, but vary in complexity. Previous swdies have
suggested that older adults perform well on short-term memory
tasks that require passive storage of information (e.g., digic
forward), whereas age-related impaimments emerge in working
memory tasks that require participants to not only hold in-
formation in memory, but ako perform an operation (e.g., digit
backward] [28]. Therefore, age differences are expected to be
minimal in digit forward, but greater in digit backward. We also
manipulated the difficulty of each task within the dual task sets, by
adopting easy and hard conditions for both the choice RT and
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digit tasks. We predicted that older adults would be slower across
all task conditions compared with younger adults, and that R'T
would be slower with higher levels of task difficulty across both age
groups. Based on previous findings and the Processing-Speed
Theory, age - related differences in RT were predicted to be more
pronounced in the maore complex dual sk set. We also predicted
that error rates would be higher with increased task difficulty
across both groups.

Methods

Participants

Participants were 28 younger (18-30 years) and 32 older (61—
90 years) adults. Four older participants were excluded due to
either low scores on the Montreal Cognitive Assessment [MoCA,;
29] or inability to perform some of the tasks. The final sample
comprised 28 younger (15 females, M=22.21, 80 =3.14) and 28
older (15 females, M=71.96, S0 =7.84) adults. The MoCA i
a J0-point cognitive screening test that emphasizes executive
functioning and attention. We adopted the suggested cut-off of 26
for mild impaimment. The average MoCA scores were not
significantly  different between the two groups (MY =28.07,
SDY =1.58; MO =27.04, SDO = 1.87), (34) = 1.79, p=.08.

Participants were also screened with the Wechsler Test of Adult
Reading [WTAR; 30]. The WTAR consists of 50 words that have
irregular letter to sound translations, and provides an estimate of
verbal 10Q) by emphasizing previous word knowledge for correct
pronunciations. There was no significant difference in the WTAR
scores for the two groups (MY =107.50, SOY =8.55; MO
=110.32, SDO =589), (54) =—.143, p=_16. The Inventory of
Depressive Symptomatology-Self-report [IDS-SR; 31| was also
administered to assess depression severity within the past 7 days
for all criterion domains of major depression according o the
Diagnostic and Statistical Manual-IV [32]. Scores can range
between 00 and 84, with lower scores indicating no depressive
symptoms and higher scores very severe depressive symptoms. We
found no differences in the IDS-SR scores for the two groups (MY
=11.96, SDY =7.09; MO =13.97, SDO =834), (54) = —.435,
#=.67. Education level was assessed based on the Intermnational
Standard Classification of Education [ISCED; 33] system (e.g.,
0= pre-primary education; 6 = second stage tertiary education).
Younger participants had significanty more formal education than
older participants, {54) =481, p=.001; years of education was
used as a covarlate in all analyses.

Ethics approval was granted by the Monash University Human
Research Ethics Committee. All participants gave written in-
formed consent and reported that they had normal or corrected-
to-normal wvision and hearing, and that that they were free of
neurological disease, psychological disorders, and upper limb

0100 | X ojc|(O0]|O
X|X|X]|X 0|0 (X |X

| X |0 X | X|X%X|@
o|Xx|0]O X|X |0 |X

Figure 2. Target stimuli of the complex choice RT task
conditions. On the left matrix, four ¥s appear in a row (easy or hard
conditions); on the right matrix, four Os appear in a row (hard
condition).

doi:10.1371/journal.pone 0060265.9002
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Table 1. Means (and standard deviations) of younger and older adults across all tasks.
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impairments. They were also fluent in English, and their MoC
WTAR and IDS-SR scores were all within the normal range.

Dual Task Description

Partcipants performed two sets of dual tasks: the simple dual
task set paired simple choice RT with digit forward, and the
complex dual task set paired complex choice RT with digit
backward. Paré, Rabin, Fogel and Pépin [34] used a similar simple
choice RT task to examine dual task performance in individuals
with mild traumatc brain injury. Miller et al. [35] employed
a similar complex choice RT task o examine dual task
performance in Huntington’s disease. Each of the tasks within
each set had easy and hard condidons. The choice R'T' tasks were
administered on a Lenovo ThinkPad X61 laptop munning
Windows XP. The laptop was placed in front of the participants
within comfortable reach. Participants used the laprop’s keyboard
to respond 1o stimuli that were presented in the centre of the
screen: they pressed the lefi arrow with their left index finger to
respond to target stimuli, and the rght arrow with their right index
finger to respond to non-target sumuli. The ratio of target to non-
target stimuli was approximately the same. We recorded RT and
error rates. KT was the time taken from the moment each stimulus
appeared on the screen untl participants” response. Error rates
were the percentage of incorrect responses across trials. Respond-
ing to a target or non-target stimulus with the appropriate
keyboard arrow constituted a correct response.

For smple choice RT, stimuli were specific letters of the alphabet,
which were designated as target and non-target letters. In the easy
condition the target letters were X and Z, and in the hard
condition they were X, Z, O and Y. Non-target letters were other
lewers of the alphabet. Each wial commenced with a “get-ready”
sign (+) that remained on the screen for 250 ms. A letter followed
in the same position, and until the participant responded or for
a maximum of 3000 ms (see Figure 1). Because hard digit forward
requires more time, we adjusted the number of simple choice RT
trials so that there were enough trials w last throughout the hard
digit task. Thus, there were 43 simple choice RT trials performed
concurrently with easy digit forward and 54 trials performed
concurrently with hard digit forward.

For complex choice RT, simuli were 4x4 martrices of regular
arrays of eight Xs and eight Os. In the easy condition the target
matrices had four Xs in a row, either horizonally, vertically, or
diagonally. In the hard condition, they had either four Xs or four
Os in a row (see Figure 2). Non-target matrices did not have four

Sample Sample Complex Complex
Choice RT | Chace RT | ChaceRT | Choce RT
(Speed) | (Emors) | (Speed) | {Emors)

¥oung Oltl|m|()ld‘rm Oltllm Oid
' . : sEE

WMERYTTEEHH
EI%FI |§I

HH

Dual Task Costs

Figure 3. Dual task costs for the choice RT tasks. E-E = Easy
choice RT with easy digit; E-H = Easy choice RT with hard digit; H-E =
Hard choice RT with easy digit; H-H = Hard choice RT with hard digit.
Standard error bars are included.
doi:10.1371/journal. pone 0060265.9003
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Xs or four Os in a row; they appeared in any locaton that did not
constitute a row. Each stimulus was displayed on the screen until
response was made or for a maximum of 3000 ms with an
interstimulus interval of 500 ms. There were 30 complex choice
RT wials when performed concurrently with easy digit backward
and 40 wials pedformed concurrently with hard digit backward.

For digit forward, sumuli were 4-digit (easy) and 3-digit (hard)
numbers; for digit backwward, stimuli were 3-digit (easy) and 4-digit
(hard) numbers. Digits ranged between 0 and 9, and each digit
appeared only once in any given number. The experimenter read
each series of numbers at a rate of approximartely 1 s, Participanis
were then required to repeat each series aloud and in the correct
order. As soon as participants recalled a series, the experimenter
presented the next one. Incorrect digits or digits out of order were
counted as errors. These errors were summed across trials and
divided by the total number of trials in that condition to obtain the
error percentage, which we then used for data analysis. There
were 10 trials for the single tasks for each sk set. In dual tasks, the
number of rials varied from one participant to another as the digit
tasks ended only when panticipants had completed the choice RT
tasks.

For the dual task conditions, participants were required to press
the Enter button on the keyboard in order to commence the
choice RT tasks. As soon as they commenced each of the choice
RT tasks, the experimenter started reading a series of numbers
which’s length depended on the condidon (e.g., easy, hard). The
experimenter moved on to the next series of numbers as soon as
the participant recalled the previous series.

Participants were tested individually in a quiet room. They were
instructed to perform all tasks as quickly and as accurately as
possible. For each of the seis, participants first performed the four
single tasks. Taking for example the simple dual sk set,
participants performed the single tasks in the following order:
easy simple choice RT, hard simple choice RT, easy digit forward,
and hard digit forward. Participants performed practice triaks prior
to each of the single tasks. Next, for the dual rasks, participants
performed every possible combination of the simple choice RT
with the digit forward tasks: (1) easy simple choice RT with easy
digit forward, (2) easy simple choice RT with hard digit forward,
(3) hard simple choice RT with easy digit forward, and (4) hard
simple choice RT with hard digit forward. The same order was
followed for the complex dual task set.

The simple and complex dual task sets were two of four sets of
tasks that participants performed as part of a larger study, and the
order of the four sets was counterbalanced across participants.
Therefore, half of the partcipants in each of the groups performed

| DigitForwand | Digit Backward

{(Emors) (Emars)
Young | Old |Young | OMd sEE

00 - ' wEH
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Figure 4. Dual task costs for the digit tasks. E-E = Easy digit with
easy choice RT; E-H = Easy digit with hard choice RT; H-E = Hard digit
with easy choice RT; H-H = Hard digit with hard choice RT. Standard
error bars are included.

doi:10.1371/journal pone 0060265.g004
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58388

Reaction Times (ms)

Young Od

Figure 5. Main effect of Age (young, old) on reaction times of
the simple choice RT task. Standard error bars are included.
doi:10.1371/journal.pone0060265.9005

the simple dual task set first, and the other half of participants
performed the complex dual task set first. We did naot counter-
balance the order of the conditions, because a full permutation
with all the different conditions for all the different sets of tasks was
deemed impractical due to the large number of conditions within
each set of tasks as well as the sample size. Also, since there b
a leaming component it was appropriate for the hard tasks to be
preceded by easy tasks.

Statistical Analyses

For RT and enor rates across all tasks, wials with values more
than 3.5 standard dewviations from the individual mean were
excluded before computing overall means and standard deviatons
(see Table 1), Taking, for example the simple dual task set,
separate 2x2x3 mixed model ANOVAs were computed for RT
and for errors rates, with Age as a between subjects factor (young,
old), and two within factors, Simple Choice R'T Task Difficulty
(easy, hard), and Digit Forward Task Difficulty (none, easy, hard).
The same model was used for the complex dual task se.. Due o
violations of the sphericity assumption, we report Greenhouse-
Geisser corrected  degrees of freedom. Education  level was
included as a covariate in all specified models below, but it was
not found to be significant in any model. Thus, all subsequent
analyses were performed without education as a covariate.
Significant interactions of iterest were followed with appropriate
post hoc analyses: simple main effects or planned comparisons. For
all pairwise comparisons we conducted Bonferroni post hoc tests
(= 03).

-
=]

Error Rates (%)
S = N W A W w2 ®

ESiIueﬂlli:eRTHSiruéﬂuimRT

Figure 6. Percentage of error rates on the Simple Choice RT
(easy, hard) as a function of Digit Forward Task Difficulty
(none, easy, hard). E= Easy; H= Hard. Standard error bars are
included.

doi:10.1371/journal.pone.0060265.9006
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To assess participants” ability to perform concurrent tasks, we
computed dual task costs separately for RT and error rates for the
simple and complex choice RT tasks, as well as for error rates for
the digit tasks (see Figures 3 and 4). Taking, for example the simple
dual task set, we used a 2x2x2 mixed-model ANOVA with the
between factor Age (young, old) and two within factors, Simple
Choice RT Task Difficulty (easy, hard) and Digit Forward Task
Difficulty (easy, hard). We used the same model for complex
choice RT dual task costs. For the digit tasks, we added a value of
1 to each data point prior to computing dual task costs due to
a large number of participants not committing any errors in the
single tasks. In accord with previous studies [14,36,37] we used the
formula: dual task cost = (single task-dual rask)/single task to
calculate the reladve ratio of single task to dual task that controls
for single task performance. Negative dual task costs suggest that
RT and accuracy decreased in the dual task conditions compared
with the single task conditions.

Results

Age and condition effects on RT and error rates were examined
in order o investigate dual task performance in younger and older
adults. We first present the simple choice RT task performance
followed by the complex choice RT task. Finally, we present
performance on the digit tasks.

Simple Choice RT Task Performance

Using RT as the dependent variable, a three way ANOVA
revealed a significant main effect of Age, F[1,52) = 19.55, p=<.001,
1 = .27, with older adults being significantly slower than younger
adults (see Figure 5). We also found significant main effects of
Simple Choice RT, F1.00,52.00) =9.88, p=.01, n’=.16, with
significantly faster performance in easy compared with hard simple
choice RT, and Digit Forward, F[1.39,72.57) =72.09, =001,
n?= .58, with significandy faster performance in the single digit
tasks compared with the dual digit tasks. Easy digit forward
conditions were also performed significandy (p=.03) faster than
hard digit forward conditions. There were no significant interac-
tions.

Using errar rates as the dependent variable, the same model
revealed  significant main  effecs of Simple Choice  RT,
F1.00,50.00) =15.63, =001, n°=.23 and Digit Forward,
F1.88,94.03) =11.54, p=<<.001, n° =.18. There was also a signif-
icant interaction between Simple Choice RT" and Digit Forward,
FI1.90,95.31) = 12,89, p=<.001, n?=.20 (see Figure 6). Post hoc
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Figure 7. Dual task costs (error rates) on the Simple Choice RT
Task Difficulty (easy, hard) as a function of Age (young, old).
E= Easy; H= Hard. Standard error bars are included.
doi:10.1371/journal pone 0060265.9007

PLOS ONE | www.plosone.org

81

Dual Task Performance in Normal Aging

analysis of the simple main effects showed no differences on the
easy simple choice RT. For hard simple choice RT we found
significant (p=_05) differences between the single and dual rasks,
and berween the easy and hard digit forward conditions; error
rates increased with increased difficulty. Overall, the resulis of the
simple choice RT tasks suggest aging effects in R'T, but not in
error rates. There was no evidence of speed-accuracy trade-offs, as
slower responses were associated with greater error rates.

Simple Choice RT Dual Task Costs

For dual task costs, a three way ANOVA for RT revealed
a significant main effect of Digit Forward, £{1.00,54.00) =7.58,
p=.01, ‘r'12= 12, with significantly greater dual task costs in easy
digit forward compared with hard digit forward. The same model
for error rates revealed a significant main effect of Simple Choice
RT, H1.00,54.00) =9.86, p=.01, n°=.15, and a significant
interaction between Age and Simple Choice RT, F1.00,54.00)
=7.31, p=.01, n?=.12 [see Figure 7). As indicated by pairwise
comparisons, older adulis had significantly (p<<.001) more costs in
the hard simple choice RT, whilst the other conditions had similar
costs. We found no age difference on easy simple choice RT.

Complex Choice RT Task Performance

Using RT as the dependent varable, a three way ANOVA
revealed significant main  effecs of Complex Choice RT,
F1.00,52.00) =3959, p=<<.001, 0= 43, and Digit Backward,
F1.31,68.58) =112.27, p=<.001, n’=68, and a significant in-
teraction between Complex Choice RT and Digit Backward (see
Figure 8). Post hoc analysis of the simple main effects showed that
easy complex choice RT was performed significandy (p<<.001)
faster than hard complex choice RT only in the single tasks.

Using error rates as the dependent variable, the same model
revealed a significant main effect of Age, F[1,50) =47.85, p=.001,
n? = .48, with older adulis making significantly more errors than
younger adults (see Figure 9). We also found significant main
effects of Complex Choice RT, F[1.00,52.00) =11.21, p=.002,
n?=.17, with significantly more errors in the easy than hard
complex choice RT conditions; and Digit Backward, K1.47,76.61)
=11.54, p=<.001, N’ =.48. Participants made significantly fewer
errors in the single asks compared with the dual asks, and also
significantly fewer errors in easy compared with hard digit
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Figure 8. Reaction times on the Complex Choice RT (easy, hard)
as a function of Digit Backward Task Difficulty (none, easy
hard). E= Easy; H= Hard. Standard error bars are included.
doi:10.1371/journal. pone 0060265.9008
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Figure 9. Main effect of Age (young, old) on error rates of the
complex choice RT task. Standard error bars are included.
doi:10.1371/journal pone 0060265.9009

backward. Conwrary with the simple choice RT tasks, the resulis of
the complex choice RT rasks suggest aging effects in error rates,
but not in RT. Similarly with the simple choice RT task, slower
responses were associated with greater error rates suggesting no
speed-accuracy trade-offs.

Complex Choice RT Dual Task Costs

For dual task costs, a three way ANOVA for RT revealed only
a significant main effect of Complex Choice RT, K1.00,54.00)
=33.81, p=<.001, n?=.382. The same model for error rates
revealed significant main  effects of Complex Choice RT,
F1.005400) =644, p=.01, n°=.11, and Digit Backward,
F1.00,54.00) =17.36, p=<.001, n° = .24. There was also a signif-
icant interaction between Age and Complex Choice RT,
AL.00,54.00) =431, p=.04, n°= 07 (see Figure 10). Pairwise
comparisons suggested that there were significantly (p<<.001)
greater dual task costs for the younger adults in the easy complex
choice RT tasks.

In order to see whether there were differences in dual sk costs
between the simple and complex choice RT tasks, we calculated
dual task cost rados for RT and error rates separately for each
condition using the following formula: simple choice RT/complex
choice RT. We found that the majority of both younger and older
participants had greater costs in the complex choice RT, with only
very few participants having similar costs between the two tasks or
greater costs on the simple choice RT. Mann-Whimey tests
showed no significant age-related differences between dual task
cost ratios for any of the conditons.

Digit Tasks Performance

For digit firward, a three way ANOWVA revealed a significant
main effect of Digit Forward, F1.00,49.00) =37.49, #<.001,
N7 =43, with significantly fewer errors in the easy than hard
conditions. There was also a significant main effect of Simple
Choice RT, F1.82,75.71) =17.47, p<.001, n’=.26, with
significantly fewer errors in the single tasks compared with the
dual tasks. There were no significant interactions.

For digit backward, the same model revealed a significant main
effect of Digit Backward, F[1.00,52.00) =53.62, p=.001, n°= 31,
with significantly fewer errors in easy than hard conditions. We
also found a significant main effect of Complex Choice RT,
FI1.54,80.43) = 13.39, p=<<001, n? = .20, with significandy fewer
errors in the single tasks compared with the dual tasks. There were
no significant interactions.

For dual task costs of digit forward, we found a significant main
effect of Digit Forward, K1.00,54.00) =5.18, p=.02, n =08,
with significantly greater dual task costs in hard digit forward
compared with easy digit forward. We found no other significant
main effects or interactions for digit forward or digit backward.

PLOS ONE | www.plosone.org

82

Dual Task Performance in Normal Aging

Discussion

This study examined whether concurrent performance of choice
RT and cognitive tasks varies depending on differences in task
complexity and difficulty in younger and older adulis. We found
age-related differences in speed, but not in accuracy in the simple
choice RT tasks with older adulis having greater dual task costs
only in the hard simple choice RT conditions. For the complex
choice RT tasks, we found age-related differences in accuracy, but
not in speed with younger adults having greater dual task costs
only in the easy complex choice R'T conditions. Collectively, our
results suggest that younger and older adults differ in their dual
task performance, with differences depending on both the
complexity and difficulty of dual tasks probably due to
implementadon of different strategies.

Most previous swudies, using different combinadons of dual
tasks, found that older adults were slower than younger adulis
[7,13]. Our findings indicate that under more cognitively de-
manding conditions, age differences in speed may be eliminated,
albeit at the expense of accuracy. Despite our instructions, which
put equal emphasis on the importance of both speed and accuracy,
older adults may have either opted for a more careful approach or
could not perform the choice RT rtasks any faster due to
generalized slowing as suggested by Processing-Speed Theory
[18]. However, age differences in speed were not more pro-
nounced in the complex dual task set that was presumably more
cognitively demanding, a finding not in support of the Processing-
Speed Theory [18], although age differences in accuracy emerged.
It may be possible that under the more cognitively demanding
conditions younger aduls slowed down due to the increased
attentional demands of the tasks in order to attain a level of
satisfactory accuracy. Overall, the results indicate age-differences
in the strategy adopted by different groups. In support of this
notion, Davidson, Amso, Cruess Anderson and Diamond [38]
have ako found that younger adults adjusted their speed to
preserve reasonable accuracy on difficult wials,

In any case, we found no age differences in dual task costs for
speed in either the simple or the complex dual task sets. Thus, both
groups maintained their baseline levels of speed during the dual
task conditions. In line with previous studies [14,39], the accuracy
of older adults for dual task coss decreased from baseline w the
harder simple choice RT dual tasks compared with younger
adults. However, a different pattern emerged in the complex
choice RT rtasks during which accuracy of younger adulis
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Figure 10. Dual task costs (error rates) on the Complex Choice
RT Task Difficulty (easy, hard) as a function of Age (young,
old). E= Easy; H= Hard. Standard error bars are included.
doi:10.1371/journal. pone 0060265.9010
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decreased from baseline to the harder dual tasks compared with
older adults, although in the context of the results in speed. This
finding is unexpected given that past research has typically found
that older adulis incur greater dual task costs [39]. Despite this,
there are a few studies that have found greater dual task costs in
younger aduls [e.g., 40, 41]. For example, Kemper et al. (2003)
investigated language producton and suggested that younger
aclults may experience greater dual task costs than older adults due
to their faster and more complex speech at baseline, which became
similar to older adults” speech under the more demanding dual
task conditions. Similarly, our findings suggest that performing the
hard choice RT concurrendy with a secondary task had more
detrimental effects on the performance of younger than older
adults. This is most likely due to their comparatively lower error
rates at baseline that increased under dual task conditions. Taken
as a whole, our findings indicate that dual task costs are affected by
the complexity of the task being performed. Although our
participants were able 10 maintain their baseline R'T under dual
task conditions, their accuracy changed. One might assume that
increasing task complexity changed participants’ response from
emphasizing speed to emphasizing accuracy; however, this is
unlikely, as we found no speed-accuracy trade-offs. Therefore, our
participants” accuracy decreased under more demanding dual task
conditions, and baseline speed was maintained.

Previous neuroimaging smdies have investigated the neural
basis of processing speed [42,43], as well as patems of cortical
activation [44,45]. Recently, Takeuchi et al. [46] used functional
magnetic resonance imaging to examine differences between the
speed of simple and complex working memory tasks in 23 healthy
males using an N-Back rask. Significandy increased activation of
the right dorsolateral prefrontal cortex and fronto-parietal network
was found during faster and more complex tasks, compared with
the slower and easier tasks. The authors suggested that these
regions may mediate differences between the speed of simple and
complex cognitive processes in line with other smdies that have
found increased cognitive load to be associated with increased
brain activation specifically in the prefrontal comex [47-49].
Moreover, past research has shown a positive relationship between
speed of complex cognitive processes and psychometric measures
of intelligence [e.g., 50]. The fronto-parietal network has been
typically ascribed to cognitive functions, and has been found to be
over-activated in older compared with younger adults [51,52], and
during dualtask performance [52,53]. Age-related increased
activation may reflect a compensatory strategy employed by older
adults as an aempt to maintain task performance at an accurate
level, especially under more cognidvely demanding conditdons.
Overall, these studies emphasize the importance of the fronto-
parietal network as playing a eritical role in age-related differences
in the speed of both simple and complex cognitive processes.

Consistent with our hypothesis, and past research [11,13], our
findings showed that pedformance slowed and became less
accurate with higher levels of task difficulty in both groups and
across both sets of tasks. Both groups were slower and made more
errors in the choice RT tasks when they performed the digit tasks
concurrently, highlighting the increased cognitive load in the dual
task conditions. Past research investigating age differences in dual
tasking has produced inconsistent results in regards to error rates
[19,21,24]. Owr findings suggest that age-related differences in
error rates emerge under more complex dual tasks. Older adults’
already slowed RT may have provided a “protective” mechanism
in the more complex dual task set (against the need to slow down
even further); however, maintaining RT was at the expense of
accuracy. Alternatively, older adults may not be able to regulate
their RT as effectively as younger adults to adapt o different
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conditions. Although results suggested no speed-accuracy trade-
offs within each set of tasks, there were age-related differences in
RT, but not in error rates in the simple set of tasks, and age-related
differences in error rates, but not in R in the complex set of tasks.
Differences in the patern of age effects across sets of dual tasks
suggest that different age groups may implement differential
strategies depending on the type and complexity of tasks.

Ouwr study has implications for the Processing-Speed Theory.
For example, Salthouse [54] argues that age-related differences in
cognitive performance, such as working memory, can be explained
by age-related differences in processing speed. Our results indicate
that age-related differences are not explained solely by processing
speed. Rather, we find clear age-related differences that are best
demonstrated by two measures, RT and accuracy, with the
relationships between these measures and aging varying with levels
of task difficulty. Under conditions of simple processing, older
participants’ RT was slower relative to younger participants,
whereas accuracy was similar; however, under harder processing
conditions older participants’ RT was similar o younger
participants, but they were less accurate. These findings are
consistent with past research which asserts that participants are
likely to share resources between a number of factors, including
processing speed and processing accuracy [55].

The current findings showed that older adults performed worse
overall in both simple and complex choice RT tasks, but employed
different srategies with speed-accuracy trade-offs based on the
complexity of dual tasks: older adults traded speed for accuracy in
the simple dual task set, and accuracy for speed in the complex
dual task set. Accumulator models of speed-accuracy trade-offs
assume that sensory evidence accumulates over time from signal
onset untl a decision threshold [36]. Depending on the task and
individual differences, such as capability and age, accumulation of
evidence may proceed more or less slowly and more or less
accurately. Relevant to our results, accumulator models predict
either changes in speed or accuracy by changing the deciion
threshold: emphasizing the speed of responding lowers the
decision threshold relative to emphasizing accuracy and vice versa
[36]. Overall, our results highlight the need o characterise dual
task performance using a more comprehensive readout of
behaviour, including speed and accuracy, and rto include
conditions that span a variety of difficulty levels. It remains to
be determined whether the different pattern of results across the
simple and complex choice RT tasks is under conscious control.

Our findings should be considered in light of some swmdy
limitations. Despite instructing participants to perform the tasks as
quickly and as accurately as possible, it is likely that the complexity
of tasks affected the competing goals of speed and accuracy
differently. In addition, our conclusions must be tempered by
possible task order effects since, for practical reasons, we did not
counterbalance single and dual sk condidons. However, given
that practice effects would be expected to accrue with increased
experience, together with the fact that panicipants’ performances
actually deteriorated in the higher task difficulty conditions which
were presented later (Le., with the greatest amount of practice),
suggests that, iff anything, counterbalancing would have strength-
ened our findings.

An important contribution of this study was w compare
different combinations of cognitive dual tasks, and to manipulate
the task difficulty of both tasks within each set, so as to further
tease apart mental operations in younger and older adults. Most
previous studies have used one dual task only, and manipulated
task difficulty of only one of the tasks. In addidon, previous studies
have typically employed choice RT tasks concurrently with
postural balance tasks rather than cognitive tasks.
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In summary, our findings suggest that under dual task demands,
older aduls adoprt different strategies than younger adults, and
these depend on both complexity and difficulty level of the
cognitive tasks. The differential pattern of performance across the
lifespan affects both processing speed and processing accuracy.
Compared with younger adults, older adults were significantly
slower than, but as accurate in simple choice RT rtasks, and
significantly less aceurare, but as fast in complex choice RT tasks.
RT decreased and error rates increased with greater task difficulty
for both age groups, and both dual task sets. Finally, older adulis
showed greater costs for error rates in the simple choice RT rasks,
whereas in the complex choice R'T tasks, it was the younger group
that showed greater costs. Findings suggest that younger and older
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adults may adopt differential behavioral srategies depending on
complexity and difficulty of dual tasks.
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Preamble to Paper
The previous two chapters focussed on dual task performance in younger and older
healthy adults. Chapter 2 investigated age-related differences in dual tasking by
employing circle tracing with serial subtraction tasks, and Chapter 3 compared two
different dual task sets. This chapter provides the first empirical study to examine dual
task performance in HD. In particular, this chapter applied the same dual task paradigm
as Chapter 2 (circle tracing with serial subtraction) to investigate differences in dual

tasking between HD participants and healthy controls.

Circle tracing has been previously used to examine visuomotor performance in HD.
This study extended past research by investigating the effect of a concurrent cognitive
task on circle tracing performance in HD under different difficulty levels. This
paradigm provided an avenue to explore dual task performance in HD, an area of
research that has been relatively overlooked in this disease. Our results are discussed

within the context of the Unitary Resource and Multiple Resources theories.
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Abstract

We examined dual task performance in Huntington’s disease (HD) in 15 HD
participants and 15 controls. Participants performed direct circle tracing (able to view
arm) and indirect circle tracing (arm obscured) paired with serial subtraction by twos
and by threes. HD participants were significantly slower and less accurate than controls,
and were more compromised in the indirect circle tracing conditions. Despite this, we
found no group differences in dual task costs. Overall, our findings suggest that
although HD participants differ from controls in dual task performance, neither group

was susceptible to dual task interference.

Keywords: Divided attention; Proprioception; Attention allocation; Speed-accuracy

trade-off; VVisuomotor integration.
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Introduction

Huntington’s disease (HD) is associated with deficits in a range of attentional functions,
including divided attention, which is the ability to attend to and respond simultaneously
to two or more stimuli or tasks (Dannhauser et al., 2005). Divided attention has been
typically investigated using a dual task paradigm that requires individuals to perform
two tasks simultaneously (Armieri, Holmes, Spaulding, Jenkins, & Johnson, 2009). Past
studies investigating dual tasking in HD are limited, and the cognitive basis of dual task
impairments is still unclear. However, previous explanations have included impairments
in resource allocation (Georgiou, Bradshaw, Phillips, & Chiu, 1996), attentional set-

shifting (Lawrence et al., 1998), and lack of automaticity (Thompson et al., 2010).

A number of theories, including the Unitary Resource Theory and the Multiple
Resources Theory, have attempted to explain dual task interference in healthy
individuals. The Unitary Resource Theory views attention as a single, limited capacity
resource that can be allocated to a single task or divided between tasks (Kahneman,
1973). This resource depends on various factors, including task difficulty. Dual task
interference is expected when a task is difficult and requires a large proportion of the
limited attention resource, leaving little of this resource to support performance of a
second task. In contrast, the Multiple Resources Theory states that attention has
separate resource pools (e.g., a visual resource pool, an auditory resource pool), each of
which can be divided among concurrent tasks (Wickens & McCarley, 2008).
Accordingly, dual task interference is expected when tasks make concurrent demands
on the same resources (Wickens, 2002; Wickens & McCarley, 2008). Our study was
designed to test these theories, and to investigate the influence of cognitive demands on

motor outputs in HD. To achieve this aim we adopted motor and cognitive tasks that
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allowed quantifiable manipulations of task difficulty.

Most previous studies suggest that dual task performance is differentially affected in
HD compared with controls. For example, both Sprengelmeyer, Lange and Homberg
(1995) and Muller et al. (2002) used the same visual-auditory dual task and reported
significant differences between HD and control groups in reaction times and error rates.
More recently, Thompson et al. (2010) employed a simple, tone-paced finger-tapping
task with one hand (single task) and with both hands concurrently (dual task). HD
participants demonstrated greater variability in bimanual tapping than controls, and
reported that the dual task was more difficult than the single task. The results suggest
that impaired automaticity might be a possible reason for dual task deficits in HD.
Similarly, Brown, Jahanshahi and Marsden (1993) found that compared with controls,
HD participants were more impaired during dual task performance, and also were more
challenged by a simple button pressing task than by a more challenging peg placement

task.

Although there is evidence that adding a second task leads to improvements, such as
better automaticity of motor tasks in some dual task combinations (Georgiou, Phillips,
Bradshaw, Cunnington, & Chiu, 1997), past research also suggests ample evidence of
impairments in some dual task combinations in HD. Adding to the complexity in
interpreting these findings, stage and/or duration of disease in the HD samples also vary
considerably (Muller et al. 3-13 years; Sprengelmeyer et al. 1-9 years), making it
difficult to discriminate the impact of early and late neuropathological profiles on dual
tasking. Therefore, the current study included participants in the early stages of HD

only.
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Our dual task paradigm employed visuomotor (circle tracing) and cognitive (serial
subtraction) tasks. We manipulated the difficulty level of both tasks to examine the
influence of cognitive demands on different difficulty levels of motor behavior. To our
knowledge, no study has manipulated difficulty of the concurrent tasks in HD. We
selected circle tracing since previous studies have shown HD participants to be impaired
in both speed and accuracy on this task (Lemay, Fimbel, Beuter, & Chouinard, 2005).
These findings were further substantiated by our group in both presymptomatic and
symptomatic stages of HD (Say et al., 2011). Lemay et al. (2005) and Say et al. (2011)
both investigated visuomotor integration under two conditions: direct and indirect circle
tracing. In particular, the circle tracing task required participants to trace an annulus
using a tablet and a stylus. In the direct condition, participants could view their arm and
tracing path whilst tracing the circle. In the indirect circle tracing condition, however,
their arm was covered, and the annulus and their tracing path were displayed on a
separate monitor. HD and controls both performed worse in the indirect condition, and
this effect was more detrimental to HD participants’ performances than controls (Lemay
et al., 2005; Say et al., 2011). Using a serial subtraction task as a second task condition,
this study extends the work of Lemay et al. (2005) and Say et al. (2011) by examining
direct and indirect circle tracing under dual task conditions. We selected serial
subtraction because it has been found to be an effective distractor task (Nicolson &
Fawcett, 1990), previously used as an attention demanding task (Ingram et al., 2000),

and difficulty can be easily manipulated.

In consideration of past research and theories, we predicted that HD participants would
be slower and less accurate across all task conditions compared with controls.

Moreover, we expected speed to be slower and error rates to be higher with increased
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task difficulty across both groups. Consistent with the Unitary Resource Theory,
differences in performance were expected to emerge under the harder conditions, as
manipulating task difficulty can induce limitations in resource allocation. However, if
impaired automaticity is the reason for dual task deficits in HD, then one would expect
either worse performance in the simpler (i.e., direct circle tracing with serial
subtraction) rather than the more difficult (i.e., indirect circle tracing with serial
subtraction) dual task conditions or in the single rather than dual tasks. Consistent with
the Multiple Resources Theory, interference between the circle tracing and serial
subtraction should be minimal, as these tasks are likely to be processed by separate

modalities-responses (i.e., visual-manual and auditory-vocal).

Method

Participants

Fifteen individuals with HD and 15 age-, sex- and education-matched healthy controls
participated. HD participants were diagnosed by an experienced neurologist (AC) on the
basis of genetic confirmation of the disease, and the presence of motor symptoms. Years
since diagnosis ranged from 2 to 7. Motor symptom severity was rated using the motor
scale of the Unified Huntington’s Disease Rating Scale (UHDRS; Huntington Study
Group, 1996). The range of scores was from 7 to 34, out of a possible 60 (higher scores
= worse motor symptoms). Using the Total Functional Capacity Scale of the UHDRS,
the range of scores was from 3 to 13, out of a possible 13 (higher scores = better

functioning).

Sample characterization measures included the Montreal Cognitive Assessment

(MoCA,; Nasreddine et al., 2005), the Wechsler Test of Adult Reading (WTAR;
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Wechsler, 2001), and the Inventory of Depressive Symptomatology-Self-report (IDS-
SR; Rush, Carmody & Reimitz, 2006). The MoCA is a 30-point cognitive screening test
designed to detect cognitive impairment, with scores of 26 and below considered to be
indicative of cognitive impairment. Items from the MoCA emphasize executive
functioning and attention. The WTAR is used to estimate verbal 1Q, and is composed of
50 words that have irregular letter to sound translations. The IDS-SR is a 30-item
questionnaire that assesses the severity of depression within the past 7 days for all
symptom domains of major depression according to the Diagnostic and Statistical
Manual-1VV (American Psychiatric Association, 1994). A score of 0 indicates no
depressive symptoms, whereas a score of 84 indicates very severe depressive
symptoms. Education level was assessed based on the International Standard
Classification of Education (ISCED) system, according to which 0 indicates pre-
primary education and 6 second stage tertiary education (UNESCO, 1997). ISCED,
WTAR and IDS-SR scores did not significantly (p > .05) differ between HD
participants and controls. However, MoCA scores were significantly lower for HD

participants compared with controls, t(28) = 2.40, p =.023 (see Table 1).

All participants gave written informed consent, were fluent in English and self-reported
that they were free of upper limb impairments (i.e., wrist injuries), neurological disease
and psychological disorders, and that they had normal or corrected-to-normal vision and
hearing. Ethics approval was granted by the Monash University Human Research Ethics

Committee.
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Table 1
Demographic Data for HD and Control Groups
HD Controls
n=15 n=15
Sex (F:M) 4:11 4:11
Age (years) 58.40 (8.87) 55.53 (12.33)
MoCA 24.60 (3.06) 27.07 (2.43)
WTAR 109.13 (6.27) 109.85 (8.49)
IDS-SR 14.35 (9.28) 11.60 (6.87)
ISCED 4.06 (0.79) 4.46 (1.12)
Disease duration (years) 4.67 (1.91)
UHDRS Total Functional Capacity 10.20 (3.05)
UHDRS Motor score 21.21 (8.86)
CAG repeat 42.36 (1.82)

Note. CAG = Cytosine-adenine-guanine trinucleotide repeat; IDS-SR = Inventory
of Depressive Symptomatology-Self-Report; ISCED = International Standard
Classification of Education; MoCA = Montreal Cognitive Assessment; UHDRS =

Unified Huntington’s Disease Rating Scale; WTAR = Wechsler Test for Adult Reading.

Dual Task Description and Study Procedure

To investigate dual task performance, participants were required to trace a circle on a
computer tablet using a stylus while performing a serial subtraction task. The circle
tracing and serial subtraction tasks both had easy and hard difficulty level conditions.
Participants first performed these tasks individually: circle tracing without serial
subtraction, and serial subtraction without circle tracing. Specifically, after a practice
trial in the easy circle tracing condition, participants performed easy circle tracing, then
hard circle tracing, followed by easy serial subtraction, and finally hard serial
subtraction. There were three 20 s trials for each circle tracing condition, and two 20 s

trials for each serial subtraction condition.
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Following performance of these single tasks, participants performed three trials of all
possible combinations of difficulty levels of the circle tracing and serial subtraction
tasks: (1) easy circle tracing with easy serial subtraction, (2) easy circle tracing with
hard serial subtraction, (3) hard circle tracing with easy serial subtraction, and (4) hard

circle tracing with hard serial subtraction. Dual task trials lasted 20 s each.

The circle tracing with serial subtraction dual task set was one of four dual task sets that
was performed as part of a larger study. The order of the four dual task sets was
counterbalanced across participants; however, within the circle tracing with serial
subtraction dual task set, the eight conditions were administered in a single standard
order. Across all participants, we used the same order of the eight task conditions for
several reasons. Firstly, we wanted hard tasks to be preceded by easy tasks to allow
mastery of the easy task before adding to the difficulty level. Secondly, we provided
experience with the single tasks before the dual tasks to facilitate mastery of the single
tasks before the added challenge of a second concurrent task. Finally, due to the large
number of conditions within each task set, a study design with all possible permutations
of task order within and across sets would not have been feasible within reasonable
testing duration. It would have also required a larger sample size to ensure there were

sufficient samples within each test order condition.

For the circle tracing task we used a Lenovo ThinkPad® X61 (Morrisville, NC, USA)
tablet positioned in front of the participant at comfortable reach. For the hard condition
of the circle tracing task, a separate desktop monitor was placed about 70 cm in front of
the participant. A 90 mm diameter circle with 5 mm thick white annulus on a gray

background was presented on the tablet for the easy condition, and on the desktop
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monitor for the hard condition. Participants were required to trace the circle, with their
preferred hand, using a stylus that left a blue line indicating the trajectory of circle
tracing path. Participants were instructed to start at the vertical apex of the circle, and to
trace the circle clockwise, as quickly and as accurately as they could. Participants were
instructed that only the tip of the stylus, and no part of their hand, was allowed to touch
the tablet. In the easy condition, participants could observe their arm in motion, and
could monitor the circle tracing path on the tablet. In the hard condition, participants’
views of the tablet and their tracing arm were obscured by a box covering the tablet and
a cloak covering the box and their arm. Therefore, in the easy condition participants
could directly observe their performance on the tablet, whereas in the hard condition
they could only observe their progress indirectly on the separate desktop monitor.
Dependent variables were speed (total number of rotations in 20 s), and error rates
number of errors per rotation). Errors were defined as the stylus moving beyond either

the inner or outer edge of the white annulus for > 100 ms.

For the serial subtraction task, participants counted backward by twos (easy) or by
threes (hard) for 20 s. Starting numbers ranged between 100 and 86 with half of the
trials commencing on an even number. The dependent variable was error rates
(percentage of incorrect responses). We also calculated rate of responses for serial
subtraction by dividing the time to complete the task (20 s) by the number of responses
per participant. We advised participants to perform all tasks as quickly and as accurately

as possible.
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Design and Statistical Analyses

Trials with values more than 3.5 standard deviations from the individual’s mean were
removed prior to computing overall means and standard deviations for speed and for
error rates (see Table 2). To determine the effect of HD and task conditions, we
examined the effects of dual task performance for both speed and error rates. We
computed 2 X 2 X 3 mixed-model ANOVAs with the between factor, Group (HD,
controls), and two within factors, Circle Tracing difficulty (easy, hard), and Serial
Subtraction difficulty (none, easy, hard). We examined main effects, two- and three-
way interactions. We report Greenhouse-Geisser corrected degrees of freedom due to
violations of the sphericity assumption. A Bonferroni adjustment was applied and alpha
was set to .05. We also computed dual task costs in order to quantify participants’
ability to perform two concurrent tasks. We used a 2 X 2 X 2 mixed-model ANOVA
with the between factor, Group (HD, controls), and two within factors, Circle Tracing
difficulty (easy, hard), and Serial Subtraction difficulty (easy, hard). As per previous
studies (de Ribaupierre & Ludwig, 2003; Kemper, Herman, & Lian, 2003; McDowd &
Craik, 1988; Swanenburg, de Bruin, Hegemann, Uebelhart, & Mulder, 2010), dual task
costs for speed were computed using the following formula: dual task cost = (single task
speed—dual task speed)/single task speed, to calculate the relative ratio of single task to
dual task speed, controlling for single task speed. Positive dual task costs indicate that
participants’ speed was reduced in the dual task conditions compared with the single
task conditions. Lastly, in order to examine speed-accuracy trade-offs, we calculated
Pearson’s correlations between speed and error rates for all conditions separately for

each group.
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Results

Overall, HD participants were slower and less accurate on circle tracing (single and dual
tasks), compared with controls. In addition, performance of both groups was worse in
the hard, compared with the easy, circle tracing conditions. In this section, we first
present the effects of dual tasking on circle tracing task performance, followed by dual
task costs and speed-accuracy trade-offs. Lastly, we present serial subtraction

performance.

A three-way ANOVA with speed as the dependent variable revealed significant main
effects of Group, F(1,28) = 451, p = .043, n?2 = .14, Circle Tracing difficulty,
F(1.00,28.00) = 136.00, p < .001, n? = .82, and Serial Subtraction difficulty,
F(1.21,33.92) = 34.61, p < .001, n? = .55. There was a significant three-way interaction
involving Group, Circle Tracing and Serial Subtraction difficulty, F(1.53,42.82) =
13.03, p < .001, n? = .31 (see Figure 1), with significant two-way interactions between
Group and Circle Tracing difficulty, F(1.00,28.00) = 4.52, p =.042, n? = .13, Group and
Serial Subtraction difficulty, F(1.21,33.92) = 7.06, p = .002, n? = .20, and Circle
Tracing and Serial Subtraction difficulty, F(1.53,42.82) = 51.87, p <.001, n?2 = .64. To
understand the different effects within the HD and control groups, we used two-way
ANOVAs with Circle Tracing and Serial Subtraction as factors. In the HD group, we
found a significant main effect of Circle Tracing difficulty, F(1,84) = 38.35, p < .001, n?
= .31, with slower performance on hard (indirect) circle tracing compared to easy
(direct) circle tracing. We found no other main effects or interactions. For controls, we
found significant main effects of Circle Tracing difficulty, F(1,84) = 77.33, p <.001, 1?2
= .47, and Serial Subtraction difficulty, F(2,84) = 18.02, p < .001, n? = .30, and a

significant two-way interaction between Circle Tracing and Serial Subtraction
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difficulty, F(2,84) = 6.67, p = .002, n2 = .13. A post-hoc analysis revealed that controls
performed significantly (p < .001) faster in the easy circle tracing task on its own than

when performed concurrently with either easy or hard serial subtraction.
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Figure 1. Circle tracing difficulty (easy, hard) as a function of serial subtraction
difficulty (none, easy, hard) in (A) HD participants and (B) controls using speed as the

dependent variable. E = Easy; H = Hard. Standard error bars included.

A three-way ANOVA with error rates as the dependent variable revealed significant
main effects of Group, F(1,28) = 11.77, p <.002, n2 = .29, with HD participants making
more errors than controls, and Circle Tracing difficulty, F(1.00,28.00) = 6.49, p = .01,
n? = .18, with more errors in hard than easy circle tracing. We also found a significant
main effect of Serial Subtraction difficulty, F(1.37,38.45) = 7.35, p <.001, n? = .20 with
single tasks being significantly (p < .05) more accurate than dual tasks. There were no

significant interactions.
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For dual task costs, a three-way ANOVA for speed as the dependent variable revealed
significant main effects of Circle Tracing difficulty, F(1.00,28.00) = 33.47, p < .001, n?
= .54, and Serial Subtraction difficulty, F(1.00,28.00) = 14.24, p <.001, n? = .34. There
was also a significant two-way interaction between Circle Tracing and Serial
Subtraction difficulty, F(1.00,28.00) = 12.25, p =.002, n? = .30 (see Figure 2). Post-hoc
analysis revealed significantly (p < .001) higher dual tasks costs when easy circle
tracing was performed concurrently with hard serial subtraction. We did not calculate

dual task costs for error rates as they increased from single to dual task conditions for

both groups.
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Figure 2. Circle tracing difficulty (easy, hard) as a function of serial subtraction
difficulty (none, easy, hard) using dual task costs for speed. E = Easy; H = Hard.

Standard error bars included.

To investigate whether HD participants were more inclined to trade speed for accuracy
and vice versa, we performed a series of correlational analyses between speed and error
rates for each of the six circle tracing task (single and dual tasks) conditions separately
for HD participants and controls. We found significant (p < .05) positive correlations,

indicating speed-accuracy trade-offs in controls across all conditions except hard circle
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tracing with easy serial subtraction. In contrast, the HD group showed this trade-off

only in the easy circle tracing single task (see Figure 3).
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Figure 3. Speed-accuracy trade-offs for HD participants and controls across all circle
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For serial subtraction, error rates were below 6%. Rates of responding were comparable
for the two groups, and increased with task difficulty. Due to the low error rates and
poor distributional qualities, Mann-Whitney U tests were performed across all serial
subtraction conditions to investigate group comparisons. None of the tests reached

statistical significance (p > .05).

Discussion

Consistent with our predictions, HD participants were significantly slower and less
accurate than controls. Both groups were slower and less accurate in the hard circle
tracing conditions with HD participants being disproportionately compromised. Despite
this, and in contrast to our predictions, there were no group differences in dual task
costs. Instead, accuracy increased from single to dual tasks for both groups.
Furthermore, HD participants were less susceptible to speed-accuracy trade-offs than
controls. Our results provide partial support for the Unitary Resource Theory, and show
that although HD participants differ in dual task performance compared with controls,

neither group showed susceptibility to dual task interference.

Consistent with previous studies that used different dual task paradigms (Miller et al.,
2002; Sprengelmeyer et al., 1995), HD was associated with slower performance in both
circle tracing conditions, a finding that may reflect declines in psychomotor function.
The HD group was less accurate across all conditions, and was also disproportionately
compromised during the hard circle tracing conditions. Say et al. (2011) has also
reported disproportionately reduced accuracy in hard circle tracing in HD. Our data
extend these findings into a dual task paradigm. Previous studies have suggested that

slowed performance in indirect circle tracing may be due to the increased sensorimotor
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transformation demand which allows visual and proprioceptive information to be
integrated into a common reference frame (Ingram et al., 2000; Messier & Kalaska,
1997; Say et al., 2011). Furthermore, the differences between the direct and indirect
circle tracing tasks may suggest that the visuospatial demands of the task, which
differed for direct and indirect circle tracing, were greater than the motor demands of

the task, which were the same for direct and indirect circle tracing.

Although both groups maintained their single task speed during dual tasks, accuracy
was poorer for single tasks than dual tasks. It is possible that because the single tasks
were relatively easy, participants gave less effortful attention, or perhaps performed in
more automatized fashion, reducing their monitoring of accuracy. Dual task
performance, however, because it is more attentionally demanding and effortful, may
have led participants to exert greater control, and therefore increased monitoring of
accuracy. Our results are consistent with previous findings that showed simple tasks to
place attentional demands on HD participants (Jahanshahi, Brown, & Marsden, 1993;
Thompson et al., 2010). However, because controls showed a similar pattern, our results

do not substantiate previous findings of impaired automaticity in HD.

The finding that HD was not associated with speed-accuracy trade-offs (with a single
exception), but that speed-accuracy trade-offs were consistently present in controls, may
be considered in the context of accumulator models. Specifically, accumulator models
of speed-accuracy trade-offs assume that sensory evidence accumulates over time from
signal onset until a decision threshold (lvanoff, Branning, & Marois, 2008).
Accumulation of evidence may proceed more or less slowly and more or less

accurately, depending on the task and individual differences. Speed-accuracy trade-offs
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have been found to be implemented by a prefrontal network (lvanoff et al., 2008; Romo
& Salinas, 2003), which has also been implicated in HD (Thiruvady et al., 2007; Wolf
et al., 2008; Wolf, Vasic, Schonfeldt-Lecuona, Landwehrmeyer, & Ecker, 2007).
Therefore, although our instructions emphasized equally speed and accuracy, it is
possible that controls used different strategies that emphasized either speed or accuracy,
whereas HD participants were unable to implement such strategies due to this
dysfunctional prefrontal network. Therefore, controls showed speed-accuracy trade-offs,
whereas HD participants did not manifest trade-offs. This point may be clarified by

instructions that systematically emphasize the speed or accuracy of performance.

As predicted by the Unitary Resource Theory, participants’ speed decreased with task
difficulty; however, in contrast to predictions from this theory, accuracy increased.
Therefore, our results provide only partial support to the unitary resource framework. In
addition, our findings highlight the importance of taking into account both speed and
accuracy, as their relationship may vary with task difficulty or particular cognitive
impairments. Contrary to predictions of the Multiple Resources Theory, our finding of
interference between the circle tracing and serial subtraction is evidence of resource
sharing between two apparently different tasks, suggesting that the visual and auditory

modalities and the manual and vocal responses are not entirely separate.

In terms of limitations of our study, it is important to note that for practical reasons,
counterbalancing the order of single and dual tasks was not possible, thus the results
should be interpreted in the context of dual tasks being performed after single tasks.
Participants’ speed decreased with increased task difficulty, which may reflect practice

effects on task performance. In addition, despite our instructions to perform the tasks as
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quickly and as accurately as possible, our results suggest that the two groups were
affected differently by the competing goals of speed and accuracy. Furthermore, the
serial subtraction task conditions may not have been a sufficient manipulation of

difficulty level, as there was no change in performance associated with difficulty level.

In summary, we demonstrated that HD was associated with overall slowing and less
accuracy in dual tasking compared to controls. Dual task performance in HD was more
compromised in the hard circle tracing tasks compared to controls, regardless of the
difficulty of the second task, suggesting that higher levels of visuomotor task demands
differentially affected HD participants. Despite this, we found no group differences in
dual task costs, suggesting that group differences ceased to exist when single task
performance was taken into account. Rather, accuracy increased from single to dual
tasks. Interestingly, in both groups accuracy increased from single to dual tasks.
Furthermore, in contrast to controls, HD participants were not susceptible to speed-
accuracy trade-offs. Overall, we do not find support for the Multiple Resource Theory,
but our findings provide partial support for the Unitary Resource Theory, and show that
despite differences in dual task performance, neither group was more compromised in

the dual task conditions after taking single task performance into account.
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Chapter 5

A Comparison of Dual Tasks in Huntington’s Disease
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Preamble to Paper

Chapter 5 is the last empirical study presented in this thesis. Here we extend our
previous study by investigating whether HD-related differences in dual tasking increase
with increased task difficulty, as well as complexity. To achieve this aim, we employed
the same two dual task sets that were presented earlier in Chapter 3. This paradigm
provided insight into the importance of manipulating task difficulty and complexity in
dual tasking in HD. It also provided evidence supporting that the type of concurrent task

may affect dual task performance in HD.
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Abstract
Individuals with Huntington’s disease (HD) have difficulty in performing concurrent
tasks. This difficulty has been explained in terms of attentional and automaticity
impairments. In addition, several theories have attempted to explain dual task
interference, including the Unitary Resource and Multiple Resources theories. This
study investigated whether simple tasks make disproportionately high demands in HD
compared with controls, and also tested the unitary and multiple resources frameworks.
Thirteen HD participants and 13 controls completed two dual task sets that varied in
difficulty and complexity: set one paired simple choice reaction time (RT) with digit
forward, and set two paired complex choice RT with digit backward. We found that HD
participants were overall slower; however, although they maintained similar levels of
accuracy in the simple choice RT tasks with controls, their accuracy decreased in the
complex choice RT tasks. In addition, we found that HD participants were more
susceptible to speed-accuracy trade-offs. Despite that, they did not show greater dual
task costs than controls. Overall, our findings support the attentional impairment

hypothesis in HD, and also the Unitary Resource Theory, although not conclusively.

Keywords: Choice reaction time; Divided attention; Dual task costs; Huntington’s

disease; Multitasking; Resource theories.
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Introduction

Dual tasking refers to the performance of two tasks concurrently. From an ecological
point of view, being able to perform multiple tasks at the same time is vital for
independent functioning, as this makes it possible to execute everyday tasks, such as
cooking while talking. The limited multitask research in Huntington’s disease (HD), and
anecdotal reports of HD patients and their families, suggest that multitasking is
impaired in HD. Explanations for this impairment have been suggested, including
deficits in resource allocation (Georgiou, Bradshaw, Phillips, & Chiu, 1996), attentional
set-shifting (Lawrence et al., 1998), and lack of automaticity (Thompson et al., 2010).
Although these explanations are plausible, the definitive basis of multitasking

impairments in HD is still unclear.

The progression of HD is generally slow with the striatum the main site of early
pathology (Georgiou-Karistianis et al., 2013; Tabrizi et al., 2012). Cortical regions are
also affected early (Couette, Bachoud-Levi, Brugieres, Sieroff, & Bartolomeo, 2008),
and are likely to contribute to physical, emotional and cognitive symptoms (Deckel,
Weiner, Szigeti, Clark, & Vento, 2000; Fenney, Jog, & Duval, 2008; Rosas et al.,
2003). Of particular interest is how HD participants multitask activities, which is often a

source of complaint from both patients and family members.

Multitasking is usually studied using dual task paradigms. A number of theoretical
frameworks have also been developed to explain dual task interference, including
unitary resource and multiple resources theories. For instance, according to the Unitary
Resource Theory, attention is a single, limited capacity resource that can be allocated to

a single task or divided between different tasks, and which is affected by task difficulty
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(Kahneman, 1973). According to this theory, dual task performance deteriorates if one
task is difficult and requires a large proportion of this limited attentional resource,
because there is little left to support the performance of the other task. However, in
contrast to the predictions of the Unitary Resource Theory, findings indicate that two
tasks can be performed concurrently even when difficulty is manipulated. To account for
this observation, the Multiple Resources Theory (Wickens & McCarley, 2008) was
proposed, which theorises that attention has multiple separate resource pools (e.g., a
visual resource pool, an auditory resource pool), each of which can be divided among
concurrent tasks. According to this theory, dual task performance would deteriorate
when tasks make concurrent demands on the same resources (Wickens, 2002; Wickens
& McCarley, 2008). Therefore, cross-dimensional tasks (e.g., visual-auditory) should
lead to better processing than uni-dimensional tasks (e.g., visual-visual). At present
there is empirical evidence for and against both theories (e.g., Parkes & Coleman, 1990;
Young & Stanton, 2007) suggesting that the theoretical basis for dual tasking requires
additional development. The current study aimed to examine the Unitary and Multiple

Resources theories by manipulating task difficulty and complexity in HD.

Empirical evidence on dual tasking in HD is sparse. Although dual task impairments
have been reported in HD, no study has addressed the issue of Unitary versus Multiple
Resources theories. For example, Sprengelmeyer et al. (1995) and Miiller et al. (2002)
used the same visual-auditory dual task paradigm that required participants to press a
button to specific stimuli and a different button to discriminative stimuli. Therefore,
although the input of the tasks was cross-dimensional (i.e., visual-auditory), the output
was uni-dimensional (i.e., motor-motor). For one task of the dual task pair, participants

viewed matrices formed by Xs and Os, and were asked to respond by pressing a button
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when they identified four Xs (from within a given matrix) that formed a square. The
second task in the pair, which was performed simultaneously with the matrix task,
required participants to listen to a series of high- and low-pitched tones, and respond
when a tone was followed by another tone of the same frequency. Overall, HD
participants were slower and less accurate than controls on choice reaction time (RT)
tasks when administered within dual task contexts. Due to the different inputs, but same
task outputs, it is difficult to draw conclusions on the multiple resources theory. It is
possible, also endorsed by the authors, that the evidence points at a multi-dimensional

system of semi-independent processes.

We extended past research by using and comparing two sets of dual tasks that differed
in their degree of complexity. Our paradigm has been previously used to investigate
dual task differences in healthy younger and older adults (Vaportzis, Georgiou-
Karistianis, & Stout, 2013). The first task combination (termed the simple dual task set)
paired simple choice RT with digit forward, and the second task combination (termed
the complex dual task set) paired complex choice RT with digit backward. Choice RT
tasks have been previously used to investigate dual task performance in HD, and have
been found powerful for distinguishing between different patient groups (Jahanshahi,
Brown, & Marsden, 1993). Previous studies have also found HD participants to be
significantly impaired in digit forward and backward tasks (Beste, Saft, Giintlrkiin, &
Falkenstein, 2008; Snowden, Craufurd, Thompson, & Neary, 2002; Wolf, Vasic,
Schonfeldt-Lecuona, Ecker, & Landwehrmeyer, 2009). These tasks are comparable, but
differ in complexity. Digit forward requires passive storage of information, whereas
digit backward requires participants to hold information in memory and perform an

operation on it (Babcock & Salthouse, 1990).
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For the current study, we used dual tasks to examine elements of both the Unitary and
Multiple Resources theories. To examine the Multiple Resources Theory, we selected a
combination of tasks (i.e., choice RT and digit tasks) likely to be processed by separate
modalities-responses (i.e., visual-manual and auditory-vocal), thus leading to minimal
interference. To examine the Unitary Resource Theory, we manipulated task difficulty
within the dual task sets, by using easy and hard conditions for both the choice RT and
digit tasks. According to the Unitary Resource Theory, differences are expected to
emerge under the harder conditions, because manipulating task difficulty induces
resource allocation limitations. With regard to HD, if a fundamental deficit is the ability
to automatise responses, then one might expect greater impairments in the simpler, less
demanding tasks. On the contrary, if attention is the primary deficit in HD, then greater

impairments in the more complex and demanding tasks would be expected.

In light of dual task theories and past research, we predicted that HD participants would
be slower and less accurate across all task conditions compared with controls. We
expected speed to be slower and error rates to be higher with increased task difficulty
and from single to dual tasks across both groups. In keeping with the resource allocation
account, we expected disproportionate HD-related differences in speed and error rates in
the complex dual task set; differences in the simple dual task set would support that

simpler tasks make disproportionately high demands in HD.
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Method

Participants

Thirteen participants in the early stages of HD and 13 age-, sex- and education-matched
healthy controls participated. HD participants were diagnosed by an experienced
neurologist (AC) on the basis of genetic confirmation of the disease, and the
unequivocal presence of motor symptoms associated with HD. Years of diagnosis prior
to participation in this study ranged from 2 to 7. Motor symptom severity was rated
using the motor scale of the Unified Huntington’s Disease Rating Scale (UHDRS;
Huntington Study Group, 1996). The range of scores in our sample was between 7 and
34, out of a possible 60. The Total Functional Capacity Scale of the UHDRS was also
assessed. The range of scores in our sample was between 3 and 13 out of a possible 13.
Sample characterisation measures included the Montreal Cognitive Assessment (MoCA;
Nasreddine et al., 2005), the Wechsler Test of Adult Reading (WTAR; Wechsler, 2001),
and the Inventory of Depressive Symptomatology-Self-report (IDS-SR; Rush, Carmody
& Reimitz, 2006). The MoCA is a 30-point cognitive screening test designed to detect
cognitive impairment. The suggested cut-off point for mild impairment is 26
(Nasreddine et al., 2005). All control participants performed over 26 on the MoCA. The
WTAR is used to estimate verbal 1Q, and is composed of 50 words that have irregular
letter to sound translations. The IDS-SR is a 30-item questionnaire that assesses the
severity of depression within the past 7 days for all symptom domains within major
depression according to the Diagnostic and Statistical Manual-1V (American Psychiatric
Association, 1994). A score of 0 indicates no depressive symptoms, whereas a score of
84 indicates very severe depressive symptoms. Education level was assessed based on
the International Standard Classification of Education (ISCED) system, according to

which 0 indicates pre-primary education and 6 second stage tertiary education
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(UNESCO, 1997). ISCED, WTAR and IDS-SR scores did not significantly (p < .05)
differ between HD participants and controls; MoCA scores were significantly lower for

HD participants, t(23) = 2.90, p = .008.

Demographic and disease characteristics of participants are presented in Table 1. All
participants gave written informed consent, were fluent in English, and self-reported
that they were free of upper limb impairments (e.g., wrist injuries), neurological disease
and psychological disorders, and that they had normal or corrected-to-normal vision and
hearing. Ethics approval was granted by the Monash University Human Research Ethics

Committee.

Table 1
Demographic Data for HD Participants and Controls

3:10 3:10
58.15 (9.23) 55.31 (11.36)
25.31 (2.62) 27.83 (1.52)
109.46 (6.70) 111.25 (7.68)
13.83 (7.49) 10.46 (5.22)
4.15 (0.80) 4.54 (1.05)
4.46 (1.94)

10.08 (3.17)

21.42 (9.15)

42.42 (1.92)
Note. CAG = Cytosine-adenine-guanine trinucleotide repeat; IDS-SR =

Inventory of Depressive Symptomatology-Self-Report; ISCED = International
Standard Classification of Education; MoCA = Montreal Cognitive Assessment;
UHDRS = Unified Huntington’s Disease Rating Scale; WTAR = Wechsler Test
for Adult Reading.
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Task Description

Participants were tested individually in a quiet room, and were instructed to perform all
tasks as quickly and as accurately as they could. We used two sets of dual tasks: the
simple dual task set paired simple choice RT with digit forward, and the complex dual
task set paired complex choice RT with digit backward. Each task within each set had

an easy and a hard condition.

We administered both choice RT tasks on a Lenovo ThinkPad® X61 (Morrisville, NC,
USA) laptop. The laptop was placed in front of the participants within comfortable
reach. Participants responded on the keyboard to stimuli that were presented in the
centre of the screen. They pressed the left arrow with their left index finger to respond
to target stimuli, and the right arrow with their right index finger to respond to non-
target stimuli. The ratio of target/non-target stimuli was similar. RT and error rates were
recorded. RT was the time required from the moment each stimulus appeared on the
screen until participant’s response. Error rates were the percentage of incorrect
responses across all trials. A correct response was recorded when participants responded

with the designated keyboard arrow to a target or non-target stimulus.

In the simple choice RT task, stimuli were letters of the alphabet, some of which were
designated as target letters, and the rest as non-target letters. The target letters were X
and Z in the easy condition, and X, Z, O and Y in the hard condition. Non-target letters
were other letters of the alphabet. Trials started with a “get-ready” sign (+) that
remained on the screen for 250 ms. Then, a letter appeared in the same position, and
until the participant responded or for up to 3000 ms (see Figure 1A). Because hard digit

forward requires more time, we adjusted the number of simple choice RT trials so that
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there were enough trials to last throughout the hard digit task. Therefore, there were 45
simple choice RT trials performed concurrently with easy digit forward and 54 trials

performed concurrently with hard digit forward.

(A)
X
Target letter
Up to 3000ms
+
Fixation mark
250ms
R
Non-target letter
Up to 3000ms
+
Fixation mark
250ms
(B)
X | X |© X|O0]| X
D | X | X O| X | X
O|X|O 0|0 | O

Figure 1. (A) A non-target (R) and a target (X) trial of the simple choice RT task. (B)
Target stimuli of the complex choice RT task conditions. On the left matrix, three Xs

appear in a row (easy or hard conditions); on the right matrix, three Os appear in a row

(hard condition).
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In the complex choice RT task, stimuli were 3 X 3 matrices of regular arrays of Xs and
Os. In the easy condition, the target matrices had three Xs in a row, either horizontally
or vertically. In the hard condition, they had either three Xs or three Os in a row (see
Figure 1B). In non-target matrices, Xs and Os appeared in any location that did not
constitute a row. Each stimulus was displayed on the screen until the participant
responded or for up to 3000 ms. The interstimulus interval was 500 ms. The number of
complex choice RT trials was 30 when it was performed concurrently with easy digit

backward, and 40 when it was performed concurrently with hard digit backward.

For digit forward, stimuli were 4-digit (easy) and 5-digit (hard) numbers, and for digit
backward, stimuli were 3-digit (easy) and 4-digit (hard) numbers. Digits ranged
between 0 and 9, and each digit appeared only once in any given number. The series of
numbers was read out at a rate of approximately 1 s, and then participants had to repeat
them aloud in the correct order. As soon as participants recalled a series, the researcher
presented the following one. Error rates were recorded as the percentage of incorrect
responses across trials. For the single tasks, participants completed 10 trials. For the
dual tasks, the number of trials varied from participant to participant since the digit

tasks ended once participants had finished the choice RT tasks.

For the dual task conditions, participants started the choice RT tasks by pressing the
Enter button on the keyboard. At the same time, the experimenter started reading a
series of numbers, the length of which depended on the condition (e.g., easy, hard). As

soon as the participant recalled a series, the experimenter read out the following one.
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Design

For each dual task set, participants first performed the four single tasks followed by
every possible combination of the choice RT with digit tasks as described in Table 2.
Participants performed practice trials prior to each of the single tasks only. The simple
and complex dual task sets were two of four sets of tasks that participants performed as
part of a larger study. The order of the four sets was counterbalanced across
participants, and thus, half of the participants performed the simple dual task set first,
whereas half of the participants performed the complex dual task set first. We did not
counterbalance the order of the conditions, because a full permutation with all the
different conditions for all the different sets of tasks was deemed impractical due to the
large number of conditions within each set of tasks as well as the sample size.
Furthermore, we wanted easy tasks to precede hard tasks in order to allow mastery of
the easy task before increasing task difficulty. Similarly, we wanted single tasks to
precede dual tasks in order to allow mastery of the single tasks before adding the

challenge of a concurrent task.

Table 2

Study Design

Order Simple Dual Task Set Hard Dual Task Set

1 Simple Choice RT E Complex Choice RT E

2 Simple Choice RT H Complex Choice RT H

3 Digit Forward E Digit Backward E

4 Digit Forward H Digit Backward H

5 Simple Choice RT E + Digit Forward E~ Complex Choice RT E + Digit Backward E
6 Simple Choice RT E + Digit Forward H  Complex Choice RT E + Digit Backward H
7 Simple Choice RT H + Digit Forward E ~ Complex Choice RT H + Digit Backward E
8 Simple Choice RT H + Digit Forward H  Complex Choice RT H + Digit Backward H

Note. RT = Reaction time; E = Easy; H = Hard.
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Statistical Analyses

Trials with values more than 3.5 standard deviations from the individual mean were
excluded prior to computing overall means and standard deviations for RT and error
rates across all tasks (see Table 3). For each dependent variable, mixed model
ANOVAs were used to examine effects of groups and task conditions. Taking for
example the simple dual task set, 2 X 2 X 3 mixed model ANOVAs were computed
separately for RT and errors rates, with Group as a between subjects factor (HD,
controls), and two within factors: Simple Choice RT Task difficulty (easy, hard), and
Digit Forward Task difficulty (none, easy, hard). The same model was used for the
complex dual task set. We report Greenhouse-Geisser corrected degrees of freedom due
to violations of the sphericity assumption. Significant interactions of interest were

followed with Bonferroni post hoc tests (a = .05).

We also computed dual task costs separately for RT and error rates for the simple and
complex choice RT tasks, as well as for error rates for the digit tasks, to assess
performance costs associated with completing tasks concurrently. In line with past
studies (de Ribaupierre & Ludwig, 2003; McDowd & Craik, 1988; Swanenburg, de
Bruin, Hegemann, Uebelhart, & Mulder, 2010), we used the formula dual task cost =
(single task-dual task)/single task to calculate the relative ratio of single task to dual task
that controls for single task performance. Taking for example the simple dual task set,
we used a 2 X 2 X 2 mixed-model ANOVA with the between factor Group (HD,
controls) and two within factors: Simple Choice RT Task difficulty (easy, hard) and
Digit Forward Task difficulty (easy, hard). We used the same model for complex choice
RT and digit tasks. Negative dual task costs indicate that RT decreased and error rates

increased in the dual tasks in comparison to the single tasks.



129

‘PIRH = H {ASed =7 W) UOIDE

(LLo)  (sy¥9n)  (Lstr)  (88+1) (06¢) o11) (88'17)  (ST°€D) (s8°%) (£691) (s61) (1zg)

ST'8T Srys LTLT 6L 1Y ¥091 8061 S6'1T 60°0T 80°01 7861 oL L10T n3Iq I
(Lz1)  (gLe1) (67°6) (r87€1) (8s¥) (19%) (togr)  (go81) (89°%) (To°L1) (v61) (11y)

€1°67 ST SS 981 1+°9¢ 997T 1267 SLLT 79°0T ¥9°G LYT1 66L LLTT e {q i
(ov'L1)  (€9710)  (op'81)  (£8°61) (s8¥) (16%) (8t07) (96'11) (9¢'1) (9t'91) (661) (61¢)

68°0T 0¥°0T 1¥°92 ST 0€ 1091 66L1 S911 P TI 8¢°¢G 9T LI €GL 1001 nsql
(zz Tz (ern) (esTr)  (gg91) (1L8) (16¥) (zrer)  (Lé9m) (se¢9) (og+1) (0sT (o0%)

89°81 £VTE 8y61 66°6€ S67T LEOE 69°L 086 SLY ST €18 0111 g
(ov'81)  (81°TT (Lsor)  (zTol) (92¢) (LLY) (os01)  (68°ST) L) (06°5) (s01) rr0)

9L°0T ¥8°€€ 0€T1 86€T 00LT LS61 8€°¢ 0€T1 T 86°S 729 168
(ze1n  (sr1D  (1011)  (€6°€D) (sor) (80%) (LLo) (sL¢) (+0°t) (£9°%) (s01) (zs1)

S1°9 £6°01 $T01 15702 yLTT 6LYT 9L°0 €61 or'¥ 9r'S 98¢ I
sjoquo) ag sjonuo) ag Hehilitvg} (€12 s[onuo) ag sjonuo) dg (oX1ile}g) (€12

(szo11) (szouy) 1Y (I 19 (szous) (stod) 19 (19 19
premyoeg 131 10y xadwo) a9107) xepdwo) premio f 131 o101 ojdung o107 ojdung

SYSD J] F SSODF SJ0.4H0,) pup SIUDAINIUD J (JH fO (SUOLIDIAS pADPUL



130

Results

Overall, HD participants were slower and less accurate on the choice RT tasks. In
addition, performance of both groups was worse in the dual tasks compared with the
single tasks. In this section, we first present the simple choice RT task performance
(single and dual tasks) followed by the complex choice RT task performance (single and

dual tasks). Finally, we present performance on the digit tasks.

Simple Choice RT Task Performance

For the simple choice RT (single and dual tasks), slowing was associated with being in
the HD group, performing dual tasks, and easy digit forward. Using RT as the
dependent variable, a three-way ANOVA revealed significant main effects of Group,
F(1,24) = 8.19, p = .009, n? = .25, with HD participants being significantly slower than
controls, and Digit Forward, F(1.54,37.04) = 51.25, p < .001, n? = .68, with significantly
slower performance in the dual tasks (easy and hard digit forward) compared with
single tasks (no digit forward). Surprisingly, the easy digit forward conditions were
performed significantly (p < .001) slower than the hard digit forward conditions. As
there were no significant interactions, we did not find evidence that having HD unduly

compromised performance of dual tasks compared to controls.

For error rates, a three-way ANOVA revealed that error rates were more affected by the
difficulty level of the digit forward task in HD. Specifically, we found a significant

main effect of Digit Forward, F(1.60,38.39) = 16.33, p < .001, n?

40, and an

interaction between Group and Digit Forward, F(1.60,38.39) = 3.54, p = .04, n? = .13

(see Figure 2). Post hoc analysis showed that HD participants made significantly (p <
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.05) more errors in the dual tasks (easy and hard digit forward) compared with the single

tasks (no digit forward).

25

20

15

10

Error rates (%)

HD Controls

Figure 2. Error rates on the Simple Choice RT as a function of Group (HD, controls)
and Digit Forward Task difficulty (none, easy, hard). E = Easy; H = Hard. Standard

error bars are included.

For dual task costs, we did not find any interactions or HD-related differences for either
RT or error rates suggesting that neither group was more susceptible to dual task
demands. For dual task costs of RT, we found significant main effects of Simple Choice
RT, F(1.00,24.00) = 4.41, p = .04, n2 = .15, with significantly greater costs in the easy
simple choice RT, and Digit Forward, F(1.00,24.00) = 20.09, p < .001, n? = .45, with
significantly greater costs in the easy digit forward. For dual task costs of error rates,
we found a significant main effect of Digit Forward, F(1.00,24.00) = 8.93, p = .006, 1?2

= .27, with significantly greater costs in the hard digit forward conditions.

To investigate whether HD participants were more inclined to sacrifice accuracy for
speed, we performed a series of correlational analyses between speed and error rates for

each of the six simple choice RT conditions separately for the two groups. We found
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significant (p < .05) positive correlations across a number of conditions suggesting
speed-accuracy trade-offs for the HD group only. Specifically, we found speed-accuracy
trade-offs in all conditions for HD participants with exception the single condition of

the easy simple choice RT task (see Figure 3).

E Simple Choice RT H Simple Choice RT
: 2500 -
207 mpr=os4 P00 mpm g7
é 2000 ‘ Controls r=-0.10 é 2000 | Controls r=-041
£ 1500 | £ 1500 - -
g g ®
21000 o ® @ £ 1000 %
2 500 e 500
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0 - ‘ ‘ ‘ 0 . ‘ ‘
0 20 40 60 0 20 40 60
Error rates (%) Exrror rates (%)
E Simple Choice RT-E Digit Forward H Simple Choice RT-E Digit Forward
& 25 -
2500 | D= 050 23007 pr— g 93
Z 2000 Controls r=-0.25 ’g 2000 - Controls r=0.04
£ 1500 £ 1500
g 1000 - £ 1000
E § 500 P O
5 5
S 500 & 500
0 - ; ; ‘ 0 , ‘ ‘
0 20 40 60 0 20 40 60
Error rates (%) Error rates (%)
E Simple Choice RT-H Digit Forward H Simple Choice RT-H Digit Forward
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Figure 3. Speed-accuracy trade-offs for HD participants and controls across all

conditions of the simple dual task set. E = Easy; H = Hard. ** p <.001.
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Complex Choice RT Task Performance

For the complex choice RT (single and dual tasks), slowing was associated with being
in the HD group, performing dual tasks, hard complex choice RT, and easy digit
forward. Using RT as the dependent variable, a three-way ANOVA revealed significant
main effects of Group, F(1,24) = 6.03, p = .022, n? = .20, Complex Choice RT,
F(1.00,24.00) = 13.88, p = .001, n2 = .36, and Digit Backward, F(1.86,44.67) = 120.01,
p < .001, n? = .83. We also found a significant interaction between Group and Digit
Backward, F(1.86,44.67) = 6.66, p = .01, n? = .21 (see Figure 4). Post hoc analysis
showed that both groups were significantly (p < .001) slower in the easy digit backward

conditions, compared with the hard digit backward and single task conditions.

3500 v o No Digit
—— E Digit Backward

g 3000 - - - - - H Digit Backward
g 2500 -
§ 2000 -
(S} T=< -~
g ;" ............... I
5 B I

1000 ' '

HD Controls

Figure 4. Reaction times on the Complex Choice RT as a function of Group (HD,
controls) and Digit Backward difficulty (none, easy, hard). E = Easy; H = Hard.

Standard error bars are included.

In addition, we found a significant interaction between Complex Choice RT and Digit
Backward, F(1.79,43.04) = 121.08, p < .001, n? = .46. Post hoc analysis revealed that
hard complex choice RT task was performed significantly (p < .001) slower than easy

complex choice RT task in the single tasks (no digit backward). We also found that the
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easy digit backward conditions were performed significantly (p < .001) slower than the
single tasks and the hard digit backward conditions regardless of complex choice RT

difficulty.

For error rates, a three-way ANOVA showed that HD participants were less accurate.
Specifically, we found a significant main effect of Group, F(1,24) = 11.28, p = .003, n?
= .32, with HD participants making significantly more errors than controls. We also
found a significant main effect of Digit Backward, F(1.61,38.74) = 28.90, p <.001, n2 =
.54, and an interaction between Complex Choice RT and Digit Backward, F(1.93,46.45)
= 461, p = .01, n2 = .16. Post hoc analysis showed that all participants made
significantly (p < .01) more errors in the dual tasks (easy and hard digit backward)

compared with the single tasks (no digit backward).

For dual task costs, we did not find any interactions or HD-related differences for RT;
however, for error rates, we found that HD participants were less susceptible to dual
task demands in the hard digit backward conditions. More specifically, for dual task
costs for RT, we found significant main effects of Complex Choice RT, F(1.00,24.00) =
44,71, p < .001, n? = .65, with significantly greater costs in easy complex choice RT,
and Digit Backward, F(1.00,24.00) = 76.32, p < .001, n? = .76, with significantly
greater costs in easy digit backward. For dual task costs for error rates, we found a
significant interaction between Group and Digit Backward, F(1.00,24.00) = 6.15, p =
.02, n?2 = .20 (see Figure 5). Post hoc analysis showed that HD participants had
significantly (p = .01) lower costs in the hard digit backward, compared with the easy

digit backward; controls showed no significant difference.
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Figure 5. Dual task costs (error rates) on the Complex Choice RT (easy, hard) as a

function of Group (HD, controls). E = Easy; H = Hard. Standard error bars are included.

Similarly with the simple choice RT tasks, we performed a series of correlational
analyses between speed and error rates for each of the six complex choice RT
conditions separately for the two groups. We found significant (p < .05) positive
correlations across a number of conditions. Specifically, we found that HD participants
sacrificed speed for accuracy in all dual task conditions, but not in the single task
conditions. Controls showed speed-accuracy trade-offs only in the easy complex choice

RT dual tasks (see Figure 6).
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Figure 6. Speed-accuracy trade-offs for HD participants and controls across all

conditions of the complex dual task set. E = Easy; H = Hard. ** p <.001; * p < .05.




137

Digit Tasks Performance

Performance of the two groups did not differ on the digit forward tasks. For the digit
backward tasks, however, HD participants made significantly more errors. Specifically,
for digit forward, a three-way ANOVA revealed a significant main effect of Digit
Forward, F(1.00,24.00) = 21.48, p <.001, n2 = .47, with significantly more errors in the
hard conditions. There was also a significant main effect of Simple Choice RT,
F(1.78,42.73) = 10.44, p < .001, n? = .30, with significantly more errors in the dual tasks

compared with the single tasks. There were no significant interactions.

For digit backward, a three-way ANOVA showed significant main effects of Group,
F(1,24) = 4.82, p =.0.3, n? = .17, with HD participants making significantly more errors
than controls; Digit Backward, F(1.00,24.00) = 50.47, p < .001, n? = .68, with
significantly more errors in the hard conditions compared with the easy conditions; and
Complex Choice RT, F(1.93,46.33) = 14.77, p < .001, n? = .38, with significantly more
errors in the dual tasks compared with the single tasks. There were no significant
interactions. For dual task costs, we did not find any interactions or HD-related

differences for either digit forward or digit backward.

Discussion

This study examined whether simple tasks make disproportionately high demands in
HD compared with controls, and tested the Unitary Resource and Multiple Resources
theories. We employed two dual task sets that varied in difficulty and complexity, and

expected HD participants to be slower and less accurate across all conditions.
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In line with our prediction, and consistent with Miller et al. (2002) and Sprengelmeyer
et al. (1995), we found that HD participants were overall slower. However, although
they maintained similar levels of accuracy with controls in the simple choice RT tasks,
their accuracy decreased in the complex choice RT tasks. Therefore, performance in HD
was more compromised in the more demanding dual task set. Thompson et al. (2011)
demonstrated impaired automaticity in HD using tapping tasks, and suggested that the
automaticity principle extends to cognitive tasks as they found tapping variability to be
correlated with neuropsychological measures, such as the Stroop test. We argued that
difficulty in automatising responses in HD would be manifest by greater impairments in
the simpler, less demanding tasks, whereas greater impairments in the more complex
and demanding tasks, would suggest attentional impairments in HD. We found that HD
participants were more compromised in the more challenging dual task set, thus our

findings are in keeping with the attentional impairment hypothesis.

In support of the Multiple Resources Theory, we expected minimal interference
between the choice RT and digit tasks; in support of the Unitary Resource Theory, we
expected differences to emerge with increased task difficulty. Overall, our findings
showed some resource sharing between two seemingly different tasks, suggesting that
the visual and auditory modalities and the manual and vocal responses are not as utterly
separate as the Multiple Resources Theory posits. Although not conclusively, these
results favour the Unitary Resource Theory (Kahneman, 1973), as with increased task
difficulty performance of both groups deteriorated. In further support of this theory,
performance of HD participants was slower, possibly because they came to a point
where attentional resources were not enough to perform the tasks quicker than controls.

However, we found HD-related differences in error rates only in the complex choice RT
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tasks. Thus, our study highlights the importance of manipulating task difficulty and
complexity, as well as taking into account speed and accuracy measures, as the
relationships between HD and these measures may vary with task difficulty and

complexity.

Both groups were slower and made more errors in the choice RT tasks when they
performed the digit tasks concurrently, strengthening the notion that the dual task
conditions increased cognitive load. Surprisingly, we found that HD participants had
lower dual task costs in error rates when complex choice RT was performed with hard
digit backward, and this was the only significant group difference that we found in dual
task costs. We suggest that perhaps HD participants were more robust to the demands of
the second concurrent task because their performance was already sufficiently
compromised in the single task conditions, therefore, making it possible for them to

incorporate the second task without further reduction in their accuracy.

Furthermore, we found that HD participants were more inclined to speed-accuracy
trade-offs probably due to inability to maintain speed at reasonable accuracy and vice
versa, and despite our instructions that emphasised both. This finding may be explained
by accumulator models of speed-accuracy trade-offs. Accumulator models posit that
sensory evidence accumulates over time from stimulus onset until a decision threshold
(Ivanoff, Branning, & Marois, 2008). Speed-accuracy trade-offs may surface depending
on the task and individual differences, and therefore, accumulation of evidence may
progress more or less slowly and accurately (lvanoff et al., 2008). Studies have
suggested that speed-accuracy trade-offs are implemented by a prefrontal network

(Ivanoff et al., 2008; Romo & Salinas, 2003), which has also been implicated in HD
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(Gray et al., 2013; Thiruvady et al., 2007; Wolf et al., 2008; Wolf, Vasic, Schonfeldt-
Lecuona, Landwehrmeyer, & Ecker, 2007). It remains to be determined whether the
different pattern of results between the two groups can be modulated by instructions that

emphasise either speed or accuracy of performance.

In terms of the caveats of our study, although we instructed participants to perform the
tasks as quickly and as accurately as they could, our results suggest that it is likely that
HD participants were affected differently than controls with respect to the competing
goals of speed and accuracy. An important question that remains is whether the speed-
accuracy trade-offs that we observed were a result of conscious rather than automatic
processes. Furthermore, our conclusions must be considered in light of possible order
effects since, for practical reasons, we did not counterbalance single and dual tasks.
However, because we found that participants’ performance deteriorated in the harder
tasks, which were presented later (i.e., with the greatest amount of practice), if anything,
counterbalancing would most likely have further strengthened our findings. Finally, our
control group did not execute the simple choice RT dual tasks as efficiently as the single
tasks, suggesting that even this simple combination of tasks placed some demand on

conscious attention, and could not be entirely automatised.

A major aim of the current study was to compare different sets of dual tasks that
differed in complexity. We also manipulated task difficulty of both tasks within each
set. Research in dual tasking in HD is limited, and most previous studies have used only
one dual task, and did not examine dual task performance at different difficulty levels.
We found that HD participants were slower across all tasks, however, accuracy

differences emerged with increased task complexity, suggesting some attentional
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impairment in HD. These findings, along with our results indicating speed-accuracy
trade-offs mainly for HD participants, highlight the importance of taking into account
measures of both speed and accuracy. Despite that, HD participants did not show
greater dual task costs than controls; in fact, they showed lower costs in error rates of
the complex choice RT task when performed with hard digit backward. Overall, we
found a differential effect of dual task performance between HD participants and
controls that depends on both the difficulty and complexity level of dual tasks. Although
not conclusive, performance of both groups deteriorated with task difficulty giving
some support to the Unitary Resource Theory, and also with task complexity, giving
support to the attentional impairment hypothesis in HD. Further investigation in multi-

tasking is warranted as it is vital for independent living.



142

References

American Psychiatric Association. (1994). Diagnostic and statistical manual of mental
disorders (4th ed.). Washington, DC: American Psychiatry Association.

Babcock, R. L., & Salthouse, T. A. (1990). Effects of increased processing demands on
age differences in working memory. Psychology and Aging, 5, 421-428.

Beste, C., Saft, C., Guntirkun, O., & Falkenstein, M. (2008). Increased cognitive
functioning in symptomatic Huntington’s disease as revealed by behavioral and
event-related potential indices of auditory sensory memory and attention. The
Journal of Neuroscience, 28, 11695-11702.

Couette, M., Bachoud-Levi, A.-C., Brugieres, P., Sieroff, E., & Bartolomeo, P. (2008).
Orienting of spatial attention in Huntington's disease. Neuropsychologia, 46,
1391-1400.

de Ribaupierre, A., & Ludwig, C. (2003). Age differences and divided attention: Is there
a general deficit? Experimental Aging Research, 29, 79-105.

Deckel, A. W., Weiner, R., Szigeti, D., Clark, V., & Vento, J. (2000). Altered patterns
of regional cerebral blood flow in patients with Huntington's disease: A SPECT
study during rest and cognitive or motor activation. The Journal of Nuclear
Medicine, 41, 773-780.

Fenney, A., Jog, M. S., & Duval, C. (2008). Bradykinesia is not a “systematic” feature
of adult-onset Huntington's disease; Implications for basal ganglia
pathophysiology. Brain Research, 1193, 67-75.

Georgiou, N., Bradshaw, J. L., Phillips, J. G., & Chiu, E. (1996). The effect of
Huntington's disease and Gilles de la Tourette's syndrome on the ability to hold

and shift attention. Neuropsychologia, 34, 843-851.



143

Georgiou-Karistianis, N., Stout, C. J., Dominquez, J. F., Carron, S. P., Ando, A.,
Churchyard, A., . . . Egan, G. F. (2013). Functional magnetic resonance imaging
of working memory in Huntington’s disease: Cross-Sectional data from the
IMAGE-HD study, Human Brain Maping, in press 12 March 2013.

Gray, M. A,, Egan, G. F., Ando, A., Churchyard, A., Chua, P., Stout, J. C., & Georgiou-
Karistianis, N. (2013). Prefrontal activity in Huntington's disease reflects
cognitive and neuropsychiatric disturbances: The IMAGE-HD study.
Experimental Neurology, 239, 218-228.

Huntington Study Group. (1996). TheUnified Huntington’s Disease Rating Scale:
Reliability and consistency. Movement Disorders, 11, 136-142.

Ivanoff, J., Branning, P., & Marois, R. (2008). fMRI evidence for a dual process
account of the speed-accuracy tradeoff in decision-making. PLoS ONE, 3, e2635.

Jahanshahi, M., Brown, R. G., & Marsden, C. D. (1993). A comparative study of simple
and choice reaction time in Parkinson's, Huntington's and cerebellar disease.
Journal of Neurology, Neurosurgery, & Psychiatry, 56, 1169-1177.

Kahneman, D. (1973). Attention and effort. New Jersey: Prentice-Hall.

Lawrence, A. D., Hodges, J. R., Rosser, A. E., Kershaw, A., ffrench-Constant, C.,
Rubinsztein, D. C., . . . Sahakian, B. J. (1998). Evidence for specific cognitive
deficits in preclinical Huntington's disease. Brain, 121, 1329-1341.

McDowd, J. M., & Craik, F. I. M. (1988). Effects of aging and task difficulty on divided
attention performance. Journal of Experimental Psychology: Human Perception
and Performance, 14, 267-280.

Mdiller, S. V., Jung, A., Preinfalk, J., Kolbe, H., Ridao-Alonso, M., Dengler, R., &
Miinte, T. F. (2002). Disturbance of "extrinsic alertness” in Huntingtons disease.

Journal of Clinical and Experimental Neuropsychology, 24, 517-526.



144

Nasreddine, Z. S., Phillips, N. A., Bédiriam, V., Charbonneau, S., Whitehead, V.,
Collin, 1., . . . Chertkow, H. (2005). The Montreal Cognitive Assessment, MoCA.:
A brief screening tool for mild cognitive impairment. Journal of the American
Geriatrics Society, 53, 695-699.

Parkes, A. M., & Coleman, N. (1990). Route guidance systems: A comparison of
methods of presenting directional information to the driver. In E. J. Lovesey (Ed.),
Contemporary ergonomics. Mahwah, NJ: Erlbaum.

Romo, R., & Salinas, E. (2003). Flutter discrimination: Neural codes, perception,
memory and decision making. Nature Reviews Neuroscience, 4, 203-218.

Rosas, H. D., Koroshetz, W. J., Chen, Y. I, Skeuse, C., Vangel, M., Cudkowicz, M. E.,
... Goldstein, J. M. (2003). Evidence for more widespread cerebral pathology in
early HD: An MRI-based morphometric analysis. Neurology, 60, 1615-1620.

Rush, A. J.,, Carmody, T., & Reimitz, P.-E. (2006). The Inventory of Depressive
Symptomatology (IDS): Clinician (IDS-C) and Self-Report (IDS-SR) ratings of
depressive symptoms. International Journal of Methods in Psychiatric Research,
9, 45-59.

Snowden, J. S., Craufurd, D., Thompson, J., & Neary, D. (2002). Psychomotor,
executive, and memory function in preclinical Huntington's disease. Journal of
Clinical and Experimental Neuropsychology, 24, 133-145.

Sprengelmeyer, R., Lange, H., & HOmberg, V. (1995). The pattern of attentional
deficits in Huntington's disease. Brain, 118, 145-152.

Swanenburg, J., de Bruin, E. D., Hegemann, S., Uebelhart, D., & Mulder, T. (2010).
Dual tasking under compromised visual and somatosensory input in elderly fallers

and non-fallers. The Open Rehabilitation Journal, 3, 169-176.



145

Tabrizi, S. J., Reilmann, R., Roos, R. A. C., Durr, A., Leavitt, B., Owen, G., . ..
investigators, the TRACK-HD. (2012). Potential endpoints for clinical trials in
premanifest and early Huntington’s disease in the TRACK-HD study: Analysis of
24 month observational data. The Lancet, 11, 42-53.

Thiruvady, D. R., Georgiou-Karistianis, N., Egan, G. F., Ray, S., Sritharan, A., Farrow,
M., ... Cunnington, R. (2007). Functional connectivity of the prefrontal cortex in
Huntington's disease. Journal of Neurology, Neurosurgery, & Psychiatry, 78, 127-
133.

Thompson, J. C., Poliakoff, E., Sollom, A. C., Howard, E., Craufurd, D., & Snowden, J.
S. (2010). Automaticity and attention in Huntington's disease: When two hands
are not better than one. Neuropsychologia, 48, 171-178.

UNESCO. (1997). International Standard Classification of Education from

http://www.uis.unesco.org/ev.php?ID=7433 201&ID2=DO TOPIC

Vaportzis, E., Georgiou-Karistianis, N., & Stout, C. J. (2013). Dual task performance in
normal aging: A comparison of choice reaction time tasks. PLoS ONE, 8, e60265.

Wechsler, D. (2001). Wechsler Test of Adult Reading. San Antonio: The Psychological
Corporation.

Wickens, C. D. (2002). Multiple resources and performance prediction. Theoretical
Issues in Ergonomics Science, 3, 159-177.

Wickens, C. D., & McCarley, J. S. (2008). Applied attention theory. Boca Raton: Taylor
& Francis.

Wolf, R. C., Sambataro, F., Vasic, N., Shonfeldt-Lecuona, C., Ecker, D., &
Landwehrmeyer, B. (2008). Aberrant connectivity of lateral prefrontal networks

in presymptomatic Huntington's disease. Experimental Neurology, 213, 137-144.


http://www.uis.unesco.org/ev.php?ID=7433_201&ID2=DO_TOPIC

146

Wolf, R. C., Vasic, N., Schonfeldt-Lecuona, C., Ecker, D., & Landwehrmeyer, G. B.
(2009). Cortical dysfunction in patients with Huntington's disease during working
memory performance. Human Brain Mapping, 30, 327-339.

Wolf, R. C., Vasic, N., Schonfeldt-Lecuona, C., Landwehrmeyer, B., & Ecker, D.
(2007). Dorsolateral prefrontal cortex dysfunction in presymptomatic
Huntington’s disease: Evidence from event-related fMRI. Brain 130, 2845-2857.

Young, M. S., & Stanton, N. A. (2007). Miles away: Determining the extent of
secondary task interference on simulated driving. Theoretical Issues in

Ergonomics Science, 8, 233-253.



147

Chapter 6

General Discussion



148

6.1. Summary of Results

Behavioural and neuroimaging research, as outlined in Chapter 1, has shown that HD
and ageing are associated with difficulties in dual tasking. Although the basis of these
difficulties remains unresolved, a number of explanations that have been put forward
include impairments in resource allocation in HD and limited availability in mental
resources in ageing. Processing Speed (Salthouse, 2000), Multiple Resources (Wickens
& McCarley, 2008) and Unitary Resource (Kahneman, 1973) theories have also
attempted to provide a theoretical explanation for dual task difficulties in these

populations.

The overall aim of this thesis was to systematically examine dual task performance in
HD and healthy younger and older adults. Previous studies and theories have suggested
that dual task performance can be affected by task similarity and task difficulty. For this
reason, we selected four sets of tasks that have been previously used in HD or other
clinical populations. Each task varied in its input (e.g., visual) and output (e.g., motor)
modalities, and also in its level of difficulty (easy and hard). We examined several dual
task sets because previous research in healthy subjects and other patient groups has
shown that dual task performance depends on the type of concurrent task. Therefore, by
investigating more than one type of concurrent task, and different combinations of tasks,
we reasoned that we could make more generalisable conclusions about dual tasking in

HD.

The first study, presented in Chapters 2 and 3 (submitted and published manuscripts,
respectively), was conducted with healthy younger and older adults to characterise the

parameters of the tasks in a healthy population, and to investigate the potential



149

suitability of the tasks for measuring dual task performance in the subsequent studies
with HD. Chapter 2 describes a study that used circle tracing with serial subtraction
tasks. For the easy level of the circle tracing task, participants traced a circle on a tablet
that was placed in front of them. Similarly, for the hard level, participants traced a circle
on a tablet; however, in this condition their arm was covered, and they had to monitor
their progress on a second monitor screen that was placed in front of them. For serial
subtraction, participants counted backward by twos (easy) and by threes (hard). Results
indicated that older adults were significantly slower than younger adults across all
conditions, and had significantly greater dual task costs when they performed circle
tracing with the easy level of serial subtraction. Higher levels of task difficulty were
associated with slower speed in both groups. We found no age-related differences in
accuracy. We also found speed-accuracy trade-offs regardless of age group. These
findings suggest that different measures of performance may be affected differently
during dual tasking. Furthermore, with increased age, people may rely to a greater

extent on proprioceptive feedback to guide upper limb movement.

Chapter 3 presents a study comparing two dual task sets with similar types of demands,
but varied in complexity. The first set paired simple choice RT with digit forward, and
the second set paired complex choice RT with digit backward. For simple choice RT,
participants viewed single letters and pressed a specified keyboard key if the letter was
X or Z or a different key for other letters (easy). For the hard level, there were 4 target
letters (X, Z, O, Y). Concurrently, participants repeated 4 (easy) or 5 (hard) digits in the
same order. For the complex choice RT, participants viewed 4 X 4 matrices of Xs and
Os, and indicated whether four Xs (easy) or four Xs or four Os (hard) appeared in a

row. Concurrently, participants repeated 3 (easy) or 4 (hard) digits in backward order.
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Results showed that in the simple choice RT tasks, older adults were significantly
slower than, but as accurate as younger adults. In the complex choice RT tasks, older
adults were significantly less accurate, but as fast as younger adults. RT decreased and
error rates increased with greater task difficulty for both age groups and both dual task
sets. Older adults had greater dual task costs for error rates in the simple choice RT,
whereas in the complex choice RT, it was the younger group that had greater dual task
costs. Overall, these findings suggest that different age groups may adopt differential
behavioural strategies, which emphasise either speed or accuracy, depending on both

the complexity and difficulty of dual tasks.

The second study, as presented in Chapters 4 and 5, was conducted with participants in
the early stages of HD and healthy controls. Similarly to Chapter 2, Chapter 4 describes
a study that used circle tracing with serial subtraction (see description of tasks earlier in
this section). Results showed that HD participants were significantly slower and less
accurate than controls, and their performance was more compromised in the hard circle
tracing condition, suggesting that different difficulty levels may affect differentially
dual tasking in HD. Despite this, we found no group differences in dual task costs.
Surprisingly, accuracy increased from single to dual tasks for both groups. Finally,
unlike controls, we found that HD participants were not susceptible to speed-accuracy
trade-offs. Overall, the key finding of this study is that although HD participants differ
from controls in dual task performance, we did not find evidence suggesting that HD is

associated with greater susceptibility to dual task interference.

Chapter 5 presented a study with HD participants that compared the two dual task sets

described earlier in this section: simple choice RT with digit forward and complex



151

choice RT with digit backward. For this study however, the complex choice RT task
was modified because findings from the ageing study indicated that older adults
committed a large number of errors, suggesting the task would be too difficult for HD
participants. To simplify the task, the stimuli that were used in the HD study were 3 X 3
matrices of Xs and Os instead of 4 X 4 matrices that were used in the ageing study. In
addition, participants had to indicate whether four Xs (easy) or fours Xs and four Os
appeared in a row either horizontally or vertically, unlike the ageing study in which
rows of Xs and Os appeared diagonally as well. Results suggested that HD participants
were overall slower than controls. In terms of accuracy, there were no group differences
in the simple choice RT task; however, HD participants were more compromised in the
complex choice RT task compared with controls. Furthermore, HD participants were
more susceptible to speed-accuracy trade-offs. Despite this, we found no dual task cost
differences between the two groups. These findings suggest that speed and accuracy

may be affected differently by complexity and difficulty of dual tasks in HD.

In summary, we found that HD participants differ from healthy controls in dual task
performance (Chapters 4 and 5), and similarly, older adults differ from younger adults
in dual task performance (Chapters 2 and 3). Our findings suggest that distinct measures
(i.e., speed and accuracy) may be affected differently during dual task performance.
They also suggest that particular groups may adopt different strategies depending on
both the difficulty and complexity of dual tasks. For the first time, this thesis examined
dual task performance in HD and in different age groups by using a battery of dual task
sets at different difficulty and complexity levels. Our findings showed that the type of

concurrent task does matter in dual task performance in both HD and ageing.
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6.2. Implications of Findings

Dual tasking poses a pervasive challenge in contemporary life. Modern adults are
constantly faced with numerous demands that, often, have to be satisfied within a
restricted timeframe. Our overall findings supported past research that has found HD
participants to be more compromised during dual task performance compared with
healthy controls (Delval et al., 2008; Mdller et al., 2002; Sprengelmeyer, Lange, &
HOomberg, 1995), and older adults to be more compromised compared with younger
adults (Crossley & Hiscock, 1992; McPhee, Scialfa, Dennis, Ho, & Caird, 2004,

Verhaeghen, Steitz, Sliwinski, & Cerella, 2003).

From a practical perspective, understanding dual task differences in HD and in healthy
ageing may provide insights into functional attentional abilities. For example, studies
have shown that changes in dual task performance are significantly correlated with risk
of falls in older adults (Beauchet et al., 2009; Verghese et al., 2002). In addition, HD
participants have been found to have difficulty walking while performing concurrent
cognitive tasks (Delval et al., 2008), and thus, are at greater risk of falls compared with
the general population. Dual tasking is important for independent living; therefore, our
findings stress the significance of empirical work on this topic, as they may inform the
development of approaches that compensate for weaknesses in dual tasking due to HD
or older age. Further research may provide insight regarding increased dual task deficits
in these populations, and if identified early, could enable timely intervention programs

that will enhance the quality of life of people living with HD and of older adults.

From a clinical perspective, it is generally agreed upon that attentional changes are an

early feature of HD. Thus, because they are a means of taxing attentional processes,
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dual task tests may provide a useful means for assessing, diagnosing and monitoring
disease progression. Our second study (Chapters 4 and 5) clearly showed that dual tasks
can discriminate between HD and healthy controls. Research is essential for the
development of tests that will be well-suited for clinical use, and may contribute to
diagnosis early in the course of the disease. In addition, it may allow implementation of
interventions and treatments. Functional decline in HD may partially be attributed to
underperformance when faced with complex sets of environmental demands, pointing to
the need to consider how to modify environments and demands to keep functioning at
its best levels. Currently, the sensitivity of dual tasking to disease severity and
progression compared with other cognitive deficits is unknown. Therefore, it may be
useful to investigate dual tasking in conjunction with other tasks. From a
pharmacological standpoint, because these tasks have a large need for attentional
resources and strategic allocation of attention, it may be possible that improvements can
be made with treatments that affect attention. For instance, galantamine has been used
to treat Alzheimer’s disease (Kavanagh, Van Baelen, & Schauble, 2011), has
neuroprotective effects (Egea et al., 2012), and there is some evidence that can attenuate
neurodegeneration in HD (Park, Lee, Im, Chu, & Kim, 2008; Petrikis, Andreou,

Piachas, Bozikas, & Karavatos, 2004).

6.3. Theoretical Implications

We found that people with HD as well as older adults are less able to attend to two tasks
simultaneously as compared with healthy age-matched participants and younger adults,
respectively. These declines in performance in HD and older adults may be due to
pathological changes in the frontal regions of the brain that regulate working memory

processes, a possibility that provides some support for the Posner and Petersen (1990)



154

model of attention. The Posner model posits that an anterior attention system, involving
the prefrontal cortex and the anterior cingulate, is activated when individuals have to
attend to simultaneous tasks. This system is more sensitive to the effects of older age
and possibly also to the effects of HD, since the prefrontal cortex has been implicated in

both.

The current thesis addressed the issue of Unitary versus Multiple Resources theories in
HD and ageing. Contrary to the predictions of the Multiple Resources Theory, which
states that attention has separate resource pools that can be divided among concurrent
tasks (Wickens, 2008), overall, our results showed evidence of resource sharing
between tasks with seemingly different inputs and outputs, suggesting that the visual
and auditory modalities and the manual and vocal responses are not totally separate.
Consistent with the predictions of the Unitary Resource Theory, which states that
attention is a single limited capacity resource that can be allocated to a single task or
divided between tasks (Kahneman, 1973), for most task combinations, performance of
participants deteriorated with increased task difficulty. However, for some task
combinations, participants’ performance was similar across easier and harder
conditions. For example, as described in Chapter 2, we found no age-related differences
in accuracy of circle tracing performance with increased task difficulty. Furthermore,
accuracy in circle tracing increased from single to dual tasks in both HD participants
and healthy controls (Chapter 4). Therefore, our results only partially supported the

unitary resource framework.

Although our data do not support the Multiple Resources Theory, we cannot be

conclusive as we did not match the tasks that made up each dual task set for difficulty.
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Due to the nature of our dual task sets, one could argue that participants did not process
them in parallel (i.e., processing tasks simultaneously), but rather switched their
attention between the two tasks. For instance, several participants struggled to complete
complex choice RT concurrently with digit backward. In some cases we observed
participants gazing up to rehearse the digits and consequently missing out on the
complex choice RT task. In all probability, our participants may have varied in the
strategies they used to complete these tasks, including parallel and serial processing
(i.e., processing one task at a time). A speculative suggestion that has been endorsed by
previous investigators (Miller et al., 2002; Sprengelmeyer et al., 1995) is that attention
is a multidimensional system comprising related but otherwise semi-independent
processes. Therefore, there is some support for a composite theory that incorporates

aspects of both unitary and multiple resources theories.

Our findings also have implications for the Processing-Speed Theory as they indicate
that age-related differences cannot be explained entirely by processing speed. The
Processing-Speed Theory predicts that age-related differences are likely to be
underpinned by processing speed changes, and should be more pronounced in more
cognitively demanding tasks (Salthouse, 2002). Chapter 4 showed that age-related
differences are best demonstrated by both speed and accuracy, with the relationships
between these measures and ageing varying with task difficulty levels. Specifically, we
found older adults to be slower than, but as accurate with younger adults in simple
processing tasks; however, in more complex processing tasks, older adults were as
quick as, but less accurate than younger adults. These findings support previous
research that also found differential effects on processing speed and processing

accuracy (Brébion, 2001). Furthermore, Chapter 5 presents a HD study that showed that
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although HD participants were overall slower, they maintained similar levels of
accuracy in simple processing tasks with controls, but their accuracy decreased in more
complex processing tasks relative to controls. Overall, our findings suggest that it is
important to characterise dual task performance using different measures of
performance (i.e., speed and accuracy) as people seem to share resources between
various factors, including processing speed and processing accuracy. In addition,
several conditions that span an array of difficulty levels should be included, as our
results suggest that different groups may employ different strategies depending on the

difficulty and complexity of dual tasks.

6.4. Limitations and Future Research Directions

The results presented in this thesis must be considered in light of some limitations. We
did not counterbalance the administration order of our tasks. Counterbalancing was
deemed impractical due to the large number of conditions and our small sample sizes.
Although our sample sizes were adequate to allow us detect significant differences
between group comparisons, future research should attempt to replicate our findings in
studies using larger samples that will allow better permutation of the different

conditions for the various dual task sets.

Participants were instructed to perform tasks as quickly and as accurately as possible.
However, for some dual task sets we found that there may have been an ageing (Chapter
2) or HD (Chapter 5) effect on the balance between the competing goals of speed and
accuracy. Participants may have intentionally or unintentionally emphasised either
speed or accuracy, and this tendency may have been associated with the group to which

the participant belonged.
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Our study, as well as the majority of studies reviewed in this thesis, employed
laboratory dual tasks to investigate HD- and age-related differences in divided attention,
and these are fairly artificial means of trying to understand what happens in dual tasking
in everyday life. It is unknown and remains an important question whether these
differences exist when notably pertinent to everyday functioning tasks are paired.
Therefore, future studies should aim to employ more ‘real world’ dual tasks instead of
laboratory tasks that simulate everyday processing requirements in divided attention.
Similarly, it remains to be determined whether the different pattern of results across the
simple and complex choice RT tasks (Chapters 3 and 5) is under conscious control, and
whether the speed-accuracy trade-off effects that we observed were more a result of

conscious than automatic processes.

6.5. Concluding Remarks

The overall aim of this thesis was to examine dual task performance in individuals with
HD, and in neurologically healthy individuals across younger and older adulthood by
using several dual task sets that varied in difficulty and complexity. To our knowledge,
no study has used multiple dual tasks that varied in difficulty in HD or ageing research.
Overall, we found that HD participants were slower and less accurate than healthy
controls, and likewise, older adults were slower and less accurate than younger adults.
Our results suggest that different groups may adopt different strategies (i.e., emphasise
either speed or accuracy) depending on both the difficulty and complexity of dual tasks.
In addition, different measures, such as speed and accuracy, may or may not be affected
by HD and ageing. A key outcome of our findings, which we hope will inspire further
investigation, is that the type of concurrent task does matter in both HD and ageing. We

found that although HD participants were overall slower compared with controls, their
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accuracy varied depending on the dual task combination. Specifically, HD participants
were less accurate when performing circle tracing with serial subtraction and complex
choice RT with digit backward dual task. However, their accuracy levels were similar to
controls when performing simple choice RT with digit forward. In regards to our ageing
research, older adults were overall slower, but as accurate as younger adults when
performing more simple dual tasks (i.e., circle tracing with serial subtraction and simple
choice RT with digit forward), but less accurate, and as fast as younger adults when

performing more complex dual tasks (i.e., complex choice RT with digit backward).

This thesis has contributed to understanding the differences in dual task performance
associated with HD and normal ageing. Our studies have important theoretical and
practical implications with regard to attentional processes in HD and ageing, and also
have clinical implications that may assist in the early identification and management of
HD. Further research is warranted to promote our understanding of dual tasking in order
to develop treatments that will improve the quality of lives in people living with HD and

in the elderly.
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