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Thesis summary

Visual perception and attention declines with normal ageing, however their neural and cognitive
mechanisms in healthy and pathological ageing are yet to be fully understood. This thesis aimed to provide
a characterisation of normal age-related differences across the visual perception and attention hierarchy,
identify their underlying neural correlates, and assess how normal ageing contrasts with pathological ageing

in Dementia with Lewy bodies (DLB).

Chapter 1 introduces the perception and attention hierarchy, and its related brain structures in ageing.
Chapter 2 outlines applications of quantitative macro- and microstructural MRI and MR Spectroscopy
used in this thesis. Chapter 3 investigated visual perceptual and attentional performance in younger and
older adults, and DLB patients. Results showed some impairment in lower and mid-level visual tasks and
greater speed-accuracy trade-off (SAT) in higher-level tasks in older adults. DLB patients showed
impairments in most tasks from mid-level, and varied response times (RT). Chapter 4 characterised brain
differences using multi-modal MRI in young, old and DLB patients. Older adults showed reductions in:
general cortical thickness, microstructural integrity in the fornix, optic radiations and superior longitudinal
fasciculus (SLF), and metabolite concentrations in the anterior cingulate cortex (ACC) and postetior parietal
cortex (PPC). DLB patients showed elevated PPC metabolites. Chapter 5 revealed that these brain
differences predicted age-related compensation and a shift to longer SATs. Chapter 6 investigated older
adults’ RT slowing using a drift diffusion model and assessed related brain differences. Findings showed
age-related deficits in sensory accumulation, predicted by lower SLF and ILF microstructure and metabolic
differences in the ACC. Finally, Chapter 7 applied this model to DLB patients. Results showed impaired
lower-level perception, which was related to visual hallucinations. These results provide a characterisation
of the neural substrates undetlying perceptual performance in both older adults, and how these findings

may be applied to investigate pathological ageing.
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Preface

The structure across parts of Chapter 1 is in line with a literature review in pre-print:

Revie, L., Bayer, A., Teufel, C., & Metzler-Baddeley, C. (2019, December 19). A review of the
perceptual and attentional-executive characteristics of dementia with Lewy bodies relative to
Alzheimer’s and Parkinson’s disease.

The results of Chapter 7 are available as a published article:

Revie, L., Hamilton, C. A., Ciafone, J., Donaghy, P. C., Thomas, A., & Metzler-Baddeley, C.
(2020). Visuo-Perceptual and Decision-Making Contributions to Visual Hallucinations in Mild
Cognitive Impairment in Lewy Body Disease: Insights from a Drift Diffusion Analysis. Brain
Sciences, 10(8), 540.

The results of Chapter 6 were presented as a poster at the Organisation for Human Brain Mapping
International conference (OHBM, June 2020), and are in the process of being compiled into a
manuscript for publication.
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Chapter 1 : General introduction

1.1 Ageing

Advances in medical care and modern lifestyle changes mean that people are currently living longer than
any period in history, resulting in an ageing global population. According to the Office for National
Statistics it is predicted that by 2066 the number of UK residents over the age of 65 will rise to 20.4 million

— which is 26% of the total population (Coates, Tanna & Scott-Allen, 2019).

With population ageing comes the increasing need to understand more about physical, mental and social
changes that impact the growing proportion of older adults. It is particulatly important that cognitive and
neural changes in normal ageing are understood, as they can have a sizeable effect on an older adult’s day-
to-day functioning. Effective cognition is crucial for independence particularly as people get older, as
impaired or altered cognition will impact the ability to live independently, drive and take medications
effectively (Murman, 2015). A more comprehensive understanding of these changes is also imperative as
they can develop into more serious age-related and pathological cognitive decline. Effectively understanding
cognitive systems and how they are altered with normal ageing provides a basis from which we can more

readily identify non-normal cognitive changes.

1.1.1 Normal cognitive ageing

Normal ageing in the literature typically refers to ageing in the absence of disease, with research generally
focusing on populations above the age of retitement (60-65 years) as this is considered to be the beginning
of ‘old age’ (Amarya et al., 2018). Normal ageing encompasses a variety of changes in physiology such as
stiffening of arteries and bone shrinkage, but also important changes in memory and cognition such as

slowing of response time and difficulty with multitasking (Amarya et al., 2018).

Cognitive ageing refers to the changes in cognitive processing that occur as people get older (Harada et al.,
2013). It is well established that with healthy ageing many physiological changes in the brain occur, which
can impact some aspects of cognitive function — in particular some perceptual processes, working memory,
attention and speed of processing are vulnerable to decline with age (Joubert & Chainay, 2018; Roberts &
Allen, 2016; Verhaeghen & Basak, 2005). However in normal cognitive ageing these changes are not severe

enough to interfere significantly with daily life (Joubert & Chainay, 2018).

In the ageing literature, cognitive processes that change with age are often referred to as fluid abilities and
those which remain stable are often referred to as crystallized abilities (Baltes et al., 1980). Fluid abilities
require manipulation and transformation of information, requiring attention and speed of processing, which

is seen to steadily decline from age 20 to age 80 (Murman, 2015). In contrast crystallized abilities which



require acquired knowledge, such as reading comprehension or vocabulary, actually improve until age 60

after which a plateau is reached (Salthouse, 2010).

Some aspects of memory are maintained with normal ageing, such as immediate memory, but tasks
requiring the manipulation of information or short-term storage in working memory and source memories
are often impaired (Murman, 2015). This is also reflected in age-related impairments on episodic memory
tasks which require more free recall in compatison to, for instance, recognition tasks requiring a forced

choice response that relies less on episodic retrieval (Nyberg & Pudas, 2019).

Memory impairments in ageing have been extensively studied in the context of pathological ageing (Bishop
et al., 2010) and the neural correlates of these impairments have been well established. In contrast
perceptual abilities, attention and processing speed in healthy ageing have typically received less attention,
although they may provide an equally valuable insight into cognitive changes that occur with pathological
ageing (Murman, 2015). Changes in some visual perceptual functions are considered to be markers for
discriminating normal from pathological ageing (Risacher & Saykin, 2013) and have even been highlighted
as targets for interventions which can slow cognitive decline (Lin et al., 2016). Moreover, it is important to
understand perceptual changes in ageing as this affects everyday functions such as driving (Wagner & Nef,
2011), balance and gait (Osoba et al., 2019) and the incidence of falls (Saftari & Kwon, 2018).

In light of this, I discuss evidence from the domains of perception, attention and processing speed in
normal ageing in the current chapter. I will also discuss how investigating these domains may aid the
understanding of pathological ageing. More specifically, I will highlight perceptual changes that occur in
older adults at different stages of the visual processing system as well as how attention and processing speed

are altered in older age.

1.2 Cognition in older adults

1.2.1 Perception

Perception is the individual interpretation and awareness of information via our fundamental senses. It
refers to both the unconscious receiving of these signals and information, and the shaping of this
information via prior knowledge, memory and experience. Perception consists of specific functions which
can be attributed to different stages in the hierarchically structured human visual system. Within this,
specific cortical regions are specialised in order to process elements of a visual object, from simple or basic

processing to more complex functions (Hubel & Wiesel, 1962) (see Figure 1.1).

Neurons in different cortical areas are ‘tuned to’ different types of features, increasing in complexity as
information is passed along the hierarchy. Neurons in primary visual cortex (V1) mainly process oriented

edges with information then progressing to V2 which processes lines, angles and contour, V3 which is



associated with segregation of foreground from background features, V4 which is associated with shape
processing, and V5/MT which is concerned largely with the processing of motion (Allman et al., 1985)
(Figure 1.1). Considering these stages, visual perceptual processing can be grouped into three more general
categories: low-level vision associated with simple features, mid-level vision that integrates simple feature
processing into more complex functions and high-level vision, which is largely concerned with whole object
processing. It has been proposed that each region of the cortical visual pathway is specialised to process
different visual information and is organized hierarchically, with information being processed serially from
simple to complex features (Maunsell & van Essen, 1983). That is, following light information being
transduced by photoreceptors in the retina, information travels via the optic nerve - which is comprised of
retinal ganglion cell axons - to the lateral geniculate nucleus (LGN) of the thalamus. Information is then
transmitted to the primary visual cortex (V1) where ascending visual information is sent to one of two
extra-striate pathways (Erskine et al., 2019). In V1, neurons code simple stimulus features such as
otientation, with information requiring more complex feature-processing occurring in the extra-striate
cortices, i.e., V2 processes information consisting of lines, stripes and contours, V3 information for
segregating foreground from background features, V4 for shape processing, and V5/MT processes motion
features (Figure 1.1). More broadly, the visual system is thought to be organized into two processing
pathways, a ventral stream for object vision/recognition (“what” pathway) and a dorsal stream for spatial
vision (“where” pathway) (Mishkin & Ungerleider, 1982). The ventral stream includes regions in the
temporal cortex and lateral occipital areas while the dorsal stream includes areas of the parietal and frontal
cortices (Mishkin, Ungerleider & Macko, 1983). More recent research has suggested that basic object
information may be represented in a similar manner in both pathways but that higher-order information

may be processed more selectively by each stream (Konen & Kastner, 2008; Figure 1.1).

Perceptual processing is also related to individual expectations and mechanisms of attention, which
ultimately influence the final percept. Within visual perception, the concept of different streams of
information processing posits that perception is a product of the interaction between bottom-up and top-
down processing. Bottom-up processing refers to basic sensory information that is processed automatically,
whereas top-down processing refers to more complex higher order cognitive functions related to our
knowledge of the world as well as expectations and goals that control the allocation of attention and hence
shape our perception. Although top-down processing was initially thought to be a modulatory process
influencing the allocation of attention, it is now thought to interact with bottom-up information in order
to ‘optimise’ processing using higher level object representations to shape the percept (Teufel et al., 2015).
Thus, although the visual system may be referred to as hierarchically structured in some instances, visual
processing does not occur in a truly ‘hierarchical’ manner as feedforward and feedback systems between
lower and higher processing act to support mutual processes. Recent non-human primate research has also
investigated this further, suggesting that low-level visual information can also be decoded at mid-to-higher

level cortical areas depending on feature processing (Lu et al., 2018). Considering this, this thesis aims to



assess not only performance at each visual ‘level’ but also assess neural functioning related to this
performance to assess changes in recruited mechanism that may arise as a result of healthy or pathological
ageing. Furthermore, 1 assessed vision alongside attentional functions and response times in order to
investigate how the structure of the visual network may alter in healthy ageing and DLB. As such, this will
be considered in the interpretation of the results reported in this thesis, as assumptions cannot be made

that impaired visual processing at one level will impact processes ‘up stream’ and vice versa.

In the following section, evidence regarding age-related changes in low, mid and higher-level perception
and attention functions will be discussed. Most notably, ageing appears to affect mid-level processing stages

while sparing lower-level functioning as supported by work in aged non-human primates (Liang et al., 2012).
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Figure 1.1 Visual cortices and dorsal and ventral processing pathways within the cortex. IP/SPL = intrapatietal/
superior parietal lobule, FEF = frontal eye fields, TP] = temporoparietal junction, VFC = ventral frontal cortex,
LGN = lateral geniculate nucleus. V1 = primary visual cortex, V2 = secondary cortex, V3 = tertiary visual cortex,
V4= visual cortex 4, and MT/V5 = motor cortex, visual cortex 5.

1.2.1.1 Low-level vision in older adults

Characterising normal vision in older adults is challenging as ageing is often associated with eye conditions
such as glaucoma or cataract, which can go undiagnosed (McGwin et al., 2010). In addition, optical
problems associated with age such as decreased retinal illumination may impact low-level perceptual
functions (Billino & Pilz, 2019). However accumulating evidence suggests there are also perceptual changes

occurring at multiple levels of the visual system that are distinct from retinal changes or eye disease

(Andersen, 2012). Furthermore, these perceptual changes cannot always be explained in terms of systemic



changes in brain functions, such as the generalized slowing hypothesis described later in this chapter (Birren,

1974).

Low-level vision refers to eartly visual processing stages, including visual acuity, but also eatly cortical
processing of simple visual features such as orienting ability. With regards to lower-level visual functions
the ageing literature remains relatively conflicting. Some older adults show impairments in contrast
sensitivity in comparison to younger adults at certain spatial frequencies (Elliott et al., 1990). However, it
has been proposed that this may be largely due to changes in optical factors as opposed to changes in
cortical visual processing (Owsley, 2011). For example, it has been shown that functions such as otientation
discrimination remain constant despite age with older adults requiring adjustment of stimuli to account for

optic changes in contrast (Delahunt et al., 2008; Govenlock et al., 2009).

Some research suggests that age-related differences in orientation discrimination cannot be explained by a
reduction in retinal illumination in older age alone. For example, it has been shown that older relative to
younger adults showed poorer sensitivity to the orientation of Gabor patches in noise while retinal
llumination was held constant (Betts et al., 2007). Gabor patches are grating stimuli consisting of white and
black bars that allow the controlled manipulation of orientation, contrast and scaling features to study early
visual processing activity. Previous studies have shown an age-dependent impairment in orientation
disctimination of stimuli embedded in external noise, (Casco et al., 2017), which has been attributed to
reduced visual cortical inhibition (Smith & Ratcliff, 2004). In addition, signal amplitude in the visual cortex
was found lower for older than younger adults, suggesting an age-related decline of activation in these
regions during early stages of perceptual processing (Madden, Whiting & Huettel, 2004). However, this
does not necessatily impact lower-level functions, but instead may affect functions further ‘upstream’ in
cortical processing. Moreover, animal models have demonstrated a reduction in orientation tuning in cells
within the primary visual cortex in ageing monkeys (Leventhal et al., 2003). However, when GABA — the
brain’s major inhibitory neurotransmitter — was applied to these cells, orientation tuning was restored. This
indicates a primary lower-level deficit in perceptual functioning in ageing and suggests that neurochemical
mechanisms may be directly related to orientation impairment in ageing. Conversely, antagonistic blocking

of GABA has been showing to interrupt otientation tuning (Wolf et al., 1986)

1.2.1.2 Mid-level vision in older adults

Mid-level visual perceptual functions are lesser studied and more challenging to define. There is some
controversy around what constitutes mid-level visual processing (Peirce, 2015). Mid-level vision may
include the processing of visual regions which are not included in the primary visual cortex but are prior
processing stages to the dorsal and ventral systems. This would be V3 and V4 for form or contour

integration and colour processing, and V5 for motion (Li et al., 2002).



A number of studies have focused on motion processing impairments in older adults, in which reduced
sensitivity to motion and reduced ability in identifying motion direction have been reported (Snowden &
Kavanagh, 2006). Most notably, motion perception changes with age appear to be specific to certain
patterns of motion information (Billino et al., 2008) which are not accounted for by changes in retinal
llumination. For example, whilst older adults have poorer performance in speed detection of motion, some
studies have reported no ageing effects in horizontal planar motion coherence (Kavcic et al,, 2011). In
addition, mechanisms of reduced inhibition in the visual cortex have also been reported to reduce surround-
motion performance (Betts et al., 2005) again suggesting possible age-related reductions in mid-level visual

functioning,.

With regards to other mid-level visual changes, contour integration is often assessed which involves linking
elements in order to perceive a complete contour and relies on functions from low level orienting and
contrast perception to more complex mid-level functions requiring integration of shapes (Field et al., 1993).
Contour integration can be assessed using Gabor task ‘snake’ stimuli which requires the ability to perceive
a circular outline by integrating the orientation aligned Gabor patches into one shape, in which older adults
show significant impairment (Roudaia et al., 2008). Moreover, age-related declines in spatial integration
when observing moving contours have been observed (Andersen, 2012; Andersen & Ni, 2008) indicating
an age-related decline in contour integration abilities. Finally, colour perception has also been reported to
decline with age. The ability to discriminate colour hue also declines from around age 20 into old age,
however these changes have also been attributed to changes in retinal illuminance rather than cortical

processing (Werner, Schefrin & Bradley, 2010).

1.2.1.3 Higher-level vision in older adults

High-level visual processing concerns the representation of objects, faces and scenes amongst others.
Higher-level processing requires the interaction with attentional networks in the brain, but also interaction
with basic ‘bottom-up’ sensory information to effectively shape and process stimuli. Second order visual
stimuli — those thought to require the involvement of multiple detection mechanisms in the visual cortex —
are more severely affected by ageing than simple stimuli requiring only basic sensory processes (Dagnelie,

2013).

Some evidence indicates that older adults may show a decline in higher-level visual processing in
comparison to younger adults, such as diminished object perception (Goh et al., 2007), pattern separation
(Toner et al., 2009), shape perception and discrimination, whilst the ability to judge depth does not decline
with age (Norman et al., 2004). Despite this, visual search task accuracy performance was reported to be
relatively stable with age (Madden, 2007) aside from age-related slowing. As visual search has been shown
to be based on prior expectations (Berggren & Eimer, 2019) this suggests that this aspect of top-down

processing can be spared in older adults. This in turn may suggest that bottom-up aspects of processing



contribute to some of the age-related slowing or inaccuracy in higher-level visual tasks such as the ones

mentioned above.

An alternative view proposes that these higher level visual task impairments in older adults reflect a switch
in the neural strategies which are recruited to complete these processes between older and younger adults
(Grady, 2000). For instance, reduced functional magnetic resonance imaging (fMRI) activation of the
ventral pathway during age-related slowing in performance on an object processing task was reported in
older compared with younger adults (Grady et al., 1994, as cited by Madden, Whiting & Huettel, 2005).
Despite age-related slowing, accuracy did not differ between groups, suggesting the reduced activation was
related to age-related changes in speed of processing of object information. Moreover task-related fMRI
activation occurred outside the ventral stream, primarily in the parietal cortex in older but not in younger
adults. Conversely, in tasks requiring dorsal pathway processing, older adults tended to activate cortical
regions outside the dorsal pathway — primarily prefrontal regions. As such, functional differentiation of the
ventral and dorsal processing pathways from task-specific activation was less evident for older adults than
for younger adults (Grady et al., 1994). However, the cause of this more diffuse activation pattern observed
in older adults remains unknown. It could be the case that age-related decline in lower-level vision impacts
on the neural strategies being employed in higher-level processing. On the other hand, higher-level visual
functions are also more complex and require effective attentional processing which can also be affected by

age as will be detailed in the following section.

1.2.2 Attentional functions

Attention is a complex function which involves multiple cognitive domains and processes with the ultimate
goal of focusing resources, processing incoming information and optimising receptivity (Lezak et al., 2004).
Attentional processes are often measured by tasks of focal, covert and sustained attention, and is necessary
for almost all cognitive domains. Executive functions also contribute to effective attentional performance,
and can be narrowed down to three core domains: inhibition, working memory updating and cognitive
flexibility (Diamond, 2013). Executive functions are often referred to as ‘frontal’ processes as they are
mediated by anterior brain areas including the prefrontal cortex and anterior cingulate cortex (Zelazo &
Cunningham, 2007). Attention and executive processes are largely interlinked as executive functions control
the ‘top-down’ voluntary aspect of attention and interact with other ongoing cognitive processing to direct

behaviout.

One framework of attention suggests that bottom-up stimulus-driven processes such as alerting, and top-
down goal-directed selection work together towards effective attentional processing (Corbetta & Shulman,
2002). This model is closely related to the dual-stream model of visual processing (Mishkin, Ungerleider &
Macko, 1983), and proposes that bottom-up processing is carried out by the ventral attention network, and

top-down processing by the dorsal attention network. The ventral attention network, located in the



temporoparietal and inferior frontal cortices, is specialised for the detection of relevant stimuli, and directs
attention to salient events. The dorsal attention network, involving the intraparietal and superior frontal
cortices is responsible for goal-directed allocation of resources. Both pathways work in collaboration in
order to respond to the environment appropriately in a goal directed manner, which requires executive
functions including prioritising and judgement (Robbins, 1996). Another influential model of attention,
proposed by Posner & Petersen, (1990), posits that attention involves three serial networks: alerting,
orienting and executive functioning. The alerting network, responsible for the modulation of arousal and
maintenance of optimal vigilance, is thought to be located in the right parietal and frontal cortices. The
otienting network, which prioritizes incoming information by identifying relevant spatial locations, involves
the supetior colliculus, frontal, posterior parietal and thalamic regions. The executive network enables target
detection, focus and consciousness and is said to involve regions in the anterior cingulate cortex and

prefrontal cortex.

1.2.2.1 Attention and executive functions in older adults

There is evidence that attention and executive functions may decline as a result of ageing, dependent on
individual differences in perceptual load, processing capacity and inhibitory ability (Kramer & Kray, 2000).
It has been suggested that the main component of cognitive ageing is a reduction in the efficiency of
executive functions (Lustig & Jantz, 2015) notably that of inhibition, attention switching and updating
abilities which have been shown to decline both cross-sectionally (Hasher & Zacks, 1988) and longitudinally
in older adults (Fjell et al., 2016; Madden, 2007). Hsich et al (2012) showed that older adults had larger
switching costs than younger adults but maintained the ability to prepare for a perceptual judgement task
switch. The authors concluded that older adults may demonstrate impairments in advanced preparation
even over a longer interval, in comparison to younger adults. Moreover, age-related impairments are present
in tasks which present a switch cost -i.e. alternating between tasks — or mixing cost — i.e. intermixing one
task with another. These have been investigated in work by Whitson et al (2014), where it was reported that
poorer performance in tasks involving a mixing cost was related to response mapping and response
programming, which suggested that older adults attempt to recruit greater proactive control in a bid to
mitigate their vulnerability to interference following stimulus presentation. The authors also concluded that

this may be consistent with age-related compensation in this domain specifically.

There is evidence for specific age-related deficits in tasks of divided attention such as global set-shifting,
suggesting that executive functions involved in switching may be compromised with age (Grénholm-
Nyman et al., 2017). Age differences are found in processes involving the maintenance of two distinct
mental task sets, whereas no age differences are identified in local switching (Dorbath et al., 2011). Such
executive deficits with age may arise from a slowing of overall processing speed, they may be influenced by
the stimuli itself or by the time given to process information, which typically differs between studies (de

Bruin & Sala, 2018). However, some research has reported no age-related deficits in executive processes



which involve active selection or inhibition of stimuli (Dorbath et al., 2011) or set-shifting (Basak &

Verhaeghen, 2011).

Age-related reductions in executive control have been linked to changes in the prefrontal cortex (Denburg
& Hedgcock, 2015, MacPherson, Phillips & Della Sala, 2002) as well as the anterior cingulate cortex (Korsch
et al., 2014) (see section 2.3, 2.4). The latter is thought to form an anterior salience network together with
the insula cortex, which is important for attention maintenance and switching between cognitive resources
(Touroutoglou et al., 2012). It has also been suggested that changes to these cognitive functions in older
age may in turn have a detrimental effect on central executive network connectivity, resulting in more

general cognitive decline (Chand et al., 2017).

Besides evidence for an age-related decline in anterior executive networks, research has also found evidence
for ageing effect on posterior attention networks. For instance, age-related decline has been reported in the
alerting attention network using the Attention Network Task (ANT; see section 3.2), which is expressed in
the ability to use warning signs in speed responding (Mahoney et al., 2010). Mahoney et al., (2010) reported
diminished alerting effects but enhanced orienting effects in older adults. In addition, it has been shown
that older adults demonstrated difficulties in sustaining attention in the absence of an alerting stimuli in
comparison to younger adults suggesting that they may rely more heavily on external alerts to maintain
attention function (Fernandez-Duque, 2006; van der Leeuw et al., 2017). With regards to the potential
neural correlates of these attention deficits, some studies have reported age-related cortical atrophy in
parietal regions, as well as loss of white matter volume in the inferior parietal region. As parietal regions are
thought to be responsible for orienting attention age-related atrophy in these regions is likely to contribute
to a decline in orienting functioning (Crivello et al., 2014; Raz et al., 2005). Indeed, atrophy in the parietal
region has been reported to be related to slower visual search (Bennett et al., 2012), suggesting a decline in

ventral attentional functioning.

As ageing may affect both bottom-up visual processing at the sensory level, and top-down attention due to
the decline in the executive processing, older relative to younger adults appear to be particularly impaired
in tasks requiring the combination of bottom-up and top-down neural processing (Li et al., 2013, Li et al.,
2015). Moreover evidence has suggested that age-related impairments in performance on visual tasks which
predict functional outcomes (such as safe driving) are the product of age-related reductions in contrast
sensitivity, and deployment of visual attention, as assessed using a cueing stimulus (Power et al., 2017).
These findings indicated that the combination of both bottom-up sensory impairments and top-down
guiding of attentional resources may underlie a decline in overall performance in perceptual tasks with
ageing. A decline in executive processing resources with age may also present as attentional distractibility.
One study indicated that older adults had increased distractibility on a competitive attention task, altered

top-down mechanisms and resulting in poorer suppression of task-irrelevant information (ElShafei et al.,



2020). These findings were supported by findings from magnetoencephalography (MEG) outcomes, which
indicated reduced synchronisation in oscillations associated with top-down activation, reduced activation
in lateral prefrontal regions responsible for inhibition, and over-enhancement signal in systems of bottom-
up attention in response to attentional activation (ElShafei et al., 2020). Together, these findings point to
the possibility that age-related attentional decline may be due to a problem with the integration of bottom-

up and top-down streams of information.
p p

1.2.3 Processing speed in ageing

Processing speed refers to the speed with which cognitive processes are performed, most often measured
by response times (RTs) (Harada et al., 2013). It is well established that in healthy ageing older adults show
slower RT's than younger adults in many cognitive tasks (Salthouse, 1996). Older adults show consistently
slower response times (Salthouse, 1996) and greater variability in responses times (Hultsch et al., 2002) in
comparison to younger adults, but often maintain accuracy levels thus they show a shift in the speed-
accuracy trade off compared with younger adults. This suggests that a slower and more cautious response
strategy is adopted to mitigate inaccuracies in ageing. However there is some variability in the literature,
with investigations reporting contrasting findings; for instance, slowing of simple RT (SRT) performance
in older adults but preserved choice RT (CRT) performance (Vaportzis et al., 2013), or slower performance
in both SRT and CRT in older compared to younger groups (Anstey et al., 2005). Moreover, it is suggested
that age-related slowing on simple and choice RT tasks may be related to impaired executive function (Bugg
et al., 2000) in addition to age-related changes in white matter microstructure, particularly in the frontal and
parietal connections (Jackson et al., 2012). There is some evidence that these slower RTs as well as age-
related decline in various cognitive abilities are a product of generalized slowing with age (Salthouse, 1996,
2001). However, more recently others have argued this response slowing with age may be domain specific
— for example, the product of a decline in response inhibition (Sebastian et al., 2016). This concept has
been investigated further in recent ageing research by applying models which allow the estimation of the
different elements thought to be encapsulated by RT (Hedge et al., 2018). Most prominently, the drift
diffusion model of RT which allows the estimation of perceptual, motor, information threshold and quality
of processing has been applied in ageing research to further clarify the nature of response time slowing in
older adults (Ratcliff & Stern, 2010). Findings have generally demonstrated longer perceptual encoding and
evidence accumulation times, leading to overall RT lengthening and variability (Ratcliff & Stern, 2010),
which also reflects the more cautious response strategy often seen in older adults. This has often been
assessed by calculating speed accuracy trade-off (SAT) values. The SAT refers to the balance that is struck
by an individual when completing a task or making a decision and can be influenced by numerous factors
such as direct task instruction and most importantly age (Standage et al., 2015). Older adults are most often
reported to have lengthened SAT as they tend to sacrifice speed in favour of maintaining accuracy (Ratcliff
& Stern, 2010). Therefore in addition to measuring RT performance on visual tasks, SAT was also

calculated, to assess the cognitive strategy of older adults during perceptual processing. and I also applied
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a drift diffusion model of RT's in my current empirical work to investigate the elements of the SAT in older

adults further and will discuss this in detail in Chapter 6.

An age-related slowing in processing speed is likely to affect performance in cognitive tests. On one hand,
a ‘slowing’ with age does not necessarily correlate with poorer performance in terms of response accuracy
but on the other hand may negatively impact scores on tests which do not reflect the actual age-related
change (or no change) in cognition. Furthermore, slowing at perceptual level in older age shares a portion
of age-related variance in higher order cognitive measures such as memory and reasoning, suggesting that
a more generalized slowing of information processing may underlie many of the observed age-related

changes in perceptual and cognitive performance.

1.2.4 Summary of cognitive ageing

Older relative to younger adults show some notable changes in perceptual and attentional functions. Vision
is seen to change at multiple processing stages with age, however, a decline in lower-level function appears
to be the product of poorer retinal function, as opposed to perceptual deficits. Investigations suggest a
general decline in executive function and top-down attentional functioning in older age, which impacts
performance in tests of multiple domains. As such, it is pertinent to gain a better understanding of the
specific changes in the visual and attentional systems in ageing, and how these may interact. Generally the
literature so far supports a theme of slowing in responses with older age, which may be the product of
either perceptual and/or attentional changes. Modelling response and processing speed in ageing may also
help to illuminate the mechanisms contributing to cognitive changes in older adults. For example, an age-
related slowing of RT's typically accompanies a maintenance in response accuracy. As such the aim of this
thesis was to investigate, in a systematic and comprehensive manner, different stages of visual perception
functioning in older adults and attempt to answer the question at which stage of visual perceptual processing
age-related decline becomes apparent. Moreover this thesis will aim to address which attentional networks
show decline with age, and the nature of processing speed changes with age. This was done by compiling a
novel task battery designed to assess different stages of the visual perceptual and attention processing
hierarchy. Some of the tasks in this battery incorporated psychophysical stair-case methods to measure
performance thresholds (see Chapter 3) in addition to speed-accuracy trade-offs to provide sensitive
measures of perceptual performance. Once the cognitive profile of older adults was established, the aim of
the work in this thesis was then to explore multi-modal neural differences that may underlie patterns of

age-related cognitive differences.

1.3 Brain changes in normal ageing
Normal brain ageing is typically characterised by generalised grey and white matter volume loss, declining
at a rate of approximately 5% per decade after the age of 40 (Peters, 2006). As individuals age, a number

of changes to the brain occur such as grey matter (GM) and white matter (WM) volume loss in anterior
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(Chen et al. 2019) and dorsolateral brain regions (Bergfield et al., 2010). Frontal regions of the brain most
typically experience shrinkage in normal ageing, with the prefrontal cortex most notably affected followed
by the striatum, neostriatum temporal lobe and most widely reported, the hippocampus (Raz et al., 2005).
Moreover, widespread decline in white matter volume, notably affecting temporal and frontal regions have

also been reported with ageing (Chen et al., 2019).

The research described in this thesis employed grey matter (GM) volume and metabolic measurements as
well as white matter (WM) microstructural indices from magnetic resonance imaging (MRI, see Chapter 2)
to characterise age-related brain differences that may underpin perceptual and attention differences with
age. More specifically, the study focused on grey matter regions of visual and attention networks as well as
their white matter connections. White matter connections are important for information transfer in the
brain (Penke et al., 2012), and hence may provide the structural correlates of age-related decline in response
speed (Madden et al., 2009; Penke et al., 2010). Furthermore, while accumulating evidence suggests a close
link between white matter microstructure and brain metabolites (Palombo et al., 2018), metabolic studies
employing magnetic resonance spectroscopy (MRS, see Chapter 2) are still relatively limited in ageing. This
is despite the combination of grey matter metabolites and white matter microstructural measurements
promising to provide further insights into age-related brain changes at a cellular level and how these may
relate to cognitive and structural brain changes (Gao et al., 2013, Simmonite et al., 2019). For these reasons,
these methods were employed in this thesis and current evidence regarding age-related changes in these

modalities are discussed below.

1.3.1 Morphological brain changes in ageing

Brain morphology can be assessed with grey and white matter volume and cortical thickness and age-related
changes in these measurements have been widely studied. Anterior regions of the brain tend to be the first
to show age-related reductions in cortical thickness and volume, notably the prefrontal and the anterior
cingulate cortex (Chen et al., 2019) as well as dorsolateral and medial frontal regions (Bergfield et al., 2010).
In contrast posterior regions such as the visual and auditory cortex are thought to be less vulnerable to
atrophy (Sowell et al., 2004). This pattern has been coined the anterior-posterior gradient of ageing (Davis
et al., 2008). Some brain structures decline in a linear manner with age such as subcortical structures as the
thalamus and nucleus accumbens, whereas other structures for instance the hippocampus and other medial
temporal lobe show a non-uniform, non-linear pattern of grey matter reduction which appear to be more
susceptible to individual differences (Walhovd et al., 2011). In healthy ageing, frontal lobe grey and white
matter atrophy is a major contributor to age-related cognitive decline (Fjell & Walhovd, 2010; Pichet Binette
et al., 2020), as is temporal and parietal lobe atrophy (Fjell et al., 2013) (Bartzokis et al., 2001; Raz et al.,
2005).
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While the occipital cortex is generally thought to be preserved in ageing (Gardener et al., 2021, Lee et al.,
2018), there are however some reports of age-related reductions in primary visual cortical thickness (Lee et
al.,, 2019), which are also correlated with a reduction in retinal thickness (Jorge et al., 2020). Evidence from
the Lothian birth cohort has also suggested that right medial occipital surface area is reduced with age (Cox
et al., 2018). This was also related to cognitive ageing, as indicated by a composite measure of intelligence
and the Mini-mental state exam, however the strength of this correlation was relatively weak. As such there
is some evidence that age-related reductions in the cortical thickness of visual regions may occur, but results

are largely mixed.

1.3.2 Microstructural changes in the brain in normal ageing

Age-related changes in white matter microstructure have most commonly been investigated with diffusion
tensor imaging (DTI) (see Chapter 2). DTI yields a number of metrics including diffusivity measures and
fractional anisotropy (FA), an index of fibre coherence that will be introduced in more detail in Chapter 2.
DTT studies have typically reported increases in mean diffusivity (MD) and decreases in FA, suggestive of
compromised white matter microstructure in ageing. These changes were predominantly but not exclusively
observed in temporal and frontal regions, including the forceps major (Chen et al., 2019). Results from
longitudinal modelling across the lifespan reported that microstructural indices such as FA, plateau around
the third decade of life and subsequently begin a steady decline from approximately 40 years of age,
accelerating in later years (Beck et al., 2021). MD, axial diffusivity (1) and radial diffusivity (RD) decrease
until around 40 years, then show a steady period, and then begin to increase in later years, also representing
age-related impairment (Beck et al., 2021). However, FA is persistently negatively associated with age
(Bennett & Madden, 2014), with large age differences in FA being reported in frontal white matter (Bennett
et al., 2010), fornix, parahippocampal cingulum and uncinate fasciculus (Metzler-Baddeley et al., 2011),
which are regions associated with fronto-temporal connectivity and episodic working memory function.
Even more recently, FA has been reported to decrease annually from the age of 50, with increases in
diffusivity measures occurring mainly in superior regions (Sexton et al., 2014). RD is also found to be
significantly altered in older adults in the cingulum bundle in comparison to younger adults (Borghesani et
al., 2013), and both axial and radial diffusivity in found to increase with age in the fornix, SLF, CST and

uncinate (Sala et al., 2012).

This pattern of change is thought to reflect the lifespan of myelination which begins with maturation of
myelin in childhood and adolescence, and then subsequent myelin loss during later stages of adulthood
(Bartzokis et al., 2004). For instance, age-related differences in fornix microstructure were reported to be
related to apparent white matter myelin loss — estimated with quantitative magnetization transfer imaging -
as opposed to neurite density from multi-shell diffusion imaging (Coad et al.,, 2020; Claudia Metzler-
Baddeley et al.,, 2019). This was also associated with hippocampal grey matter damage during ageing,

suggesting that microstructural impairments may have a subsequent impact on other brain changes
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occurring in the ageing process. On the other hand, other studies have linked reductions in frontal lobe FA
with ageing to increased axonal dispersion rather than markers of demyelination, as shown using multi-shell

diffusion imaging (Billiet et al., 2015).

With regards to age-related microstructural changes in the visual system, some studies report little to no
significant changes in occipital and visual regions (Jacobs et al., 2013). However, microstructural integrity
of tracts and regions associated with the occipital lobe and visual functioning, such as the fronto-occipital
fasciculus have been shown to decline in older adults and were related to poorer cognitive control (Hinault
et al., 2020). Similar findings also indicated that age-related reductions in FA specifically in the fronto-
occipital fasciculus were apparent, and mediated executive function performance (Santiago et al., 2015).
Finally, it was also shown that reductions in microstructural integrity in connections between the postetior
thalamus and occipital cortex may undetlie a decline in visual short term memory performance (Menegaux
et al., 2020). In summary, specific reductions in microstructural integrity in tracts related to visual function,
rather than the wider occipital cortex, are seen to be present in older adults and may mediate both visual

and executive performance.

1.3.3 Metabolic changes in the brain in normal ageing

Changes in key brain metabolites have been reported in normal ageing, albeit to a lesser extent than other
modalities. There is an emerging profile of metabolic changes in older people, which has also been
associated with changes in cognitive processing (Chatlton et al., 2007). Age-related changes in key brain
metabolites are discussed below, and the exact functions of these metabolites are discussed in more detail

in Chapter 2.

Most notably, N-acetyl-aspartate (NAA) — one of the most prolific brain metabolites — is found to be
reduced in frontal (Haga et al., 2009) and parietal (Gruber et al., 2008) brain regions in normal ageing. NAA
is also reduced in a wide range of neuropathologies and is more broadly associated with neuronal health
and brain energy metabolism (Moffett et al., 2013). Reductions of NAA in older adults have been found to
differ between white and grey matter but have been interpreted as a marker of reduction in neuronal volume
or neuronal metabolic activity (Minati et al., 2010). Significant relationships between reductions in white
matter NAA and processing speed in tasks of attention in older adults have also been reported (Ross et al.,

2005) suggesting potential links between NAA and cognitive speed.

Decreases in choline and creatine in the patietal lobe atre also reported in older adults (Haga et al., 2009).
Conversely, higher creatine and choline is present in the anterior cingulate cortex (ACC) and hippocampus
in older adults (Lind et al., 2020). Higher choline and creatine in the posterior cingulate cortex has also been
associated with poorer verbal learning, performance on the trail-making task and the Wechsler Adult

Intelligence Scale (WALIS) in older adults (Kantarci et al., 2011). These changes in choline and creatine were
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correlated with higher Pittsburgh compound B marked levels of pathological amyloid  — the key

pathological marker of Alzheimer’s disease (AD) — in normal older adults (Kantarci et al., 2011).

Myoinositol is found to be altered in the healthy ageing brain, with raised levels in the dorsolateral prefrontal
cortex (DLPFC) observed in mid-life, which then increases in the hippocampus and thalamus in older age
(Lind et al., 2020). Myoinositol changes have also been related to visuospatial working memory performance
in healthy ageing, with a negative correlation observed between metabolite level and cognitive performance
(Lind et al., 2020).

Glutamine and glutamate have also been shown to exhibit regionally specific changes in concentration with
ageing. Glutamine levels are raised in the corona radiata in older adults, and reduced in the motor cortex,
which is reported to be consistent with neuronal loss and neuronal shrinkage with age (Kaiser et al., 2005).
Lower glutamate in the striatum is related to poorer performance on tests of visuomotor skills in older
adults, and higher blood pressure, suggesting brain glutamate may undetlie neural and physiological motor

performance in healthy ageing (Zahr et al., 2013).

Finally, the brain’s primary inhibitory neurotransmitter, GABA, has been shown to decline with age
throughout adulthood in both antetior, posterior, and particularly the frontal cortices (Gao et al., 2013).
Recent ageing studies have postulated a link between GABA and cognitive processing, due to its role in
conflict resolution and perceptual processing (Hermans et al., 2018; Simmonite et al., 2019). Fluid
processing has recently been shown to correlate with GABA in older adults, as evidenced by a decline in
fluid processing being related to a decline in GABA in the occipital cortex (Simmonite et al., 2019).
However, it is unclear whether fluid processing may result in a generalized slowing of RT in older age, or
may refer to a specific cognitive domain, such as response inhibition or information processing. Similar to
glutamine, motor inhibition changes in older age have been related to changes in GABA with ageing. Older
adults with lower GABA levels in pre-supplementary motor area had longer stop-signal RT, suggesting a
role for GABA in inhibitory deficits observed in older age (Hermans et al., 2018). Furthermore, increased
visual cortical GABA and reduced glutamine/glutamate were also reported in older adults. Visual cortical
GABA was correlated with perceptual performance in tasks of spatial suppression of motion and binocular
rivalry (Pitchaimuthu et al., 2017), and neural distinctiveness in the auditory cortex is also related to age
related declines in GABA (Lalwani et al., 2019). As such, GABA poses as an important marker for cognitive

changes in both attentional, visual and processing speed in older adults.

As such, a number of studies report reductions in GABA in older adults in the occipital cortex (Gao et al.,
2013, Pitchaimuthu et al., 2017, Simmonite et al., 2019), however the study of other metabolites of interest
in the occipital lobe has been very limited. NAA and choline have been reported to largely show no change
with age in the occipital cortex (Saunders et al., 1999, Christensen et al., 1993), but some more recent studies
have shown decreases (Eylers et al., 2016, Marjanska et al., 2017). Myoinositol has been shown to increase

with age in the occipital cortex (Saunders et al., 1999), however to the best of my knowledge no other
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studies focus on quantifying metabolic changes in the occipital lobe in older adults. As such, evidence to
aid in the characterisation of the metabolic profile of the ageing visual system is limited to both few and

outdated studies.

1.3.4 Summary of brain changes

In summary, GM volume shows a global reduction in the whole cortex with age, with anterior regions
showing more substantial and earlier decline in normal ageing. Frontal, temporal and parietal white matter
volume is also reduced with age, with medial temporal structures being particularly vulnerable. Reductions
in microstructural integrity are also reported in temporal and frontal tracts, particularly in the fronto-parietal
connections and cingulum, and also in the fornix. Finally, frontal and parietal reductions in NAA, choline
and creatine, and increased myoinositol in the frontal cortex are reported in older adults, which have been
related to poorer executive functioning. GABA is seen to decline in the frontal and posterior cortex in older
adults, with some evidence that reductions in occipital GABA may be related to a decline in perceptual and
fluid processing in age. This evidence suggests that predominantly frontal regions show declines in
morphology, microstructure and metabolites with normal ageing. Some evidence though also suggest that
metabolic and microstructural changes occur in the parietal and occipital lobes. However, these require
further investigation as it still remains to be fully understood how they relate to age-related changes in visual
perceptual and attentional functioning. This thesis therefore aimed to address this gap in the literature by
characterising age-related brain differences in visual perceptual and attentional networks, using multi-modal
imaging to capture morphological, microstructural and metabolic changes and by relating these to
differences in perceptual and attentional performance. This approach is novel, as metabolic changes in the
brain in the anterior cingulate, posterior parietal and occipital cortices have not previously been assessed in
relation to a hierarchy of perceptual and attentional functions in older age. In addition, this thesis applied
advanced multi-shell diffusion imaging to provide a potentially more sensitive measure of white matter
microstructure with age in tracts relating to visual and attentional function (see Chapter 3 for a more detailed

discussion).

1.4 Theories of ageing in cognitive neuroscience
Several theories have been derived which aim to link cognitive and brain changes in older adults and explain

why cognitive decline occurs with age and why it may be subject to individual differences.

1.4.1 The frontal ageing hypothesis

One theory of cognitive ageing is the frontal ageing hypothesis (Dempster, 1992). This hypothesis claims
that impairments in the frontal — particularly prefrontal — cortex are disproportionally affected by the ageing
process, and hence lead to a decline in cognitive functions supported by this region at an eatlier age than
other functions (Dempster, 1992; West, 1996). As outlined in section 1.3 there is substantial neuroimaging

evidence for an anterior-posterior gradient in age-related brain changes with normal ageing having a marked
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impact on the structure and function of the prefrontal cortex (PFC) (Lévdén et al., 2007; Nordahl et al.,
20006). Consistent with this, age-related effects in measures of fractional anisotropy and diffusivities are
greater in the anterior corpus callosum, and frontal matter in comparison to temporal, parietal and occipital
white matter (Head et al., 2004; Madden et al., 2007), and age-related deterioration of white matter is more
prominent in fibres connecting to the frontal lobe (Kennedy & Raz, 2009). From middle age myelin
becomes more vulnerable to decline in later myelinating regions such as the frontal lobe, in contrast to less
vulnerable regions such as the visual cortex (Bartzokis et al., 2004; Flechsig, 1901). This has been related to
age-related impairment in tasks associated with PFC functioning including executive function, attention,
working memory and inhibitory functions (Bucur et al., 2008; Nordahl et al., 2000). It has also been posited
that age-related decline in processing speed are caused by impairments in the frontal lobe — specifically
white matter decline in the PFC is related to increased RT (Bucur et al., 2008). It is suggested that age-
related slowing becomes more pronounced as the complexity of processing demands increases, also known
as the complexity hypothesis (Birren et al., 1974; Bashore et al., 1997) which is consistent with the role for
the frontal lobe in age-related increases in RT. That is, with age PFC grey matter is seen to be selectively
reduced in volume with volume loss affecting the anterior cingulate and middle frontal gyri
disproportionately (Bartzokis et al., 2001; Cowell et al., 2007; Good et al., 2001). Similarly, age-related loss
in PFC white matter volume is also reported (Bartzokis et al., 2001; Salat et al., 2001), declining slowly until
later in life during which time white matter hyperintensities and vascular abnormalities become more
prevalent in the frontal lobe (Jernigan et al., 2001, Nordhal et al., 2006). These findings would support the
concept that PFC structure and function is vulnerable to decline in ageing, resulting in a decline in

associated cognition.

However, the frontal ageing hypothesis has received some criticism, namely in the lack of empirical
evidence which examines frontal decline and related functions over time in comparison to other regions
(Greenwood, 2000). Moreover, age-related decline is evident in a broad range of functions particularly
visuospatial abilities which are not solely reliant on the functioning of the frontal lobes. More recent
research has suggested that the brain may be capable of plasticity resulting in preservation of cognitive
performance in domains which may otherwise experience decline. The functional plasticity hypothesis
posits that more severe age-related decline is avoided by brain network re-organisation (Cabeza et al., 2003;
Greenwood, 2007; Zarahn et al., 2007). Specifically, whilst there is evidence that declines in age-related
processing speed, microstructural integrity and brain volume are present, many studies which assess higher

cognitive abilities show only a relatively small loss of function or even maintained performance with age

(Greenwood et al., 2007)

In addition, the frontal ageing hypothesis considers the PFC to be the vulnerable site of marked age-related
decline, however the PFC consists of many subregions including the ACC, dorsolateral prefrontal cortex

and orbitofrontal cortex (Happaney et al., 2004). As these regions atre associated with different cognitive
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functions, it is possible that normal ageing impacts certain regions of the PFC and therefore certain
functions differently. For example, lateral prefrontal regions are associated with primarily set shifting and
inhibition (Yochim et al., 2009), whereas medial and orbitofrontal regions relate to emotional and social
processing (Hornak et al., 2003). For instance, Kievit et al., (2014) identified specific relationships between
subregions of the PFC and subtypes of executive function processes such as inhibition. They also showed
that age-related differences in PFC grey and white matter integrity contributed to inter-individual
differences in the effective executive performance. This again supports the view that the frontal ageing
hypothesis may be too simplified, however it is still evident that frontal regions remain selectively vulnerable

to change with age.

1.4.1.1 Compensation, maintenance and reserve

Functional magnetic resonance (fMRI) evidence has suggested that the brain is capable of reorganising
cognitive processing as a consequence of age-relate changes in the brain (Cabeza, 2001). The Hemispheric
Asymmetry Reduction in Older adults (HAROLD); Cabeza, 2002) model was formed in response to these
findings, and suggests that older adults do not show the ‘typical pattern’ observed in younger adults in
which the left hemisphere is activated during encoding and the right hemisphere during retrieval (Tulving
et al., 1994). This hypothesis attempts to explain age-related changes as a result of regional and network
changes involving both compensatory and differentiation processes (Cabeza et al., 2002; Greenwood et al.,

2007).

In a further attempt to explain the effects of ageing, Cabeza (2002, 2018) proposed that age-related cognitive
decline may be mediated by three interacting mechanisms: reserve, maintenance and compensation. This
theory is not limited to one cognitive domain or brain region but may aid in the understanding of all

cognitive and brain changes occurring with age.

Reserve refers to the cumulative improvement of neural resources that mitigate the effects of neural decline
in ageing. Reserve occurs before the brain is affected by ageing and takes place over a number of years, for
example, education level may boost reserve by increasing synaptic density (Cabeza et al., 2002). Research
focusing on brain activity in those with higher versus lower education as proxy for reserve have found that
reserve is limited to superior temporal and parietal cortical activation measured by fMRI during visual
processing, concluding that perhaps higher reserve results in more effective use of cerebral networks in age
(Solé-Padullés et al., 2009). This has been supported by findings suggesting that higher memory task-related
connectivity in the left frontal cortex was related to higher network efficiency and enhanced memory

reserve in ageing (Franzmeier et al., 2018).

Maintenance refers to preservation of neural resources and depends on the magnitude and rate of decline

and efficiency of repair (Cabeza et al., 2018). Examples of maintenance include findings of cognitive and
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neural benefits of physical exercise that allow older individuals to sustain their performance. More generally,
maintenance refers to those older adults who maintain their cognitive performance and show little brain
decline. For example, longitudinal research found older individuals with preserved episodic memory
demonstrated less hippocampal atrophy over time than those with episodic memory decline (Persson et al.,
2018). Similarly, another longitudinal study following individuals over 65 years of age also reported less
hippocampal atrophy in individuals who exhibited little to no episodic memory decline over a four-year
period (Cabeza et al., 2018). However, the underlying mechanisms by which maintenance occurs in older
age is of great debate and ranges from preventative practices such as exercise (Stillman et al., 2020), yoga

(Gothe et al., 2016) or weight maintenance (Dye et al., 2017) to genetic factors (Harris & Deary, 2011).

Compensation refers to the recruitment of alternative neural resources in response to high cognitive
demand. Observing fMRI correlates, compensation describes a situation where brain activity or functional
connectivity is more widespread in older adults than younger adults, coupled with maintained cognitive
performance (Dennis et al., 2008). There are 3 proposed mechanisms of compensation: 1) compensation
by upregulation which refers to the enhancement of cognitive performance by boosting a neural process in
response to task demands. This could explain the finding that some age-related activity increases are evident
in brain regions that younger adults also recruit to do the same task. 2) compensation by selection, which
refers to the recruitment by older adults of neural circuitry associated with cognitive processes that are not
engaged by younger adults under the same objective task conditions. 3) compensation by reorganization,
meaning that older adults use neural mechanisms to respond to ageing-induced losses that would not
otherwise be used by younger adults during the same cognitive process. There is some empirical evidence
to support the concept that compensation occurs with age. Gutchess et al., (2005) showed less blood-
oxygen-level-dependent (BOLD) signal on fMRI in the parahippocampus in older adults who performed
at the same level as younger adults during scene encoding, but more activation in the middle frontal cortex
than in younger adults. They suggested that these older adults who showed lower hippocampal activity
showed more compensatory activation frontal areas. Similar findings were demonstrated in work by Cox
etal., (2015) showing that the dorsolateral PFC volume was related to task performance, which they suggest
indicated a compensatory mechanism for the frontal lobe in memory performance with age. In addition,
the authors suggested that age related memory decline is related to an inefficient use of neural resources,
mediated by the inability of the left PFC to inhibit non-task related activity in the right PFC via the antetior
corpus callosum. However, the study reported no evidence of anterior corpus callosum integrity being
related to task performance, suggesting that the evidence supports the compensatory theory of ageing as
opposed to a disconnect or failure to inhibit irrelevant information. Episodic memory maintenance in
normal ageing has been related to preservation of hippocampal volume, and greater hippocampal BOLD
signal change (Cabeza et al., 2018). Moreover, older adults who had greater episodic memory retrieval
performance showed bilateral frontal activity, in comparison to low performing older adults who showed

unilateral frontal activity (Cabeza et al., 2018). In addition, during working memory tasks older adults show
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greater BOLD signal change in the right dorsolateral PFC than younger adults at lower levels of task
demands, but less signal change at higher levels of working memory load. This suggests compensatory
changes in neural mechanisms for cognitive functions that experience age related decline. Compensatory
recruitment of the prefrontal regions in older age has also been widely reported (Eyler et al., 2011; Spreng
& Turner, 2019), as the responsiveness of the executive system decreases with ageing (Cappell et al., 2010;
Kennedy & Raz, 2015; Schneider-Garces et al., 2009). Responses also show a corresponding age-related
shift to posterior brain activity which may reflect a shift from proactive to reactive cognitive control (Davis

& Cabeza, 2015).

Finally, functional plasticity is also suggested as an extension and explanation for the idea of neural
compensation in older age (Greenwood et al., 2007). Plasticity involves cellular and synaptic mechanisms,
referring to the capability of neuronal circuitry to respond to atrophy, dysconnectivity or shrinkage. Those
cortical regions showing most consistent atrophy and change in older age — predominantly PFC and parietal
cortex — also show increase regional activation in age. In a similar way to compensation, it is suggested that
losses in brain integrity in certain areas drive functional reorganization and processing strategy change
(Greenwood et al., 2007). However, to the best of my knowledge there have not been investigations which

have focused on these differences specifically in the visual system.

1.4.1.2 Dedifferentiation in ageing

The concept of ageing and neural dedifferentiation refers to the notion that neural representations of
perceptual and conceptual information may be less distinctive with age (Koen & Rugg, 2019). Neural
resource allocation is thought to compromise the clarity of neural representations with older age. Previous
studies found more widespread neural activity during task engagement in older adults where cognitive
performance is poorer than in younger adults, potentially driven by a reduction in regional response to a
certain stimulus (Park et al., 2012). Rodent research has noted the importance of GABA as a mechanism
for neural dedifferentiation, suggesting that reductions in GABA mediate age-related neural
dedifferentiation in perceptual tasks and in the functioning of large-scale brain networks (Koen et al., 2020).
Recent work has also shown that reductions of GABA in the ventral visual cortex predicted age-related

differences in neural distinctiveness in response to faces and objects (Chamberlain et al., 2019).

Neural dedifferentiation in particular has been linked to the decline in episodic memory typically witnessed
in older age (Yassa et al., 2011). Other research has emphasised the importance of network segregation in
the brain for effective processing speed and fluid intelligence performance, a loss of which may then

contribute to the age-related decline reported in these domains (Chan et al., 2014).

Importantly, recent work has shown that the ability to maintain good performance in visuo-motor tasks in

older age is related to the modulation of separate functional networks - or functional connectivity
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dedifferentiation — in the whole brain (Monteiro et al., 2020). Age-related reductions in fMRI activation in
visual-attentional regions including the superior parietal and premotor cortex have been reported in
response to visual task demands (Roski et al., 2013). Moreover, lower functional connectivity between
sensorimotor and visual attention related regions were also reported, indicating age-related deficits in top-

down control, which the authors attribute to neural dedifferentiation (Roski et al., 2013).

These concepts are relevant to the current research, as I look to establish the neural differences that are
present between younger and older age in response to visual and attentional tasks. As discussed, age-related
brain changes are typically reported to be more prominent in anterior regions, and corresponding functions
are often found to experience greater decline in older adults. However, it is unclear which brain mechanisms
may change in the visual perceptual and attentional networks in older-age, and whether corresponding
cognition is maintained as a result of neural compensation, whether cognitive strategy changes occur due
to neural changes, or whether cognitive decline due to neural changes is in line with theories of
dedifferentiation. In contrast to most previous neuroimaging research into these questions the current
thesis does not employ functional but multimodal structural neuroimaging to characterise age-related
differences in macro- and microstructural as well as neurochemical properties of visual perception and
attention networks. This approach assumes that the ageing process affects structural and chemical
properties of brain networks which in turn will affect their functioning. Thus, this thesis aimed to further
our understanding into the age-related differences in these properties and how they may relate to the
decline, maintenance, or compensation of functions within the visual perception and attention processing

hierarchy.

1.5 Pathological ageing

1.5.1 Dementia

Understanding the cognitive and neural changes in healthy ageing is crucial to provide a baseline for
investigating pathological ageing. This is particulatly important in the current health climate, as we see a
rise in age-related disorders, most notably dementia related disorders (Prince, 2015). In the current thesis,
normal ageing was contrasted with pathological ageing in individuals with a clinical diagnosis of dementia

with Lewy bodies (DLB), as the hallmark features of DLB are visual perception and attention deficits.

Dementia refers to a syndrome characterised by a progressive decline in memory, behaviour and ability to
perform everyday activities (Wotld Health Organisation, 2019). One in three people will develop dementia
within their lifetime, with an estimated 850,000 people living with dementia in the UK alone (Prince, 2015),
with this number now projected to reach 131.5 million people living with dementia globally by 2050 (Prince,
2015). Moteover, the impact of dementia concerns not only the economy - in which it is estimated that the
disease has a worldwide cost of $948 billion - but also families, individuals and caregivers emotionally,

psychologically and socially (Xu et al., 2017). Dementia can be the result of numerous conditions, with the
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two most common age-related neurodegenerative diseases being AD and Lewy body disease (McKeith et

al., 2017).

1.5.1.1 Core clinical features in dementia with Lewy bodies

DLB is the second most common neurodegenerative dementia disorder following AD, and accounts for
approximately 20% of all dementia cases at post-mortem (Vann Jones & O’Brien, 2014). Ultimately, a
definite diagnosis of DLB requires histopathological verification, but a clinical diagnosis of possible or
probable DLB is provided based on diagnostic criteria, which were formed by the DLB consortium
(McKeith et al, 2017). The consensus diagnostic criteria have high levels of specificity for DLB
(approximately 95%), and list core clinical features, in addition to several suggestive and supportive features

to aid diagnosis (McKeith et al., 2017).

DLB is characterised by four core clinical features: cognitive fluctuations, Parkinsonism, visual
hallucinations and rapid eye movement (REM) sleep behaviour disorder (RBD; McKeith et al., 2017), in
addition to a progressive decline in functioning which significantly affects activities of daily living (ADLs).
A diagnosis of probable DLB is made if two or more core features, or one core feature plus a suggestive

feature, are present. Possible DLB is diagnosed if one core or suggestive feature is present alone.

1.5.1.1.1 Cognitive fluctuations

Cognitive fluctuations are the most prevalent core symptom in DLB, occurring in approximately 90% of
patients (McKeith et al., 2017). These fluctuations present as marked and severe variations in level of arousal
and alertness, ranging from episodes of confusion to periods of responsiveness (O’Dowd et al., 2019).
Cognitive fluctuations in DLB are characterised by periods of reduced attentiveness and awareness to
external stimuli (McKeith, 2006), but are not necessatily a product of environmental factors. Whilst
cognitive fluctuations are not unique to DLB, they are one of the most frequently reported and specific
diagnostic features in the disease (Bradshaw, 2004). Qualitative descriptions of DLB suggest an interruption
in awareness and attention, in association with confusion, difficulty in conversation and incoherent speech,

followed by return to alertness, clarity and normal conversation (Bradshaw et al., 2004).

1.5.1.1.2 Visual hallucinations

The second core clinical feature of DLB is complex visual hallucinations. These occur in around 60-80%
of patients (Burghaus et al.,, 2012), and are more severe and likely to persist over time than in other
dementias (Ballard et al., 2001). Hallucinations in DLB are complex and typically consist of people, animals
and objects (Mosimann et al., 2006; Onofti et al., 2015), as opposed to simple hallucinations of colours,
lines, flashes or light. Complex hallucinations in DLB are commonly associated with apathy and anxiety
and are reported by patients as unpleasant (Mosimann et al., 2000) or frightening experiences (Burghaus et

al,, 2012). Other symptoms such as pupil reactivity impairments, saccadic and pursuit eye movements are
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also present in DLB patients (Armstrong, 2012). Visual hallucinations in DLB are also associated with

cognitive and perceptual impairments.

Reduced GABAergic transmission in the visual cortex in DLB patients may also contribute to the incidence
of visual hallucinations (Khundakar et al., 20106). Visual hallucinations are also associated with the reduced

perfusion in the anterior cingulate and orbitofrontal cortices in DLB (Heitz et al., 2016).

1.5.1.1.3 Parkinsonism

Patients with DLB may also experience extra-pyramidal parkinsonism symptoms, which can occur in up to
68% of cases (Aarsland et al., 2001). Parkinsonism is defined as bradykinesia (slowness of movement),
tremor, stooped posture, shuffling gait and/or rigidity in patients and does not occur due to medication or
stroke (McKeith et al., 2017). DLB patients are varied in their motor presentation, in which some patients
shown clear extra-pyramidal symptoms such as a pill-rolling tremor, and others may have no apparent
motor problems (Gomperts, 2016). Patients who are diagnosed with Parkinson’s disease (PD) and later
develop dementia resulting in Parkinson’s disease dementia (PDD), tend to have more severe motor
symptoms than in DLB (Petrova et al., 2016). In DLB, motor symptoms may follow the development of
dementia symptoms more than one year from onset. In contrast, a diagnosis of PDD is made when motor

symptoms atre present and are followed by the onset of cognitive impairments (Gomperts, 2016).

1.5.1.1.4 REM sleep behaviour disorder

Rapid eye movement (REM) sleep behaviour disorder (RBD) is a parasomnia, in which the patient loses
normal muscle atonia during REM sleep, resulting in prominent motor activity and dreams (Boeve et al.,
2004; McKeith et al., 2017). Patients with RBD often experience vocalizations and behaviour during sleep
which can be violent. Behaviours such as limb jerking, punching, kicking, running, jumping out of bed are
common, and can be dangerous for both patients and bed partners (Boeve et al., 2004; Ferman et al., 2011).
The conversion rate from RBD to DLB is between 29-55%, and RBD patients are often seen to have

cognitive impairment, in particular attentional and executive deficits (Marchand et al., 2017).

1.5.1.2 Pathology

Like many neurodegenerative disorders, DLB is pathologically characterised by aberrant misfolding of
tissue proteins. Cases diagnosed with DLB have an aggregation of a-synuclein containing cytoplasmic
inclusions named Lewy bodies and Lewy neurites, which are located in high concentrations in the neurons
of the midbrain, limbic system and neocortex (Perry et al., 1990; Figure 1.2). Limbic and neocortical Lewy
body pathology is also associated with cognitive impairments, therefore Lewy body pathology in these
regions is necessary for a pathological diagnosis of DLB. It is hypothesised that the spread of Lewy body
pathology occurs via propagation by recruiting endogenously expressed o.-synuclein, in a prion like manner
throughout the nervous system (Masuda-Suzukake et al., 2013). However, mild Lewy body pathology may

also be present in individuals without cognitive or motor impairments.
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Figure 1.2 Braak staging guidelines outlining the spread of Lewy body pathology in Lewy body disorders. Patients
with PD typically show pathology in stages 1 and 2, and progress to later stages, whereas DLB patients will more often
show cortical Lewy bodies eatlier in the disorder (adapted from Halliday et al., 2011).

Microglial activation, a marker of neuroinflammation, is often present in neurodegenerative diseases, and
is observed in early DLB (Iannaccone et al., 2013). Activated microglia can also result in the release of iron
from its storage protein, ferritin (Yoshida et al., 1995). The over-expression of a-synuclein has also been
reported to increase iron accumulation (Ortega et al., 2015). Iron is an important metal in many processes
within the brain such as myelin production and synthesis of neurotransmitters. However, excessive iron

accumulation has also been linked to neurodegeneration and accelerated cognitive decline (Penke et al.,

2012).

Amyloid B-peptide (AB) is the primary component of neuritic plaques often present in neurodegenerative
disease (Hardy, 2002) - most notably AD - and may also be present in DLB cases. However, the presence
of amyloid-f is not required for a DLB diagnosis. Whilst not as prolific in the cortex as Lewy bodies, it is
hypothesised that striatal Amyloid-f3 may also undetlie clinical symptoms of cognitive impairments in DLB.
Findings have demonstrated that Amyloid-f3 immunoreactive plaque deposition in the striatum can reliably
distinguish DLB cases from PDD cases, suggesting that this deposition contributes to eatly dementia

(Halliday et al., 2011). Moreover, a relationship between the deposition of amyloid plaques and cortical
Lewy bodies in DLB has also been observed (Pletnikova et al., 2005).
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Neurofibrillary tangles and neuropil threads consist of the protein tau. In neurodegenerative conditions,
tau becomes phosphorylated in an abnormal manner, and accumulates in neurons, resulting in a

destabilisation of the microtuble network and axonal structure.

1.5.1.3 Cognition in DLB

Many studies investigating perceptual deficits in DLB have focused on visual functioning, which is markedly
impaired in DLB patients, in comparison to AD and PD. However, these studies generally recruit
neuropsychological tasks which are not specific to different functions of vision and often require additional
cognitive resources such as working memory to successfully complete. Only a couple of recent studies have
focused on specific stages of visual processing and have generally found that DLB patients show

impairments in mid to high-level visual processing stages (Landy et al., 2015; Metzler-Baddeley et al., 2010).

1.5.1.3.1 Visual perception in DLB

Functions such as acuity and orientation have been reported to be preserved in DLB patients, in
comparison to AD patients (Metzler-Baddeley et al., 2010). However, some research has reported impaired
performance on otientation tasks in both mild cognitive impairment (MCI) DLB and RBD patients who
were at greater risk of developing DLB (Donaghy et al., 2018; Chahine et al., 2016). Furthermore, a study
by Wood et al. (2013) assessed DLB patient’s performance on a battery of visual tasks, in which patients
showed poorer angle discrimination performance in compatison to AD patients. Impairments in low level
visual functions in DLB patients may also be linked to the incidence of visual hallucinations. DLB patients
who experience hallucinations may adopt a more ‘liberal’ threshold for detection of bottom-up sensory
information, as these patients appear to have deficits in separating visual signals from noise when presented

with a prime (Bowman, 2017).

DLB patients are reported to have impaired visual texture recognition, a mid-level perceptual function
(Oishi et al., 2018a). Patients were required to recognise images of materials, such as wood and metal, and
were found to be significantly worse than control participants, however this is the only assessment of this
nature at present in DLB patients. Other mid-level perceptual processes such as colour discrimination atre
reported to be impaired in DLB patients in comparison to AD and control patients, in a task associated
with ventral visual pathway activation (Woods et al., 2013). Moreover, DLB patients experience greater
impairment in colour identification in comparison to AD patients (Flanigan et al., 2018), which has also
been related to the incidence of visual hallucinations and visuospatial functions (Matar et al., 2019). DLB
patients also showed significant impairment in motion tasks on the same task battery, which remains
constant over a 12-month period. In addition, reduced functional activation in the V5 motion area in
response to motion stimuli was found in DLB patients (Taylor et al., 2012). In comparison to AD and PD
patients, DLB and PDD patients show significantly impaired performance on tasks of dot motion

discrimination (Landy et al., 2015). DLB patients also demonstrate impairments in perceiving contours and
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have a lower perceptual threshold for contour integration (Metzler-Baddeley et al., 2010; Ota et al., 2015).
Similar tasks in the Hooper Visual Organisation Test requiring contour detection in fragmented stimuli also

showed disproportionate impairments in DLB patients in compatison to AD patients (Mitolo et al., 2016).

Higher-level visual functions, such as space and object perception are disproportionately impaired in DLB,
as evidenced by the Visual Object and Space Perception battery (VOSP) performance (Pal et al., 2016),
which may indicate a primary dorsal stream processing impairment. Moreover, DLB patients show
decreased functional connectivity between left and right components of the fronto-parietal executive
networks which was related to the spatially oriented subtasks of the VOSP task battery, in compatison to
controls (Chabran et al., 2018; Uddin et al., 2009). DLB patients show lower processing efficiency of stimuli
when completing the Rorschach test — a test in which participants are presented with inkblots and asked to
verbally describe what they can see (Kimoto et al., 2017). The Rorschach performance is measured by a
derived score called the ‘perception and thinking index’ (PTT), which reflects cognitive and perceptual
distortion. DLB patients show lower PTL, in addition to reporting more unusual details in the stimuli than
AD patients, indicating that integrating and organizing incoming information may be problematic. DLB
patients also perceive a greater number of meaningful stimuli in ambiguous visual scenes in comparison to
AD and controls, indicating a potential over-activation of top-down input to the visual percept (Yokoi et
al., 2014; Uchiyama et al., 2012). This phenomenon is also present in idiopathic RBD patients, who report
seeing figures, objects or faces when they are not present in stimuli (Sasai-Sakuma et al., 2017). As there is
a high conversion of idiopathic RBD to DLB, and RBD is highly predictive of DLB, this may indicate that
a perceptual impairment in integrating and organizing information is present in very early DLB.
Performance when viewing ambiguous stimuli is also influenced by a primed mood manipulation, with
DLB patients reporting significantly more objects that were not present in the stimulus, in comparison to
control and AD patients (Watanabe et al., 2018). This indicates that impairment may be abnormal
perceptual bias, modulated by mood, as opposed to lower-level sensory deterioration. Findings have also
shown a difference in performance between lower and higher level visual perceptual functions, with DLB
patients performing worse in the Rey Osterrieth — a complex figure-background segregation task — but with
unimpaired performance on the Benton judgement of line orientation task (Robertson et al., 2016). The
impaired performance on Rey Osterrieth task was also related to lower occipital-parietal perfusion in

comparison to control participants.

1.5.1.3.2 Attention in DLLB

Marked impairments in attention and executive functions are present in DLB from very eatly disease stages
(Ciafone et al., 2020) and are related to faster disease progression. More recent evidence suggests that
dysfunction in attentional networks responsible for alerting may result in impaired attentional processes,
and that a potential disconnection and desynchronization between attentional networks may underpin DLB

patients’ attention deficits (Firbank et al., 2016; Fuentes et al., 2010). Evidence also suggests that DLB
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patients may have executive impairments in the form of a reduction in working memory capacity but may
have intact short-term binding abilities (Scullin et al., 2012). Investigations have shown neural correlates for
attentional and executive impairments in DLB patients, using the Attention Network Task (ANT; Fan et
al,, 2002), which was designed to assess the functioning of the alerting, orienting and executive attentional
networks (Posner & Petersen, 1990). DLB patients show a reduction in sustained alertness and showed
neither orienting or executive network effects without an alerting cue, in comparison to AD and control
participants (Fuentes et al., 2010). This suggests that, without external cueing or alerting, patients experience
difficulties in allocating attentional resources to stimuli. DLB patients also show higher error rates and
longer RT on the ANT, in comparison to controls and AD patients (Kobleva et al., 2017). These findings
were related to hypo-connectivity of the dorsal and ventral attention networks, and a reduction in
connectivity between these networks and frontal regions in DLB patients, using fMRI. DLB patients also
have a reduction in white matter volume in the lateral occipital cortex, which was correlated with an
impairment in orienting network activation (Cromarty et al., 2018). This suggests that impaired orienting

may be in part due to impairments in visual functioning.

In summary, there is evidence that attention and perceptual functions are impaired in DLB patients, but
that these may be specific to certain functions within the processing hierarchy rather than general
impairment. Previous tasks have typically used less sensitive measures of assessment, such as clinical task
batteries than may not provide a detailed characterisation of decline in specific visuo-perception and
attention functions. Therefore, this thesis aimed to design a task battery which was suitable for DLB
patients to complete and assessed perceptual function at different stages of the hierarchy in a sensitive
manner by using when possible adaptive stair-case procedures (see Chapter 3). Moreover, some results
suggest that perceptual and attentional functions could be related to clinical symptoms, which this thesis

also aimed to address by measuring cognitive fluctuations and visual hallucinations.

1.5.1.4 Brain changes in DLB
Brain changes have been reported in DLB, typically in comparison to patients with AD, PD, or normal
ageing. Limited studies have investigated the microstructural changes that occur in DLB, and even fewer

have reported metabolic brain changes. These studies are discussed below.

1.5.1.4.1 Structural changes in the brain in DLLB

Whole brain atrophy at eatly stages is not as diffuse in DLB as in other dementia disorders notably AD
with preservation of medial temporal lobe structures being a defining clinical feature in the DLB profile
(Burton et al. 2009). However, further findings have suggested that changes in the hippocampus may still
be present in DLB, but are more specific, showing preservation of the cornu ammonis and subiculum, but
atrophy in the perirhinal and parahippocampal cortex (Delli Pizzi et al., 2015). Less specific structural

changes in the cortex are also present in DLB, such as reduction in GM volume in the posterior and parietal
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regions (Watson et al., 2017), superior temporo-occipital and lateral orbito-frontal regions (Lebedev et al.,
2013), and the substantia inominata and dorsal mesopontine area (Whitwell et al., 2007). Moreover, greater
occipital and striatal GM reductions (Lee et al., 2010) and temporo-parietal GM reductions (Beyer et al.,
2007) in DLB have been reported in comparison to patients with PDD, showing specificity of these

volumetric changes. Reductions in precuneus and inferior frontal lobe GM volume have also been

correlated with visual hallucinations in DLB (Sanchez-Castaneda et al., 2009), but not in PDD.

1.5.1.4.2 Microstructural changes in the brain in DLLB

In contrast to AD, there is only limited evidence with regards to white matter microstructural changes in
DLB. Some studies have found DLB related changes in microstructural parameters in parieto-occipital
white matter in comparison to AD patients (Watson et al., 2009, 2012) and lower FA in the insula and
posterior cingulate cortex (Lee et al., 2010). White matter alterations in the inferior longitudinal fasciculus
have also been observed (Kantarci et al., 2010; Mak et al., 2014; Ota et al., 2009). These whole brain analysis
findings have been supported by tractography based analyses, which have reported reduced FA in the
inferior longitudinal fasciculus (ILF), posterior thalamic radiation (Watson et al., 2012) and occipito-frontal
fasciculus (Kiuchi et al,, 2011), suggesting tracts related to visual functioning experience particular

degeneration in DLB.

Subcortical white matter changes are also present in DLB patients in the left thalamus and pons (Mak et
al., 2014; Watson et al., 2012), in addition to reductions in FA in the precuneus (Firbank et al., 2007).
Widespread cortical MD has also been reported in DLB in the brainstem, thalamus, frontal, parietal,
temporal and occipital lobes, which showed a similar pattern to patients with AD (Watson et al., 2012).
MD in the parahippocampal and cingulate regions also showed correlation between episodic memory
impairment in DLB patients, and MD in the subcortical regions and tracts in the parietal lobes showed a
correlation with poorer letter fluency in DLB (Watson et al., 2012). In contrast, alterations in frontal and
parietal FA showed a relationship with letter fluency performance and FA in the subcortical structures

showed a relationship with parkinsonism in DLB patients (Watson et al., 2012).

1.5.1.4.3 Metabolic changes in the brain in DLB

Variable and very limited findings have been reported in DLB patients’ metabolic brain changes in vivo.
NAA levels were reported to be comparable to healthy older adults in some instances (Kantarci et al., 2004;
Mak et al., 2014), but were also reportedly lower in the thalamus in comparison to AD (Delli Pizzi et al.,
2015), and reduced in the posterior cingulate and hippocampus in MCI-DLB (Tumati et al., 2013). Normal
myoinositol levels in DLB patients have also been reported (Kantarci et al., 2004), however more recent
investigations show raised myoinositol in the posterior cingulate cortex (Tumati et al., 2013). Finally, choline
and creatine are higher in patients with DLB (Mak et al., 2014), with increases found in the right thalamus

in comparison to AD patients, which has also been linked to severity of cognitive fluctuations.

28



1.6 Research questions

The main objective of this research was to establish the profile of attention and perception differences that
occur in healthy ageing compared to young adults and how these relate to macrostructural, microstructural
and neurochemical changes in the brain. More specifically, in the following empirical work I will
characterise which cognitive processes, brain regions and modalities experience age-related decline or
maintenance and how this informs theories of cognitive ageing. My research then aims to extend this
approach to DLB patients, which provides a comparison with pathological ageing in which specific
perceptual and attentional impairments are present. With an increasingly ageing global population it is
important to gain further insights into the underpinning mechanisms of such changes. On one hand
because such insights may help inform the development of interventions to optimising cognitive resources
in older age, and on the other because they may aid our understanding of eatly warning signs of
neurodegenerative processes such as those associated with DLB. By characterising perceptual and
attentional processing decline and related brain changes in normal ageing, this research may then aid early
differential diagnosis of the pathological processes affecting the brain and cognition that are witnessed in
DLB. Moreover, the neural underpinnings of age-related changes in vision and attention have not been
assessed using both advanced diffusion imaging and MR spectroscopy including GABA. Whilst much
research has focused on age-related changes in memory and processing speed, accumulating evidence
suggests that older adults are also susceptible to changes in visual perception and attention, but the neural
underpinnings of these changes are not well understood. Age-related changes in standard MRI measures
of white and grey matter morphology and microstructure based on DTI are well-documented. However,
these measurements are limited with regards to the inferences about biological processes underpinning age-
related brain changes. More advanced magnetic resonance imaging and magnetic resonance spectroscopy
techniques that allow the quantification of brain metabolites and microstructural properties beyond DTI-

based indices promise to provide further insights into the nature of age-related brain changes.

Initially, this study was designed to focus on perceptual and attentional decline and associated neural
correlates in DLB patients in comparison to healthy older adults, which had not previously been done in
one detailed psychophysical and MRI study. As such, elements of the study design such as MRI protocol
and visual and attention tasks were tailored to consider the ability of patients. However, as the recruitment
of suitable DLB patients turned out to be very challenging, a substantial portion of the thesis will be devoted
to age-related differences in visual perception and attention and their neural underpinnings. The novel
aspects of this thesis lie in a comprehensive assessment of age-related differences in perceptual and
attentional functions at different levels of the visual hierarchy (Chapter 3) as well as by studying their neural
correlates with advanced spectroscopy and diffusion MRI methods (see Chapter 4). In addition, I
investigated whether age-related differences in different brain modalities could predict performance

differences between younger and older adults, the results of which are reported in Chapter 5. Moreover,
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both cognitive and brain differences in the same regions were assessed in a small number of DLB patients

and are compared with healthy ageing in Chapters 3 and 4.

I also aimed to investigate the nature of age-related differences in processing speed and decision-making in
further detail using diffusion drift model approaches in Chapter 6. Such model-based approaches have
suggested that cognitive changes in healthy ageing follow a profile, in which older adults become slower
and more cautious in their responses, and also experience difficulty in perceptual processing. However, it
remains unknown how these changes in processing speed parameters relate to changes in the ageing brain,
specifically metabolic changes. The work in this thesis therefore aimed to establish how decision-model
parameters of healthy ageing relate to changes in the brains of older adults. By doing so, I hope to achieve
a more specific understanding of how declines in processing speed in older age occur, and how this may
be related to brain ageing. In addition, this may highlight neural changes which are susceptible to particular
decline, which may be relevant both clinically, and in the understanding of healthy ageing. To the best of
my knowledge, the drift diffusion model has not been applied to investigate the nature of RT changes in
DLB patients, despite evidence which has related decision model parameters to visual hallucinations in
other disorders (O’Callaghan et al., 2017). To address this, in Chapter 7 I applied the drift diffusion model
to RTs from DLB patients from the LewyPro cohort (Donaghy et al.,, 2018) and investigate how the
outcome parameters may be related, or underlie, clinical symptoms such as complex visual hallucinations.
By doing so, I hope to further understand specifics of cognitive decline in DLB and how they may relate

to clinical symptoms notably visual hallucinations.
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Chapter 2 : Magnetic Resonance Imaging methods in the study of ageing

2.1 Chapter overview

Despite the large body of literature investigating neural changes that occur in ageing, research which
considers multiple modalities of neuroanatomical changes within one study are limited. Notably, evidence
regarding the relationship between neurochemical and cognitive changes in ageing is sparse. Given that
normal ageing is a multifaceted phenomenon and is therefore supported by distributed brain networks, in
order to gain a more complete understanding of the processes undetlying cognitive ageing ideally one would
seek to characterise age-related changes using multimodal techniques. As ageing is typically associated with
widespread reductions in white matter microstructural integrity (Bartzokis et al., 2004), and some studies
suggest that microstructure may be related to metabolic changes (Chiappelli et al., 2015; Reid et al., 2016)
but little is known about these changes with age, I chose to employ these two main modalities. The present
research focused on studying age and disease-related differences in structural and metabolic properties of
brain networks underpinning visual perception and attention with magnetic resonance imaging (MRI) at 3
Tesla. This consisted of high-resolution T1 weighted anatomical images for morphological measurements
(cortical thickness, volume), multi-shell diffusion-weighted imaging (DWI) to quantify white matter
microstructure and magnetic resonance spectroscopy (MRS) to investigate neurochemical changes in key
brain metabolites. This chapter will provide a brief introduction into the basic concept of MRI, and the
more advanced applications of multi-shell DWI and MRS which were employed in this thesis to achieve a
comprehensive characterisation of the macro and microstructural, and bio-metabolic profile of normal

ageing.

2.2 MRI overview

MRI is a non-invasive medical imaging technique that allows the collection of three-dimensional anatomical
images as well as the quantification of estimates of biophysical tissue properties. It uses magnetic fields and
radiofrequencies, as opposed to ionising radiation used in other forms of clinical imaging. MRI capitalizes
on the magnetic property of hydrogen atoms - the spin of a charged hydrogen particle — to induce a
magnetic moment known as nuclear magnetic resonance (NMR). By applying a strong external magnetic
field (Bo), the atomic hydrogen nuclei are aligned parallel with, or perpendicular to, the external field
(Grover et al., 2015). The hydrogen protons spin around the long axis of By, which the greatest proportion
of nuclei align parallel to. This is referred to as precession, the rate of which is the Larmor frequency

described below (Equation 2.1).

W = VBO 2.1
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Where wy = precessional or Larmor frequency (MHz), ¥ = gyro-magnetic ratio (MHz/Tesla), and BO =
magnetic field strength (Tesla). When protons precess together, they are said to be ‘in phase’, and Larmor

frequency changes in proportion to magnetic field strength.

Gradient coils generate secondary magnetic fields in the x, y and z axis of the bore, and eventually allow
for spatial encoding of images, or localisation. Nuclei can then be excited within this external field by
applying a radiofrequency (RF) pulse (B1) with the same precession frequency. This causes some protons
to flip to a higher energy state, decreasing longitudinal magnetisation and synchronises the protons to be
‘in phase’. In turn, this induces transverse magnetisation in which the net magnetisation vector of the
protons becomes perpendicular to BO. The RF coil then measures the time taken for relaxation of the
protons to their equilibrium state. Relaxation is measured either in the longitudinal (T'1) direction on the z-
axis, parallel to BO or in the transverse direction (T2), perpendicular to BO on the x-y axis. Relaxation time
varies dependent on tissue composition and relaxation direction, with water molecules taking longer to
relax in T1 and T2. The absorption of energy during this process causes a transition between higher and
lower energy states, inducing a voltage which is detected by a tuned coil of wire. This is known as the ‘free-
induction decay’ (FID) and is variable depending on the tissue type containing the nuclei, the strength of
By, and the application of the RF pulse(s). The amplitude and duration of these gradients then determine
how information is read in the frequency domain. Multiple echoes or FIDs are typically obtained, depending
on scan acquisition, which are then signal averaged and converted into k-space, the temporary space for
storage of digitised MR signals. K-space is then translated into a spatial domain using Fourier transform to
display an image or the frequency domain to display a spectrum in the case of magnetic resonance

spectroscopy (Grover et al., 2015) (Figure 2.1).
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Figure 2.1 Molecular representation of the acquisition of MR images (A) protons in the body go from randomly
precessing to aligning with the BO magnetic field (B). (C) protons absorb radio-frequency (RF) energy and “flip’ their
orientation away from the BO field. (D) Signals from different tissues have different properties which can be
quantified based on their relaxation properties.
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MRI can be utilized in several ways in order to measure different metrics within the brain. These include
measuring diffusion of water in the brain as a proxy estimate of microstructural integrity, measurement of
neurochemistry in the brain, measurement of oxygenated blood flow as a proxy of neural activity, in
addition to estimating structural thickness and volume. For the purpose of the current thesis, I chose to
focus on grey matter thickness and volume, white matter microstructure and neurochemistry. These metrics
were selected on the basis of previous literature which suggests changes or depletion of certain
microstructural, neurochemical and grey matter elements are present in age in regions which are typically

involved in visual perception and attention.

2.3 MR Spectroscopy

MR Spectroscopy (MRS) is a non-invasive MR technique which is employed to quantify metabolites in the
brain in vivo. Where MRI is predominantly concerned with the collection of tissue data to form anatomical
images and quantify tissue properties, MRS refers to the techniques employed to acquire frequency spectra
to assess the biochemical composition of tissues in a selected brain region. Each MR-visible metabolite in
the brain produces a unique signal in the MRS spectrum due to the differences in the environment of the
individual spins. Metabolites can produce several resonances at different frequencies based on their nuclear
structure and can be characterised by the degree of frequency separation from one another or chemical
environment (Jansen et al., 2006). Water nuclei are ~10,000 times more abundant than those of metabolites
of interest in MRS, meaning that the water signal dominates the frequency spectrum. By suppressing signals
typically obtained from water within the tissue, MRS allows us to determine a quantifiable spectrum which
illustrates the concentration of a number of smaller metabolites naturally present in tissue. As the metabolite
signals are plotted on the spectrum with the y-axis indicating the amplitude of the signal and the x-axis
indicating the frequency, metabolites can be easily identified at higher field strengths and quantified by
calculating the area-under its peak as a measure of abundance in the voxel (Stagg & Rothman, 2013, Figure

2.2).

2.3.1 MRS methodology

MRS is based on the principle that there is a variation in the frequency of hydrogen protons depending on
their chemical environment. This occurs due to J-coupling and chemical shift (Stagg & Rothman, 2013).
As each molecule has a different structure, they are able to be distinguished from each other based on these
unique frequencies. Chemical shift occurs when protons experience differing electron shielding (i.e. either
electrons are drawn closer to or pushed further from the hydrogen proton) within a molecule, causing the
frequency of the spin to alter. The electrons shield protons from the external B-field, reducing the
‘effectiveness’ of the field. This reduces the frequency of precession, which is proportional to Bo. The
chemical shift is expressed in units of parts per million (PPM), which also allows the identification of

metabolites based on their ppm position on the x-axis of the MRS spectra. J-coupling is an interaction
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between a molecule’s hydrogen atoms, mediated through chemical bonds and can cause peak splitting and

modulation (Stagg & Rothman, 2013).

As spatial frequency-encoding is reserved for identifying chemical shifts between different metabolites,
there are several techniques which are available to determine the location of signal during MRS. Most
commonly employed is the single voxel spectroscopy (SVS) technique, which uses R pulses in addition to
gradients in three planes, defining a three-dimensional cuboid voxel encapsulating an anatomical region as
the source of the signal. RF pulses applied during acquisition select a single slice in each plane and the

intersection of these planes is where the signal from the spin frequencies of protons is measured (Stagg &

Rothman, 2013).

As water is the source with the greatest volume of hydrogen protons within the brain, water suppression is
required to visualise an MRS spectrum containing other metabolites which are present at much lower
concentrations (at millimolar level). This typically involves applying an RF pulse at the same resonance
frequency as water to excite these protons, and a strong B-field gradient to minimize the water signal during

visualisation (Stagg & Rothman, 2013).
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Figure 2.2 Chemical spectra acquired during MRS. Frequency position (x-axis) of the metabolic peaks on the spectra
identifies different metabolites of interest reliably and can be quantified in millimolar (y-axis) (adapted from Hajek et
al.,, 1998). Cr = creatine, Ins = myoinositol, Cho = choline, NAA = N-acetyl-aspartate, Glu = glutamate, Gln =
glutamine, GABA = gamma amino-butyric acid, Lac = lactate, Lip =lipid.

2.3.2 Metabolites

Within the MRS obtained spectra, three major peaks are often identified, representing the concentrations
of N-acetyl-aspartate (NAA), creatine (Cr) and choline (Cho), in addition to smaller peaks of myo-inositol
(ml) and neurotransmitters glutamate/glutamine (Glx) and y- aminobutyric acid (GABA), amongst some

others (Figure 2.2).
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To quantify metabolites the area under the spectral peak is used (Figure 2.2). However, the area under the
peak is not a direct measure of metabolite concentration, and is influenced by relaxation values of each
metabolite, type of pulse sequence and inhomogeneities in the By and By field. In addition, as MRS
resonance overlap and have complex splitting patterns, quantifying area under the peak does not provide
metabolite concentration. Therefore, the spectral curve fitting to quantify metabolites must involve
applying a model which contains advanced prior knowledge regarding spectral location and line shape of
expected metabolites. These algorithms can provide only relative metabolite concentrations, therefore an
internal reference standard from another concentration such as tissue water can be used to estimate brain
metabolites by comparing their peak area ratios to the area of water or other reference chemicals which are
relatively stable (Jansen et al., 2000). In clinical applications of MRS, often the ratios of metabolites are used
as opposed to absolute metabolite concentrations (Saftriel, 2005), in order to establish a range of relatively
stable values from which other metabolic concentrations can then be compated. Creatine is often used as
a reference value from which to provide a ratio, as it is relatively stable in many clinical populations, however
in AD and PD, creatine levels have been reported to be significantly different to normal controls (Firbank
et al., 2002). Moreover, other studies have used brain water as a reference value in AD and PD populations
(Huang et al., 2001, Schuff et al., 1998) successfully, thus I selected brain water as a more stable reference

for comparing healthy younger, older and DLB patients.

Moreover, due to comparisons between healthy and patient samples, relative concentrations on metabolites
were variable, which would hinder any conclusions made from reported pure ratios such as GABA/Crt.
Considering this, the concentration of metabolites (M) were calculated using Equation 2.2, where R=
known concentration of brain water, St = signal of reference, Sm = signal from metabolite and C =
correction factor. This allowed me to determine an amplitude of each metabolite using brain water as a

reference signal, which are the final metabolic concentration values reported throughout this thesis.

M =R xC (Sm/Sr) (2.2)

Specific pipelines used in peak fitting will be discussed in experimental methods (Chapter 4). Brain

metabolites of interest which were quantified in this thesis are discussed in the following sections.

2.3.2.1 N-acetyl-aspartate (NAA)

NAA, the largest peak in the MRS spectrum, is a compound present in neurons. NAA is the acetylated
form of aspartate, typically occurring in concentrations between 10 — 20 Mm (Rae, 2014). The exact role of
NAA in the brain is somewhat disputed. It is often viewed as a marker of neuronal density or viability, due
to its apparent role in energy metabolism in neuronal mitochondria (Lu et al., 2004). However, other
hypotheses consider NAA to be involved in regulating the release of neurotransmitters (Rae, 2014) and

also in myelin synthesis in oligodendrocytes (Rae, 2014). In general, NAA is considered to be a marker of
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neuronal health, which atises from the former hypotheses, as well as from observations of an inverse
relationship between NAA and atrophy, and NAA reductions in disorders such as dementia, stroke and
multiple sclerosis (Moffett et al., 2013). Lower NAA has been linked to generalized cognitive dysfunction
(Mathiesen et al.,20006), while increased concentrations of NAA in frontal regions were shown to be related

to improved executive performance (Grachev et al., 2001).

2.3.2.2 Creatine

Creatine, involved in energy metabolism, is relatively abundant in the brain and on the MRS spectrum
represents the creatine kinase/ phosphocreatine energy shuttle, a way in which a cell generates ATP (Stagg
& Rothman, 2013). In fact, the synthesis of ATP is not possible without creatine, which in turn allows
immediate energy release and/or resynthesis of ATP when required (Turner & Gant, 2013 in Stagg &
Rothman, 2013). Creatine also acts as a buffer to maintain intracellular ATP at the required level and is
higher in glia than neurons suggesting a role in glial function (Urenjak et al., 1993). Creatine
supplementation has been seen to improve performance on tasks requiring working memory and long-term
memory particularly in the elderly (McMorttis et al., 2007), however this has not been shown in younger
adults (Rawson et al., 2008). In contrast, elevated regional creatine in the hippocampus and frontal regions
in older adults predicted poorer visuospatial working memory performance (Lind et al., 2020), suggesting

a complex relationship between glial-related biochemistry in older age and cognitive outcomes.

2.3.2.3 Choline

Choline often occurs in low concentrations in the healthy brain, however can be elevated in disease
involving both inflaimmation and demyelination due to its role in cell-membrane signalling (Zeisel & da
Costa, 2009). Choline has a complex role in several important neural processes. Most notably, it is the
precursor for acetylcholine which is one of the most abundant neurotransmitters in the brain primarily
concerned with maintaining homeostasis and governing necessary autonomic functions. In addition,
choline is present in the metabolism of some cancers and acute neurological degeneration such as stroke
(Stagg & Rothman, 2014). The choline peak on MRS at 3.2 ppm represents choline containing compounds,
free choline and phosphorylated choline which are markers of cellular density, cell wall turnover and cellular
metabolism (Miller et al., 1996; Lin & Gant, 2014 in Stagg & Rothman, 2014). As such, choline represents
structural integrity and efficient signalling of cells, however pathological states may lead to unusually
elevated choline levels and cognitive impairment. Raised choline in frontal brain regions is also related to

poorer working memory performance (Lind et al., 2020).

2.3.2.4 Myoinositol

Myoinositol is often viewed as a marker of astrocytic health, with decreased myoinositol occurring in
chronic processes such as ischemia. Myoinositol has been proposed as a marker of glial cell proliferation as

it tends to be contained within glia and has been demonstrated to be selectively taken up by glial cells in
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comparison to neurons (Glanville et al., 1989). Elevated myoinositol levels have been observed in
conditions such as AD and Huntington’s disease, also presenting the hypothesis that myoinositol is an early
MRS marker for neurodegenerative disease. To this end, it has also been suggested that myoinositol could
be recruited in the monitoring of disease progression or response to treatment in mild cognitive
impairments (Stagg & Rothman, 2014). Increases in myoinositol are also related to generalised cognitive

decline in age or mild cognitive impairment, and are thus of interest in this thesis (Kantarci et al., 2013).

2.3.2.5 Glutamate/ Glutamine (Glx)

Glx is the combined signal of glutamate, the brain’s major excitatory neurotransmitter, and glutamine which
is the product of glutamate reuptake by astrocytes. Glutamate and glutamine are combined into Glx due to
difficulties in separating the peaks at lower field strengths. Glx is often found to be raised in acute brain
diseases, such as epilepsy (Stage & Rothman, 2014). The Glx peak has been used as a marker of
glutamatergic neurotransmission. Any changes to the Glx peak may reflect a dysregulation in
neurotransmitter functioning, and thus metabolic dysfunction in neurons or astrocytes (Stagg & Rothman,
2014). Moreover, as glutaminase — the enzyme which catalyzes the breakdown of glutamine to form
glutamate - is present in the mitochondria it is purported that a change in the Glx peak may also reflect
mitochondrial dysfunction. Related to cognition, higher Glx in the prefrontal cortex is related to improved
task learning (Lacreuse et al, 2018) in non-human primates, and increased generation of mental
representations (Huang et al., 2015). Furthermore, Glx in the posterior cingulate is positively correlated
with performance in a word learning task (Riese et al., 2015). Taken together these findings suggest a role

for Glx in mitochondrial functioning and in effective cognition including learning and mental imagery.

2.3.2.6 GABA

GABA is the major inhibitory neurotransmitter in the brain present in interneurons. GABA in the brain is
involved in synaptic vesicles and neurotransmission, and also in the cytoplasm in metabolic processes. It is
difficult to distinguish the different GABA signals in the whole MRS voxel and rather GABA on MRS is
interpreted as a measure of tonic inhibition (Harris et al., 2015). As well as acting as a key neurotransmitter,
GABA plays a role in influencing synaptic plasticity and it has also been seen to undetlie interindividual
differences in behaviour. GABA acts as a ‘shunt’ in the metabolic cycle, but also as a neurotransmitter and
a neuromodulator via two major families of GABA receptors; GABAA and GABAs, GABA is involved in
motor control and has been observed to increase in levels in the motor cortex during motor task learning
(Floyer-Lea et al., 2000). Activation of GABAergic interneurons in the rodent visual cortex have also been
shown to sharpen feature selectivity and enhance visual perceptual discrimination (Lee et al., 2014).
Furthermore, higher concentrations of somatosensory GABA has been associated with enhanced
perception and more selective cortical tuning, emphasising the importance of GABA in effective visual

perception (Kolasinski et al., 2017).
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GABA has also been widely linked to cognitive functioning, particularly occipital GABA in the encoding
of sensory information (Schmidt-Wilcke et al., 2018) orientation and size (Song et al., 2017) visuospatial
intelligence and surround suppression (Cook et al., 2016). Moreover, frontal cortical GABA is also related
to working memory (Yoon et al,, 2016) and impulsivity (Boy et al., 2011). Interestingly, individual
differences in baseline GABA have also been seen to predict behavioural performance (Duncan et al.,

2014).

Evidence has also demonstrated the role of frontal cortical GABA in attentional processing (Pehrson et al.,
2013) and PFC GABA in impulse control (Paine et al., 2015) and sensitivity to distractors during attention
tasks in rodents (Auger et al., 2017). A number of studies also investigate the role of GABA in attentional
function in patients with impulsivity disorders (Edden et al., 2012; Ende et al., 2016) and visual attentional
function in patients with schizophrenia (Wassef et al., 2003; Yoon et al., 2010). However, to date this

relationship has not been measured in healthy older adults in vivo.

2.3.3 PRESS and MEGA-PRESS

The concentration of these metabolites is determined by the amplitude of the peak and identified by their
position along the spectrum. For example, NAA can be reliably identified at a chemical shift of 2.0. The
most popular method for MRS is a single voxel spectroscopy (SVS) method, point resolved spectroscopy
(PRESS), which utilises 3 RF-pulses applied in conjunction with a magnetic field gradient at x, y and z
direction and generates a spin echo signal (Jansen et al., 2006). The PRESS method, developed by
Bottomley (1987), involves a double spin-echo sequence, consisting of 90-degree excitation RF pulse, and
two 180 degree refocusing RF pulses. These are applied in conjunction with magnetic field gradients which
restrict pulse effects to a localised volume (voxel) to allow for in vivo acquisition of the chemical spectra.
However, metabolite signals often overlap meaning that some more abundant metabolites may obscure
signals from more limited metabolites, or some metabolites are difficult to quantify (Puts & Edden, 2012).
In particular GABA, the brain’s major inhibitory neurotransmitter can be obscured due to its lower peak
and appearance at three locations along the chemical shift axis. As such, the standard PRESS method is not
able to optimally quantify GABA. It is possible to compensate for these phenomena, by applying two
frequency selective pulses which affect one of the signal peaks atising from J-coupling. If two sequences
are acquired, one with the editing pulse and one with a pulse applied elsewhere on the spectrum, the
difference between these two spectra will give a measurement of only signals which are affected by this
selective pulse. This removes the strong overlapping signals from the spectrum and allows us to observe
GABA concentrations, and thus provides the basis for popular MRS acquisition sequences such as

Mescher-Garwood PRESS (MEGA-PRESS; Mescher et al., 1998, Figure 2.3).

The MEGA-PRESS acquisition involves two scans which are interleaved (Fig 2.4). Firstly the ‘ON’ scan is
acquired which applies a frequency-selective RF pulse to GABA at 1.9ppm, affecting the GABA spins at
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3.0ppm. Secondly the ‘OFF’ scan is acquired which applies an RF pulse at a frequency which does not
affect the GABA signal (Mullins et al., 2014). The ON spectrum is subtracted from the OFF spectrum to
result in an edited spectrum consisting of GABA signal at 3.0ppm, signals close to 1.9ppm and Glx at
3.75ppm from which GABA at 3.0ppm can be isolated and quantified (Mullins et al., 2014). This peak is
referred to as GABA+, as there are other signals included in the measurement from macro-molecules and
glutathione which are co-edited. However, throughout this thesis this will be referred to as GABA when
referencing GABA measured using MRS in the literature, and GABA/H:0 when referencing the results
from this work. However, it should also be noted that the presence of macro-molecules in the GABA signal
may be a significant confound in the interpretation of GABA/Hx0 concentrations in both ageing and in
relation to cognitive performance within this thesis. As there are clear benefits in employing MEGA-PRESS

in the acquisition of a GABA signal, I used MEGA-PRESS to quantify GABA and PRESS to acquire a

signal from other metabolites of interest.
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Figure 2.3 MEGA-PRESS editing technique for the acquisition of GABA. Subtracting ‘OFF’ scans from edited
pulse ‘ON’ scans removes any overlying signal, providing a gamma-amino butyric acid (GABA) signal in the
difference ‘DIFF’ spectrum (adapted from Mullins et al., 2014)
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Figure 2.4 PRESS and MEGA-PRESS pulse sequences for the MR acquisition of metabolic spectra and GABA
signal. X, y and z represent magnetic field gradients. MEGA-PRESS shows addition of edited pulses around the
second 180-degree pulse. TE= echo time, RF = radio-frequency. Adapted from Mullins et al. (2014).
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Previous research has used one voxel when employing MRS methods, most often in the occipital cortex
due to long scan times. For this research, I sought to characterise the metabolic profile of visual perception
and attentional systems in older age. As such, I selected three regions which would enable an estimation of
metabolites in these networks. These were; the occipital cortex involved in visual function, the postetior
parietal cortex involved in higher vision and attention and the anterior cingulate cortex involved in attention

and executive functioning.

These regions have previously been selected in the characterisation of GABA using MEGA-PRESS (Bai et
al., 2015; Bhagwagar et al., 2008; Duncan et al., 2019; Simmonite et al., 2019) and allowed us to acquire
sufficient signal from ON/OFF spectra which can be challenging in some cortical regions due to presence
of cerebrospinal fluid (CSF), proximity to scalp or depth of subcortical region. I also chose to use larger
voxels, which allows for improved signal to noise ratio but in turn compromises on some anatomical
specificity (for example, the occipital voxel largely includes the visual cortices 1-3). Voxel size and
anatomical location were piloted, with the original sequence including voxels in the thalamus and PFC.
Unfortunately, poor signal was acquired from the thalamic voxel due to its” subcortical location and number
of head coil channels meaning this voxel was not included. Similatly, due to time constraints in the
acquisition of GABA coupled with multi-shell diffusion imaging, the PFC voxel was also omitted from the
sequence. Time was important in acquisition, as the sequence was designed to be manageable for patients,

therefore this compromise was reached.

2.4 Diffusion MR

2.4.1 Diffusion-weighted magnetic resonance imaging

Diffusion-weighted imaging (DWI) is a widely used MRI technique that exploits the random thermal
motion of water molecules (Brownian motion or diffusion) in the brain. DWI techniques apply magnetic
field gradients of different orientations to measure apparent water displacement in three dimensions (Jones
etal,, 1999). Diffusion of water molecules along a gradient causes the MR signal to be lost in that direction.
By measuring signal attenuation along gradients of different orientations, it is possible to characterise
diffusion processes along those gradient directions. As the diffusion process of water molecules is
influenced by the surrounding tissue properties and architecture, DWI allows the probing of tissue
microstructure and the visualisation of white matter pathways. For instance, in CSF filled spaces, water
molecules can move freely in all directions and will hence display isotropic diffusion during the time of a
typical DWI experiment. In contrast, in highly organised structures such as tightly packed white matter
bundles, diffusion of water molecules will be hindered perpendicular to the bundle by axonal membranes
and myelin sheaths while diffusion will be relatively unhindered along the bundle’s length, resulting in
anisotropic diffusion. Thus, diffusion anisotropy can be estimated by observing the degree of loss in the

MRI signal when the orientation, strength (G), duration (d) and separation time (D) of gradient pulses are
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manipulated. Together, these parameters combine to the b-value (s/mm?) that is described by the following

equation (Equation 2.3) (Stejskal & Tanner, 1965).

b= g2d?G2(D-d) @.3)

With g representing the gyromagnetic ratio of hydrogen protons. The larger the b-value the larger the degree
of signal loss in DWI and the lower the Signal to Noise Ratio (SNR) on standard 3T MRI systems. Higher
b-values allow probing water displacements in highly restricted compartments such as intra-axonal/cellular

spaces (Assaf & Basser, 2005).

As images acquired with linear tensor encoding only capture the water displacement along the direction of
the applied gradient, it is important to sample multiple different gradient directions to obtain sufficient
information about the directionality of fibres (Jones, 2004). For instance, it has been shown that at least 30
unique and evenly distributed gradient orientations are required for a robust estimation of diffusion tensor-
based indices of fractional anisotropy and diffusivities and to ensure that the variance in these
measurements is independent of the gradient orientations (Jones, 2004). Furthermore, the directional
information of the diffusion process gained in this way can be used to reconstruct diffusion streamlines
that create visual displays of the undetlying white matter fibre bundles. This approach is called tractography

and is further detailed below.

2.4.2 Analysis of DWI data: The diffusion tensor model

The diffusion tensor imaging (DTI) model has been the most influential and widely employed model to
analyse DWI data (Basser et al., 2000; Catani et al., 2002; Conturo et al., 1999). DTI assumes a Gaussian
displacement of diffusion with a set of tensor eigenvalues reflecting the magnitude and their eigenvectors
reflecting the direction of diffusion (see Figure 2.5). The shape of the tensor represents the degree of
diffusion anisotropy in a given region of interest. For instance, it’s shape will be sphere-like when diffusion
is isotropic and cigar-shaped when it is anisotropic (Basser, 1995; Basser & Jones, 2002; Basser et al., 1994).
The diffusion tensor can be described by a 3 x 3 symmetric matrix (D) that describes the diffusion

displacement in the three-dimensional space (Equation 2.4).

Dxx Dxy Dxz
D = Dxy Dyy Dyz 24
Dxz Dyz Dyy

Based on the diffusion tensor matrix, a number of indices can be derived that describe the underlying
diffusion properties (Basser et al., 1994). Notably, these include the “mean square displacement” of
diffusion that can be estimated by averaging the three diffusion tensor eigenvalues, giving the mean

diffusivity (MD). Lambda 1 (A1) or axial diffusivity as it is referred to in this thesis (L.1) (Figure 2.5) describes

41



the diffusivity along the principal orientation of the tensor whilst radial diffusivity (RD) the average of
Lambda 2 and 3 refers to the diffusivity perpendicular to the principal orientation. Fractional anisotropy
(FA) is a metric thought to reflect the degree of fibre coherence or directionality and can be described as
the relative ratio between L1 and RD (Acosta-Cabronero & Nestor, 2014). FA approaches 0 in isotropic

and 1 in anisotropic conditions.

When making inferences about white matter microstructural properties from DTT indices, it is important
to consider that these indices are not only influenced by biological properties of white matter such as axon
density, diameter and myelin but also by the orientational complexity and organisation of the fibre
architecture (Beaulieu & Allen, 1994). Thus, it is not possible to interpret differences in FA and diffusivity
metrics in terms of any specific biophysical property of white matter (Jones, 2010; Wheeler-Kingshott &
Cercignani, 2009). Furthermore, the DTI model makes the assumption of Gaussian diffusion, and only
defines a single tensor for each voxel, while a typical MRI voxel contains several thousands of axon fibres
with multiple fibre orientations (Jeurissen et al., 2011). The fibre architecture in most voxels in the brain is
hence highly complex and contains crossing, kissing or fanning fibres that result in non-Gaussian diffusion,
so that the DWI signal cannot be accurately described with just one tensor. Thus, the DTI framework is
too simple to resolve highly complex WM structures and hence may result in inaccurate results, exemplified
by a marked reduction in FA in the centre semiovale, a brain area with a highly complex WM architecture.
More recently, novel methods have been proposed to derive more biologically plausible microstructural
information from DWI data. One such models is the Composite Hindered and Restricted Model of
Diffusion (CHARMED) (Assaf & Basser, 2005) employed in the current thesis overcomes some of the

limitations of the tensor model.

M

Figure 2.5 Diffusion ellipsoid demonstrating the traditional diffusion tensor model fit to diffusion weighted images
acquired by MRI. A1 shows diffusion along the principal diffusion direction (longitudinal), A2 and A3 show diffusion
along orthogonal directions.

2.4.3 The Composite Hindered and Restricted Model of Diffusion (CHARMED)

CHARMED is a multi-compartment model that assumes two sources of the DWI signal: first, a Gaussian
contribution from hindered diffusion in the extra-axonal compartment described by the standard DTI
model fit to DWI data acquired with lower b-values. Second, a non-Gaussian contribution from restricted

diffusion in the intra-axonal compartment described by diffusion in impermeable cylinders and fit to DWI
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data acquired at higher b-values (up to approx. 8500 s/mm? in Assaf & Basser, 2005) (Figure 2.6). Thus, in
addition to the standard DTI measurements, CHARMED provides a number of microstructural metrics
including fibre orientation and intra-axonal signal fractions. In the present work the intra-axonal signal
fraction, or FR, estimated from CHARMED was employed as this measure has been proposed as an index
of axonal density (Santis et al., 2014). FR has also been shown to be more sensitive than DTI indices and
has been suggested as a potential biomarker for axonal microstructural changes (De Santis et al., 2017). The
application of the CHARMED model to multi-shell diffusion data has shown to result in increased accuracy
and precision on estimated parameters (Santis et al., 2014). This is particularly beneficial, as although DTI
allows estimation of brain tissue alterations these indices are nonspecific, in that FA and MD may appear
to be the same but consist of different levels of alteration in axonal density and myelination (Santis et al.,
2014). This is because, as discussed, DTI indices are strongly affected by the geometric property of fibres.
CHARMED addresses this limitation by modelling extra and intra-axonal volume fraction, allowing

estimates to be more sensitive in characterising microstructural alterations in white matter.

However, the acquisition of DWI data to fit the CHARMED model requires multiple shells resulting in
longer acquisition times. CHARMED also requires an a priori decision about the assumed number of
restricted compartments (1,2 or 3) and model fitting can be computationally expensive (Parker, 2014).

Despite this, the acquisition time was still deemed to be feasible in the current thesis.
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Figure 2.6 Schematic diagram representing measurements of diffusion in vivo often acquired by applying a diffusion
model to diffusion weighted MRI. (A) Metrics referring to directionality, level and movement of diffusion in intra-
axonal water. (B) Hindered vs restricted fraction of diffusion.

2.4.4 Tractography
DWT allows for the three-dimensional reconstruction of white matter pathways using tractography (Wakana

et al., 2007). Given the limitation of using DT1I as a tractography algorithm outlined above, recent research
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efforts have focused on improving fibre tracking techniques. This has been done firstly by optimising dMRI
data acquisition, for example with high angular resolution diffusion imaging (HARDI) (Tuch et al., 2002)
and secondly by employing fibre tracking algorithms with spherical deconvolution-based techniques that
allow the resolution of peaks in fibre orientation functions (Dell’Acqua & Tournier, 2019; Tournier et al.,

2004).

The traditional tensor model of diffusion weighted imaging measures the diffusion in the brain based on
the eigenstructure of the diffusion tensor (Figure 2.5). However, the tensor model is not capable of
estimating multiple fibre orientations within a voxel as it only incorporates a single orientation maximum
value (L1). HARDI sequences have been employed to address these limitations of the tensor model.
HARDI acquisition involves high b-value diffusion gradient sampling to establish sufficient contrast
between components of diffusion in crossing fibres (Tuch et al., 2002). Moreover, HARDI allows for the
detection of diffusion signal within maxima and minima as a function of gradient otrientation, allowing the
identification of multiple fibre orientations (Tuch et al., 2002). Given the advantages of employing HARDI
in the accurate identification and reconstruction of white matter tracts, I chose to use HARDI sequences

in this thesis. Data were then fit to the CHARMED model, and tracts were delineated, as described below.

By measuring the signal for each voxel in different orientations, white matter fibre tract orientation and
integrity can be assessed throughout the brain and reconstructed, which forms the basic process of
tractography. In this way tractography allows the visualisation of white matter connections as well as the

quantification of their microstructural properties.

To reconstruct fibres, tractography assumes that each voxel is characterised by a fibre orientation, which is
estimated by measuring the diffusion signal along several non-collinear orientations. These local fibre
orientations are then pieced these together to form global fibre trajectories or streamlines (Jeurissen et al.,
2019). This is done by assuming the local fibre orientations are a three-dimensional vector field and the
streamline is a curve which has a trajectory which just touches the vector field. To manually estimate tracts
of interest, first seeding is carried out which involves defining regions of interest (ROls) and placing seeds
at each voxel within a region thus provides the basis from which tracking can occur. Streamlines are then
generated in a probabilistic or deterministic manner. Probabilistic tractography encompasses an algorithm
which considers fibre orientation estimates at each voxel, from which the next propagation direction for
the tract is selected, generating multiple streamlines through one seed (Jones, 2010). Deterministic
tractography refers to the algorithm which propagates tracts based on the principal eigenvector of the
tensor for each voxel throughout the brain (Jones, 2010). Deterministic tractography has methodological
advantages in that calculations are relatively simple and clear and fast delineation of fibre tracts is usually
achieved (Lilja & Nilsson, 2015). This contrasts with probabilistic techniques which may address

uncertainty of diffusion orientation within the voxel but require a priori thresholding of the uncertainty
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estimates, long calculation times and may exclude voxels with low FA (Lilja & Nilsson, 2015). As the MRI
acquisition was primarily designed for the assessment of white matter connections (and metabolic function)
in the attention and perception networks in an older adult and patient sample, it was anticipated that fibre
tracts may be altered or non-uniform between participants (Huang et al., 2012). It was therefore decided
that streamlines would be reconstructed manually on colour-coded FA maps (Pierpaoli & Basser, 1996)
using regions of interest for each participant and assessed visually for errors, for example where streamlines
were not consistent with expected anatomy of the tract of interest. The coloured fractional anisotropy map
(otherwise known as the principal diffusion direction map) is a standard format for tract reconstruction
which assigns colours to voxels based on a combination of anisotropy and direction. Typical convention is
that the orientation of the principal eigenvector controls hue, and FA controls brightness. Red, green and
blue represent angle deviations of diffusion from the principal eigenvector in three directions, and based
on the diffusion direction within a voxel, colour combinations are generated (Tournier et al., 2011). In the
interests of processing time deterministic tractography was more appropriate. Detail of exact acquisition

parameters and processing procedures used in this thesis are provided in Chapter 4.

Finally, a defined termination criterion such as fibre orientation density function (fODF) peak amplitude
and turning angle threshold is placed to terminate the tracking procedure and define anatomical pathways
(Soares et al., 2013). In this thesis, whole brain tractography was performed with the damped Richardson-
Lucy (dRL) spherical deconvolution method for the purpose of subsequent manual delineation of white
matter pathways of interest (Dell’Acqua et al., 2010). Deconvolution methods characterise a response
function for a fibre orientation which is then deconvolved (Lipp et al., 2020). The dRL was formulated as
an approach to reduce instabilities and sputious orientations (Dell’Acqua et al., 2010), and therefore is
appropriate in the assessment of patient populations in which these instabilities are highly likely. This family
of algorithms allow accurate tracking through kissing and crossing fibres by extracting multiple peaks in the
fibre orientation density function (fODF) in voxels with more complicated fibre structure. The dRL
method was adopted in this thesis, as in contrast to standard deconvolution methods, the algorithm reduces
isotropic partial volume effects and may not consider spurious fibre orientations. For dRL based tracking
in this thesis, from the seed points streamlines were propagated in 0.5mm steps, with a length constraint of
30-500mm (Jeurissen et al., 2011). At each location, fODF were resolved and the FOD peak direction that
was closest to the previous direction was extracted (Jeurissen et al., 2011). Tracking was then terminated if
the fODF peak amplitude fell below 0.05 or if directionality of the path changed by more than 45 degrees

between successive steps.

2.4.5 Whole brain white matter assessment
I also sought to assess the microstructural properties of white matter in the whole brain, in addition to
specifically delineating tracts of interest. As several brain regions demonstrate an age-related decline in the

microstructural integrity of white matter, particularly in the frontal and prefrontal lobes (Cabeza & Dennis,
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2012), it was of interest to conduct whole brain exploratory assessments for these measures as a sense-
check.

One of the most common and relatively simple to implement approaches uses voxel-wise statistics on
diffusion metrics and allows the comparison of these metrics between specified groups. The tract-based
spatial statistics (ITBSS) method encompasses this approach in a fully automated package (Smith et al., 2006)
and has been used widely to assess changes in diffusion metrics across the whole brain in a number of
different groups including older adults (Barrick et al., 2010). In addition, TBSS can account for the limitation
of voxelwise statistical analysis which occurs with standard registration algorithms by conducting non-linear

registration followed by projecting diffusion metric measurements onto a ‘mean skeleton’ (Smith et al.,

2006).

TBSS briefly comprises of the following stages; firstly, alignment of the subjects’ diffusion metric images
to a registration target in a non-linear manner and creating an average of these aligned images. Thinning is
then applied by suppressing voxels perpendicular to the tract structure to eventually form the skeletonised
image. Each subjects’ image is then projected onto the skeleton voxel by voxel by identifying the maximum
value in each image perpendicular to the local skeleton structure. The voxel which has the highest value
during this search is identified as the centre of the tract. These high values are compared with neighbouring
values in the assumed direction of the tract perpendicular and, if they are higher than their neighbouring
values, they are assumed to be lying on the skeleton. Finally, TBSS thresholds mean values to exclude voxels
which are predominantly CSF or grey matter. Once these steps have been completed, voxel-wise statistics
are then carried out across subjects on the data in the common skeleton space. Further details of TBSS and

voxel-wise statistical parameters used in thesis can be found in Chapter 4.

2.4.6 MRI morphology assessment and segmentation

The morphology of cortical grey matter is most commonly assessed using T'1-weighted MRI, in conjunction
with automated computerised methods (Hutton et al., 2009). The most common analysis strategies for
investigating grey matter in the cortex include volumetric and/or cortical thickness compatisons of regions
of interest which are delineated either manually or automatically, whole-brain voxel-based comparisons and

surface-based comparisons of thickness.

One of the most prominent packages for processing MR data is FreeSurfer (Fischl & Dale, 2000), however
voxel-based morphometry (VBM; Ashburner & Friston, 2000) is also a popular software. FreeSurfer
provides an automated pipeline to produce models of cortical thickness and volume, by inputting T1-
weighted images and fitting these to either a standardized or custom template. In brief, FreeSurfer
automatic segmentation includes motion correction, skull stripping, transformation to Talairach space,
normalization of intensity, topology correction and the follows intensity gradients on the cortical surface
in order to optimally place grey and white matter or CSF boundaties to segment the cortex. In contrast, in

VBM each image is spatially normalized and segmented into tissue class based on the DARTEL algorithm
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(Ashburner, 2007). To segment tissue types, a Random Field model uses prior information of spatial
distribution of tissue types, and a subsequent clean up procedure is implemented particularly at borders of
tissue types. Comparisons of the two programs have yielded relatively similar results, with FreeSurfer relying
more on a priori data to segment, whereas VBM uses hidden Markov random fields (Grimm et al., 2015).
It has been shown that both pipelines perform at a comparable level of accuracy to manual segmentation

(Grimm et al., 2015).

Moreover, both FreeSurfer (Liem et al., 2015) and VBM (Pateek et al., 2018) have been found to be reliable
in the quantification of morphological properties in healthy ageing, and dementia (Blanc et al., 2015;
Colloby et al., 2017). FreeSutrfer in particular has been validated using histological measurements (Rosas et
al., 2002) and found to be reliable in estimation of cortical thickness (Cardinale et al., 2014). Given the
comparable performance of both methods, this thesis employed FreeSurfer methods due to ease of access
and validation with histology and use in patient datasets. Further details of cortical thickness and volume

processing can be found in Chapter 4.

2.4.7 Approach to MR analyses in this thesis

To characterise age-related differences in neural correlates underlying perception and attention, key brain
regions and tracts involved in visual and attention networks were identified for each modality. These key
brain regions formed the basis of the a priori anatomically guided MR analyses, in which only these regions
were assessed as a primary outcome. Following this, exploratory whole brain analyses in cortical thickness
and microstructure were conducted. The purpose of this was two-fold, 1) to understand the context of
results from a priori analysis, e.g., whether impairments were widespread, or were largely limited to only
regions involved in the initial analysis, and 2) to replicate findings from the ageing in the literature to ensure
that the pattern of age-related differences observed in the sample here were consistent with the well-

established anterior-posterior gradient pattern reported in older age.

Conducting both a priori analysis and exploratory analyses was important in the current empirical work. In
neuroimaging research the number of variables is often high, meaning a hypothesis driven a priori approach
is required to ensure the research question is addressed and avoid ‘p-hacking’. With the possibility to include
a vast number of brain regions as predictors of cognitive behaviour therefore also comes a risk that the
influence of these predictors becomes inflated. As such, it was necessary to employ theoretically and
anatomically guided a priori analyses to address specific research questions. On the other hand, approaching
data with a rigid hypothesis may overlook questions and findings that may not otherwise be addressed
(Haueis, 2014). In order to ensure that findings were consistent with previous literature and a prioti results
did not overlook any general age-related differences which would be important in the conclusions of more
specific analyses, exploratory analyses were therefore also conducted as a sanity check following a priori

analyses.
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For a priori analysis, neuroanatomical regions and tracts that are known to play a key role in visual
perception and attention were selected. For metabolites these regions were the occipital cortex (OCC),
anterior cingulate cortex (ACC) and the posterior parietal cortex (PPC). For microstructural assessment
these tracts were the superior longitudinal fasciculus (SLF 1, 2 and 3), inferior longitudinal fasciculi (ILF),
optic radiation and fornix. For assessments of cortical thickness and volume, regions selected were located
in the visual, parietal and frontal cortices (Figure 2.7). As discussed in Chapter 1, these regions are known
to play a key role in perception and attention functioning and were therefore assumed to contribute most
to the understanding of age-related differences in the cognitive outcome measures. To summarise briefly,

the rational for the ROI selection was based on the following considerations.

Voxels for MRS were placed in the OCC, ACC and PCC as they are thought to be key hubs in the visual
perceptual and attentional networks. Metabolites in the OCC have been reported to be related to visual
functioning (Pitchaimuthu et al., 2017; Simmonite et al., 2019) in older age, and metabolites in the ACC
have been related to inhibitory and attentional functioning in older adults (Chiu et al., 2014). Whilst
posterior parietal metabolites have not been investigated in detail, more general parietal metabolites have

been related to inhibitory mechanisms in visual and attentional function (Weerasekera et al., 2020).

To assess age-related differences in the strength of connections between these key hubs and throughout
the perceptual and attention networks, white matter microstructure was assessed in relevant visual
association fibres. First, microstructure of the optic radiations, projecting from the lateral geniculate nucleus
to the visual cortex, were assessed. The optic radiations are studied to a lesser extent in the literature but
white matter microstructure of these tracts have been implicated in lower-level visual functioning such as

visual acuity (de Blank et al., 2013).

Next, white matter microstructure in the inferior longitudinal fasciculus (ILF) - a long visual association
fibre connecting the occipital and temporal-occipital regions of the brain to the anterior temporal lobe
regions (Herbet et al., 2018) - was assessed. The ILF is the key white matter pathway that contributes to
effective functioning of the ventral visual processing stream, particulatly in object recognition (Herbet et

al., 2018).

White matter microstructure of the superior longitudinal fasciculus (SLF) - a large intrahemispheric fibre
bundle that connects parietal with frontal cortices - was also assessed. The SLF was chosen as the major
connection of parieto-frontal attention and executive function networks. Relationships between
microstructural changes in the SLF and attentional, visual and processing speed functions have been
previously reported (D’Andrea et al., 2019; Kim et al., 2020; Turken et al., 2008). The SLF can be subdivided
into three components (SLF1, 2, 3). The SLF 1 originates in the dorsal parietal cortex and reaches the

medial regions of the frontal lobe, the SLF 2 begins at the inferior parietal lobe, spans through the angular
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gyrus and terminates in the dorsolateral frontal cortex, and the SLF 3 begins in the supramarginal gyrus and
reaches to the PFC (Nakajima et al., 2019). These subdivisions of the SLF each are thought to have the
following unique functions: SLF 1 is associated with spatial functions and goal-directed attention (De
Schotten et al., 2011; Parlatini et al., 2017), the SLF 2 is considered to be the major dorsal pathway of
otienting attention and integrating dorsal and ventral networks (Nakajima et al., 2019), and the SLF3 is
associated with reorienting of spatial attention (De Schotten et al., 2011; Nakajima et al., 2019). These tracts

were therefore delineated separately in this thesis.

Next, the fornix is a white matter tract bundle which spans either side of the midsagittal plane, and extends
from the hippocampus, around the thalamus in an arc, connecting the hippocampus to other midbrain
cortical regions (Thomas et al., 2011). The fornix is key in episodic memory functioning, particulatly visual-
spatial memory required for navigation (Murray, Wise & Graham, 2017) and was included as a control
limbic pathway that was expected to be relatively preserved in DLB. However, it should be noted that
fornix microstructural alterations are reported reliably in ageing (Christiansen et al., 2016), therefore this
region also provided a sanity check or control to assess white matter microstructural differences that would

typically occur in older participants.

Finally, cortical thickness was measured in regions related to visual and attentional functioning including
the parietal, frontal, temporal, occipital and cuneus (Gaetz et al., 2012; Schilling et al., 2013; Zhou et al.,

2013). The optic chiasm volume was also included due to its relationship with effective visual functioning.

For the secondary exploratory whole-brain analyses, metabolic measurements could not be included, as
single rather than whole-brain voxel spectroscopy data were acquired. White matter microstructure in the
whole-brain was assessed using Tract-Based Spatial Statistics (TBSS; Smith et al., 2006) and whole-brain
cortical thickness was assessed using the Qdec function in FreeSurfer. Further details of these procedures

can be found in Chapter 4.

2.4.8 General Statistical approach

Prior to participant recruitment, the sample size for the present study was determined using a power analysis
conducted in G*Power (v3.1.9.7; Bach, 1996) in which the effect sizes from similar studies in relevant
literature were used to calculate an appropriate sample size which would provide sufficient power (0.8) for
an MRI and cognitive imaging study in ageing. The power calculation showed that a sample of 25 younger
and 25 older participants would provide adequate power for MR scanning, based on relevant literature in
the assessment of microstructure and metabolites comparing healthy younger and healthy older adults
(healthy young healthy young - 1- = 0.83, 4=1.10, n = 24; healthy old - 1-f=0.76, 4=0.72, n = 22) (Davis
et al., 2009; Pitchaimuthu et al., 2017; Simmonite et al., 2019). However, it should be noted that despite the

calculation demonstrating adequate power for the current sample size, this should be interpreted with
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caution. Firstly, only a limited number of studies exist which assess both microstructure and metabolites in
an ageing context thus limiting the current power calculation to those studies with relatively small samples.
In addition, the above calculation provides the minimum sample size required to give a high effect size (>
0.8). However if the effect being tested exists within the data (i.e. distributions of older and younger adults
are significantly different in the context of the research questions asked), a small sample may prevent that
effect being detected at a given alpha level, even if the effect is large. As such, by estimating a sample size
based on high effect sizes from previous work it is possible that a non-significant result found in this thesis
may not be fully reflective of an actual non-significant effect in the population and should be interpreted
with caution. Despite this, the studies used in the calculation did find significant effects and return high
effect sizes with similar sample sizes, indicating the power calculation is sufficient for the present thesis.

Throughout Chapters 3, 4, 5 and 6, data analysed were from the same two patticipant groups (younger and
older) and the same DLB cases, unless otherwise stated. No power analysis for sample size was conducted

for DLB patients, due to the challenging nature of recruitment.

In Chapter 7, the DLB data were from the LewyPro study (Donaghy et al., 2018), and the control group

were the older adults from the previous empirical chapters.

The following general statistical approach was adopted for all data and statistical analyses in this thesis,
unless otherwise stated. All data were first inspected for the assumptions of parametric statistical testing,
i.e. normal distribution, homogeneity of variance, and data independence. Datasets were assessed for
normality by plotting data and visually assessing for skew. The assumption of normality was also assessed
using the Shapiro-Wilk test. In the instance of non-normality, data were log-transformed, or data were
subject to non-parametric testing as stated. Data were then checked for outliers as 2 standard deviations
from the mean, within each age group and patients and outliers were removed as stated in empirical

chapters. Homogeneity of variance was assessed using Levene’s test where required.

All statistical hypothesis testing was two-tailed, including pairwise comparisons unless otherwise stated. In
all instances multiple comparisons were corrected for False Discover Rate (FDR) to mitigate the likelihood
of Type 1 error by employing the Benjamini-Hochberg procedure at 5% (Benjamini & Hochberg, 1995),
unless otherwise stated. This procedure was selected as it has been shown to be more liberal in the control
of FDR and yields greater power than comparative methods such as Bonferroni correction (Thissen et al.,

2002).

Throughout the empirical work in this thesis, a number of statistical tests were used. Group differences in
demographic information were assessed using one-way Analysis of Variance (ANOVA)s and chi-square
tests where appropriate. For assessing group differences in multiple variables (Chapters 3 and 4) where the

assumptions of parametric testing were met, a Multivariate analysis of variance (MANOVA) with post hoc
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comparisons was conducted, and where the assumptions were not met Mann-Whitney U tests were
conducted. In Chapter 4, relationships between brain measures were also assessed using Spearman’s Rho
correlations, due to non-normally distributed data. Throughout Chapters 3 and 4, DLB patient data were
too limited to conduct formal statistical testing, but data were plotted visually and 95% confidence intervals

from older adult data were presented as a compatison.

In Chapter 5, stepwise linear hierarchical regressions were used to determine significant predictors of
cognitive functioning from brain measurements, in addition to z-score correlation coefficient comparisons
to compare group differences, and Pearson correlations to establish relationships between brain and
cognitive outcomes. Group differences in DDM measures in younger and older adults were also assessed
using one-way ANOVAs in Chapter 6, followed by linear regression models to assess their relationship
with brain measurements. Spearman’s Rho correlations were employed to assess the directionality and
group-specificity of these predictors. Finally in Chapter 7, group differences in DDM measures in DLB
patients and older adults were assessed using one-way ANOVAs and hierarchical regressions were used to

determine which clinical and cognitive measures best predicted DDM outcomes.
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Figure 2.7 Regions selected for a prioti regression models in this thesis study. Red values indicate regions included in cortical thickness analysis, white values indicate tracts included
in microstructural measurement (FA/MD/FR/RD/L1), orange values indicate metabolic voxels (GABA/ Glx/ Cho/Ct/ Ins), yellow indicates the region included in volume
analysis. SLF = superior longitudinal fasciculus. ILF = inferior longitudinal fasciculus.
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Chapter 3 : Development of a task battery to assess the processing
stages across the hierarchy of visual perception and attentional
functions: effects of ageing

3.1 Introduction

The objective of this chapter was to compile a battery of tests known to target the different processing
stages across the hierarchy of visual perception and attention functions, as described in Chapter 1. The
purpose of this task battery was to achieve a detailed and comprehensive assessment of normal age-related
performance differences and disease-related differences in DLB across the perceptual hierarchy. The
importance of assessing these functions in the context of normal and pathological ageing has been
highlighted, particulatly as perceptual functions may be used as an early marker for dementia. Moreover,
age-related perceptual impairments may lead to hindered independence, poor gait and falls in older age
(Osoba et al, 2019). Despite the importance of this investigation, widely employed standard
neuropsychological test batteries used to assess perception and attention in memory clinics have some
limitations. Most of these tests such as the Visual Object and Space Perception (VOSP) battery (Warrington
& James, 1991) rely on accuracy - in terms of the number of correct responses - as the primary outcome
measure for performance. Moreover, many of these neuropsychological tests do not allow the isolation of
specific perceptual and attentional abilities. However, there are more sensitive measures which can be
employed to mitigate these limitations, such as the implementation of psychophysical staircase methods.
This chapter describes a visual perception and attention test battery that was designed to measure different
functions at low, mid and higher levels of processing along the visual perception and attention hierarchy as
described in Chapter 1. Adaptive psycho-physical methods to determine performance thresholds were
implemented when possible, to provide more sensitive outcome measures than the number of correct
responses alone (see below). Furthermore, the battery was designed whilst considering the abilities and
requirements of older adults with DLB. As DLB patients have severe difficulties in visual perception and
attention, the tasks needed to be presented at a range of difficulty levels that allowed patients to be able to
perform the tasks. In addition, the duration of the stimulus presentations needed to be sufficiently long to
ensure that patients could meaningfully encode the information whilst keeping the task duration brief
enough to avoid fatigue effects. These considerations were balanced with the need to collect a sufficient
amount of data to determine performance thresholds reliably. All these aspects were piloted carefully prior
to starting experimental assessments in younger and older age groups aged between 18-30 and 50-90 years.
Details of the pilot study can be found in Appendix 1. The present chapter will focus on presenting the
results with regards to healthy ageing by comparing performance on the task battery from a group of older
with a group of younger participants in Section 3.3, and the same healthy older adults will be compared

with four DLB patients as single cases in Section 3.4.
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3.1.1 Psychophysical approach to measuring visual perception

Psychophysical principles refer to a set of assessment techniques which can be integrated into a stimulus
task in order to determine a threshold — or level of perceptual sensitivity - at which an individual is able to
perceive a particular element (Kingdom & Prins, 2016). Adaptive psychophysical procedures provide
methods to adjust the stimulus values based on performance in previous responses. As the task continues,
the algorithm selects stimuli to ‘narrow down’ on the range of perceptual sensitivity of the observer and
achieve a more sensitive threshold of performance. This provides increasingly sensitive assessments of
perceptual functioning and mitigates the need for extensive trial numbers. One such method, the ‘up-down
staircase’, is designed to estimate thresholds at certain probabilities of correct responses by altering the
stimulus (either up or down in perceptual ‘difficulty’) and converges on a certain percentage for ‘correct’
scores. Staircases begin at a starting value specified by the researcher and increase or decrease the value of
the following stimulus based on a pre-determined ‘step size’ (i.e. how many ‘levels’ of difficulty can be
stepped up or down depending on a correct or incorrect answer). For example, in a 3-up 1-down staircase,
the signal is increased after 3 consecutive correct responses or decreased after each error. Typically,
staircases also include ‘reversals’, which occur when the stimulus value moves down at a signal value where
it last moved up. Stopping rules of staircases may be based on a certain number of reversals, or less
commonly a certain number of trials. Other more complex staircase procedures also exist which may
provide highly sensitive measurements of perceptual sensitivity, but often require greater computational

power or a larger number of trials.

Due to its’ ease of implementation and requirement of lower trial numbers, a simple up-down staircase was
employed in visual tasks in this thesis to provide measures of sensitivity in tasks. Visual perceptual functions
to be assessed were selected according to the processing hierarchy as previously described (see Figure 1.1

and section 1.2).

Visual acuity and contrast were measured to establish basic visual ability, in addition to visual otientation
as measures of low-level visual perceptual function. These functions were thought to correspond to visual
processing in the eatly visual cortices and primary visual pathway. Assessments of visual acuity and contrast
sensitivity are shown to be related to fMRI activation in the primary and secondary visual cortices,
particularly using population receptive field mapping (Silva et al., 2018) and modulation of primary visual
cortex activity using transcranial electrical stimulation has been shown to influence performance on Landolt
‘C’ tasks of acuity and contrast, as used and described in this thesis (section 3.2.2, Donkor et al., 2021).
Greater cortical thickness in V1 has also been shown to be related to better visual acuity performance
(Bridge et al., 2014). Moreover, damage to the microstructure of the optic radiation has also been shown

to result in poorer performance in similar assessments of visual acuity (Reich et al., 2009).
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Next, contour integration and motion coherence perception were measured to assess mid-level visual
functioning. Contour integration — the process of establishing the outline of a shape by integrating
individual elements — was assessed using a Gabor patch ‘snake’ task in which individuals were required to
perceive and identify a contour by integrating and linking the patches at varying levels of orientation (Lovell,
2005). Contour integration tasks have been evidenced to recruit lower to mid-level cortical regions V1 to
V4, using neuronal recordings in non-human primates viewing these stimuli (Chen et al., 2014). Evidence
from fMRI also supports this, with contour integration task performance showing relationships with
activity in V1 to V4 (Kourtzi & Hubertle, 2005; Altmann, Deubelius & Kourtzi, 2004). Next, motion
coherence was assessed using a random dot kinetogram as has been previously employed (Landy et al.,
2015). Performance in this task has been shown to correspond to fMRI activation in the medial superior
temporal area consistent with the neuroanatomical location of V5/MT (Hessellman et al., 2008; Larcombe
et al., 2018), but also FA in the projections of white matter tracts from the V5/MT atea to fronto-parietal
lobes (Csete et al., 2014).

Finally, higher-level processing in the visual association areas (dorsal and ventral streams) were assessed
using three tasks. As the dorsal visual processing stream is associated with visuo-spatial abilities, a task of
mental rotation was used to assess these functions. Greater mental rotation performance has been
associated with widespread fMRI activation in the dorsal stream, encompassing fronto-parietal regions
(Podzebenko et al., 2002) but also parietal lobe cortical thickness (Koscik et al., 2009). The embedded
figures test (EFT) performance was also assessed as it involves perceiving information which is integrated
into a background, and involves the parieto-occipital and frontal cortical regions of the brain (Ring et al.,
1999) as compassed by the dorsal processing stream. Embedded figures task performance has been shown
to be associated with inferior parietal grey matter volume, but also prefrontal cortical volume, suggesting
that the dorsal processing stream plays a key role in embedded figure task performance (Hao et al., 2013).
To assess ventral stream functioning a change blindness paradigm was employed to measure object and
scene processing. Change blindness paradigms including objects and scenes have been shown to relate to
single neuron recording in the human medial temporal lobe (Reddy et al., 2006), which is encompassed in

the visual ventral stream.

Functioning of the attention networks (alerting, orienting and executive functions, as described in Chapter
1) were also assessed using the Attention Network Task (ANT; Fan et al., 2002). Event-related fMRI has
indicated that these networks are located in the thalamus and posterior cortex for the alerting network, the
parietal cortex for the orienting network, and the anterior cingulate and frontal lobe in the executive
network (Fan et al., 2005). Furthermore, accuracy and RT's from all tasks were recorded and speed accuracy
trade-off (SAT) calculations were generated. As previously discussed, it is well established that older adults
exhibit ‘general slowing’ of RT (Kerchner et al., 2012) leading to SATs that are longer in older adults, but

reflect a trade-off of slower RT's in the interest of maintaining accuracy. The reason these tasks were selected
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was to assess functioning at all major stages of visual processing including the contribution of the attentional
networks. In particular, the executive network and activity within the prefrontal cortex has been shown to
mediate reaction time (Rypma et al., 2007) and SAT may be mediated by increases in baseline activity in
cortical areas related to decision, such as the dorsolateral prefrontal cortex (Van Veen et al., 2008) but may

also involve regions responsible for inhibition (Lo & Wang, 2000).

However, despite these tasks being selected based on their relationship and assessment of different
functionalities of the visual system, it should be noted that the visual system is not always truly hierarchical.
For example, functioning and performance at a mid or higher-level task requires an element of lower-level
functioning and performance on some lower-level tasks require input from higher-level visual functions.
Whilst the stimuli and methods recruited for each of these tasks (described in section 3.23) were designed
to be specific to each stage of visual processing, it should be noted that performance on each task may

reflect an element of processing from a different hierarchical stage.

3.1.2 Age effects on visual perception and attention functions

As outlined in Chapter 1 previous research suggests that older adults exhibit some impairments in the visual
and attentional systems. With regards to lower level visual function there is evidence for age-related changes
in visual contrast and orientation sensitivity (Greene & Madden, 1987, Madden et al., 2004, Richards, 1977).
In contrast, impairments in visual acuity appear to occur primarily due to eye disease such as macular
degeneration (Salonen & Kiveld, 2012; Sarks, 1976). Such visual disturbances are often reported to be a
major risk factor for falls in older age (Lord et al., 1991), and are even associated with an increased mortality

risk (Freeman et al., 2005).

With regards to mid-level visual functions age-related changes in motion perception have been reported
(Betts et al., 2007). For instance, an age-related decline in performance on global dot motion coherence has
been found in a number of studies (Watd et al., 2018, Pilz et al., 2017). Similatly, age-related decline in
contour integration performance on tasks using Gabor patch contour stimuli have been shown (Casco et

al., 2017; Roudaia et al., 2008).

Finally, age-related impairments in tasks requiring higher visual functions such as scene perception (Porter
et al., 2012) have been reported. Specifically, in tasks requiring ventral stream processing of scenes and
objects, older adults showed lower levels of performance in comparison to younger adults (Bergmann et
al., 2016). Age-related decline was also apparent in functions requiring dorsal stream functioning, for
instance spatial visual processing (Hatta et al., 2015). One such ability, mental rotation, has been reported
to decline throughout the lifespan but performance is particularly poor in older age (Cerella et al., 1981).
However, the severity of this decline is dependent on the task stimulus with greater age-related impairments

being reported in object-based tasks as opposed to egocentric rotation tasks involving rotation of human
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figures (Jansen & Kaltner, 2014). Finally, a decline in perceptual integration has been reported in older
adults (Mahoney et al., 2014). Impairments in figure-ground segregation performance are reported to be
present with normal ageing (Markus & Nielsen, 1973), however there have been no recent studies which

have assessed age-related performance on this task.

Attention is closely linked to visual perception in older age, and is also often reported to be altered in
normal ageing (Hartley et al., 1992). The relationship is notable, as visual perception is affected by alertness
but is also influenced by the ability to inhibit or suppress irrelevant environmental stimuli (Gaspelin &
Luck, 2018, Maksimenko et al., 2017). Moreover, it has been suggested that both changes in general visual
perception with age may be influenced by the ability to suppress ‘background’ information, or vice versa
(Agathos et al., 2015). Madden et al (2007) also posited that changes in visual attentional performance may
be due to an over-engagement in top-down influences in comparison to occipital activation for younger
adults. Age-related changes in performance on the ANT have also been reported (Ishigami et al., 2016;
Mahoney et al., 2010). Findings have shown that whilst the ANT can be reliably completed by older adults
and network activations are present (Ishigami et al., 2016), reductions in alerting effect are observed in

comparison to younger adults but not in orienting or executive network effects (Jennings et al., 2007).

Finally, older adults often reliably show changes in SAT. SAT - the relationship between making a fast
response and making an accurate response - is typically seen to be longer with ageing. This is thought to
reflect an age-related strategy change where older adults make decisions slowly in a bid to avoid errors,
where younger adults make faster responses and accept a greater number of errors (Rabbitt, 1979,
Salthouse, 1979, Starns & Ratcliff, 2010). Whilst there have been several explanations for this phenomenon
posited in the literature, it has been proposed that a greater SAT in older adults may be due to a decline in
bottom-up sensory processing, leading to more exhaustive top-down processes, thus slowing the decision
and RT (Madden et al., 2007). Moreover, it has been reported that an age-related decline in white matter
microstructure between frontal top-down processing and lower-level cortical processing, meaning older
adults are unable to shortcut more exhaustive information accumulation (Forstmann et al., 2011). As such,
I also assess SAT in visual tasks, with a view to establishing potential neural mechanisms for this change in

response style.

3.1.3 Visual perceptual and attentional impairments in Dementia with Lewy bodies

Age-related impairment in some lower and higher-level visual functions have also been linked to the
progression of pathological ageing (Mapstone et al., 2000), particulatly in DLB (Van der Beek, 2021). As
described in Chapter 1, visual perceptual abilities in DLB are more severely impaired than in healthy older
people and AD patients. Perceptual impairments also present eatlier in DLB than in AD, and often in
conjunction with attentional and executive impairments (Collerton et al., 2003, Metzler-Baddeley, 2007,

Ralph, 2001, Simard, 2000). In clinical settings, typical tasks to assess visual functions in DLB include
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pentagon copying, the drawing of a clock face (Agrell & Dehlin, 1998) and the trail-making test (Reitan &
Wolfson, 1985), in which DLB patients are impaired in comparison to AD patients (Ala, 2001; Cormack,
Aarsland, et al.,, 2004). In addition, DLB patients exhibit a significant impairment in visual search task
performance (Cormack et al., 2004) and trail-making task performance in comparison to AD patients
(Breitve et al., 2018). However as discussed, these tasks are cognitively complex and considering the cortical
organisation and framework of visual perception, it is difficult to distinguish details of the processing stages

which may be affected in DLB through performance on these tasks.

Metzler-Baddeley et al (2010) assessed DLB patients’ performance using tasks designed to assess different
levels of visual perceptual processing from acuity and contrast to orientation, contour integration, and
object rotation in increasing complexity. Findings indicated that DLB patients have a preservation of
performance in lower-level visual functions, and impairments begin to show around mid to higher level
(contour integration to object rotation). These results suggest that deficits in visual perceptual performance
in DLB patients are more complex and detailed than previous tasks have demonstrated. However, evidence
with regards to lower-level visual functions in DLB remain mixed. Some studies reported preserved visual
acuity and orientation (Metzler-Baddeley et al., 2010) while others have reported impaired performance on
otientation tasks in both mild cognitive impairment (MCI) DLB and RBD patients who were at greater risk
of developing DLB (Chahine et al., 2016; Donaghy et al., 2018). Given that the latter was observed at eatly

MCI DLB stages these discrepancies may only be pattly driven by disease stage and/or severity.

Mid-level perceptual processes such as motion coherence are also impaired in DLB patients, who showed
poor performance on a motion coherence task over a 12-month period (Wood et al.,2013). Impairments in
dot motion discrimination ate also apparent in DLB in comparison to both AD and PD patients (Landy,
Salmon, Galasko, et al., 2015). In addition, reduced functional activation in the V5 motion area in response
to motion stimuli was found in DLB patients (Taylor et al., 2012). With regards to contour integration
performance, DLB patients show impairments on tasks requiring the detection of contours in shapes and
letters, in comparison to AD patients (Ota et al., 2015). DLB patients also demonstrate impairments in
perceiving contours and have a lower perceptual threshold for contour integration (Metzler-Baddeley et al.,

2010).

Space and object perception are disproportionately impaired in DLB, as evidenced by VOSP performance
(Pal et al., 2016). DLB patients have shown decreased functional connectivity between left and right
components of the fronto-patietal executive networks which was related to the spatially oriented subtasks
of the VOSP task battery, in comparison to controls (Chabran et al., 2018; Uddin et al., 2009). However,
no studies attempt to investigate more complex visual perceptual processing in tasks such as mental

rotation, embedded figures or change blindness.
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Finally, DLB patients show a reduction in sustained alertness and showed neither orienting or executive
network effects without an alerting cue in the ANT in comparison to AD and control participants (Fuentes
et al., 2010). This suggests that, without external cueing or alerting, patients experience difficulties in
allocating attentional resources to stimuli using top-down processing. DLB patients also show longer RT
on the ANT (Kobeleva et al., 2017) and choice RT tasks (Ballard et al., 2001) in comparison to controls.
Based on the discussed evidence, one of the prominent theories of visual hallucination incidence, the
Perception Attention Deficit (PAD model; Collerton et al., 2005) states that visual disturbances in DLB
occur as a result of poor bottom-up sensory processing, leading to an over reliance in top-down attentional
processes. According to both evidence which suggests that lower-level vision is relatively preserved in DLB,
but higher-level processing requiring greater top-down resources is impaired, and the PAD model, it is
hypothesized that integration between top-down attentional and bottom-up sensory processing is impaired

in DLB patients.

3.1.4 Aims and hypotheses

The aim of the research in this chapter was therefore to compile a battery of tasks which would assess the
functioning of the different levels of visual processing described above in order to characterise the
processing hierarchy in healthy and pathological ageing. I aimed to assess these differences in a more
sensitive manner than has previously been achieved by employing simple psychophysical methods where
appropriate, and by calculating SAT's and attentional network activations in younger, older and DLB
patients. Based on the evidence summarised above, it was hypothesised that older adults would show some
level of impairment in all visual tasks in comparison to younger adults, excluding visual acuity. Despite
reports of impaired visual acuity with older age, it was anticipated that visual acuity would not differ between
groups, as exclusion criteria for eye disease was in place and corrected-to-normal vision was allowed.
Moreover, it was hypothesised that more marked impairment may be present in those tasks requiring higher
level visual processing, due to the greater attentional and executive requirements of participants that are
thought to underpin the complexity effect of ageing. It was anticipated that this would be reflected in longer
RTs in older adults, however it was expected that older adults may be slower but no less accurate as reflected
by longer SATSs. It was also hypothesised that older adults would show reductions in alerting network effect

but not orienting or executive network effects in the ANT.

Finally, it was hypothesised that DLB patients compared to healthy older adults would demonstrate
maintained lower-level vision, such as acuity and orientation, but that impairments would become apparent
at mid to higher levels of visual processing. Based on the empirical evidence summarised above, and the
PAD model of visual impairment in DLB (Collerton et al. 2005), it was hypothesised that lower-level
functions would show no great difference in comparison to healthy older adults, but that impairments

would become apparent around the level of contour integration and above.
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3.2 Methods
3.2.1 Pilot study

Prior to the main study with the cohort described in this chapter and Chapters 4 and 5, all tasks were piloted
in younger and older age groups, to assess feasibility of the task battery. Participants in the pilot group
(n=41 consisting of 10 older adults and 31 younger adults) were either in a younger adult (aged between
18-30 years, M=20.89, SD=3.37, 10 male, 21 female) or an older adult group (aged between 50-90 years,
M=67.2, SD=8.59, 3 male, 7 female), all of which had normal ot cotrected to normal vision and were free
from eye disease. Participants were recruited using the Cardiff University Experimental Management
System (EMS) or from the Cardiff University community panel. Participants completed the task battery
outlined below, with the addition of a computerised Stroop task (Stroop, 1935), verbal fluency F-A-S task
(see Machado et al., 2009) and visual search task (Wolfe et al., 2002), and Doors and People task (Baddeley,
Emslie & Nimmo-Smith, 1994), which were subsequently removed from the battery due to time
constraints, reducing total behavioural testing time from ~3 hours to ~2 hours. Further details of the

methods and results of the pilot study can be found in Appendix 1.

3.2.2. Main study

3.2.2 Participants

Participants aged 18-30 years (n=26) were recruited from a student sample at Cardiff University via the
EMS. A second group of participants aged between 60-90 years (n=26) were recruited from Cardiff and
surrounding areas via the Cardiff University community panel (see Table 3.1 for demographic information).
Participants were invited to take part in the study if they had normal or corrected-to-normal vision, were
fluent English speakers and had no history of psychiatric or neurological disorders excluding depression.
Individuals with visual impairments, such as visual field loss or glaucoma were excluded from the study by
answering self-reported questions regarding medical issues including vision via email or phone prior to

testing.

Table 3.1 Demographic and baseline cognitive scotes for younger and older adults’ mean and standard deviation
(SD) performance. MOCA = Montreal cognitive assessment, TOPF = test of premorbid functioning.

Younger Mean (SD) Older Mean (SD)
Age 21.65 (2.76) 68.46 (5.91)
Gender Male (12) Female (14) Male (9) Female (17)
Handedness Left (1) Right (28) Left (3) Right (22)
Years of education 14.95 (1.89) 15.12 (2.40)
MOCA score 28.89 (1.25) 29.04 (1.14)
TOPF-UK score 60 (6.43) 62.52 (13.3)
Visual acuity (Snellen fraction) 1.91 (0.18) 1.66 (0.48)
Visual contrast (LogMAR) 1.12 (0.49) 1.68 (0.58)

60



DLB patients (n=4, male=4) were compared as individual cases to older adults in order to assess their
performance on visual tasks. Patients were recruited from three healthcare trusts (Cardiff and Vale
University Health Board, Aneurin Bevan University Health Board, and North Bristol NHS trust) from
specialist memory clinics, and were aged 63-73 years. Patients were invited to take part in the study if they
were of capacity to consent for themselves (as assessed by a clinician), and had probable or possible DLB,
as diagnosed by the consortium guidelines (McKeith et al., 2017). Patients were otherwise neurologically
healthy and free from psychiatric illness (excluding mild depression). All patients had normal or corrected

to normal vision. Profiles for each patient are shown in Table 3.1.

Table 3.2 Demogtaphic and baseline cognitive scores for DLB cases and older adults’ mean and standard deviation
(SD) performance. MOCA = MOntreal Cognitive Assessment, NEVHI = North East Visual Hallucinations
Inventory, CAF = Cognitive Assessment for Fluctuations, TOPF = Test Of Premorbid Functioning.

DLB1 DLB2 DLB3 DLB 4 Older Control
Mean (SD)

Age 73 67 63 72 68.84 (5.9)
MOCA 23 21 24 25 28.57(2.02)
NEVHI 3 10 12 4 0.19(0.49)
CAF 8 6 4 5 0.34(0.62)
Years of education 16 21 16 15 20.76(5.22)
TOPF UK score 63 54 66 67 64.92(4.65)

3.2.3 Materials & Procedure

This study received ethical approval from the Cardiff University School of Psychology Ethics Committee
(EC 18.06.12.5313) and from the National Health Service Research Ethics committee (NHS REC) Wales
1 (REC reference: 18/WA/0153) for the patient recruitment of the study. All participants provided
informed written consent prior to taking part in the study in accordance with the Declaration of Helsinki.
Participants completed baseline assessments, including the test of premorbid intelligence (Wechsler, 2011;
TOPF UK, Pearson Corporation), the clinical assessment for fluctuations (CAF; Walker et al., 2000),
Montreal Cognitive assessment (MOCA; Nasreddine et al., 2005) and the North East Visual Hallucinations
Inventory (NEVHI) (Mosimann et al., 2008). Participants then completed computerised testing as

described below. Participants also completed MRI scanning, as detailed in Chapter 4.

Testing was conducted at Cardiff University Brain Research Imaging Centre (CUBRIC), during one visit
lasting approximately 2 hours. Participants first completed baseline assessments as described. Next,
participants completed the computerised visual and attention test battery described in detail below which
was presented on a MacBook Pro (macOS Mojave v 10.14, 2.3GHz, Intel Core i7, Apple Inc., CA) with a
15” screen (1440 x 900 native resolution). Responses were recorded using a wireless keypad for macOS

(BKB-Apple-PM, Cateck Inc., Tokyo) which was adapted for tasks using coloured and arrow response

61



buttons. All tasks were written by myself using PsychoPy psychophysics software (Peirce, 2009) for Python
(v1.85.6) with the exception of the Freiburg Visual Acuity and Contrast Test (FRACT). Participants viewed
the screen at a distance of 400mm adjusted to eye level, unless otherwise stated. DLB patients completed
visual tasks following the same procedure, however patients were provided greater breaks between tasks

where required, resulting in longer overall testing sessions (approximately 2.5 hours).

3.2.3.1 Low-level visual perceptual tasks

Visual acuity and contrast sensitivity were assessed by the Freiburg Visual Acuity and Contrast Test
(FRACT, v 3.10.0) (Bach, 1996) which is a stand-alone software to test visual function. The task presents
Landolt ‘C’ shapes on the screen and varies either in their size (acuity) or their contrast to the background
(contrast). Participants viewed the screen seated at a distance of 2m as recommended by task manufacturers
and were asked to respond to the direction of the ‘gap’ in the C using the wireless response pad. Stimuli
were displayed until a response, and the task was self-paced. Participants completed the standard 24 trials
per task, resulting in an automatically generated measurement of Snellen fraction for visual acuity and

logMAR (logarithm of the minimum angle of resolution) for visual contrast (Figure 3.1A, 3.1B).

To assess visual orientation, two Gabor patches were presented on the screen, positioned to the left and
right of the central fixation point (spatial frequency =1 cycles/degrees, diameter = 40mm, subtending visual
angle 5.7 degrees; See Figure 3.1C) (Gabor, 1946). The task was a 2 alternative forced choice task built on
a simple 1-up 3-down adaptive staircase, in which 3 correct responses resulted in a single level of signal
change to a more “difficult’ stimuli (Kingdom & Prins, 2016). The first trial presented showed one Gabor
patch at an exactly vertical otientation, and the other Gabor patch at 20° orientation. Participants responded
using arrow keys to determine which of the two stimuli are presented at vertical orientation. Based on the
response, the task adapted the ‘difficulty’ of trials by decreasing the angle of orientation of one of the two
Gabor patches between 20° and 0° (vertical ‘stripe’) otientation on a linear scale (step sizes 6,4,2,1°; trials
= ~30, number of reversals = 6). One Gabor patch always remained vertical (0°), and the target side
presentation was selected randomly, with a stimulus duration of 2000ms. Participants were prompted to
make a response that was as quick and accurate as possible, however the next trial was not presented unless
a response was made. The sensitivity value at the first two reversals were discarded (Kingdom & Prins,

2016), and an average of the remaining reversals calculated to provide an estimate of perceptual threshold.
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Figure 3.1 Lower-level visual perceptual task stimuli used in the assessment of visual perception in younger adults,
older adults and DLB patients. Freiburg Acuity and Contrast Test (FRACT) stimuli for visual acuity (A), and contrast
(B), and (C) Gabor patch stimuli for 2-alternative forced choice visual orientation task. (A) Participants must respond
to the direction of the gaps in the ‘C’, generating a Snellen Fraction for measuring visual acuity and the same task with
altered contrasts in (B) to measure visual orientation. (C) To measure visual orientation ability, participants must
decide which Gabor patch is exactly ‘vertical’ (0 degrees rotation) and response left or right. ‘Difficulty’ is altered as
the target becomes closer to 0 degrees orientation.

3.2.3.2 Mid-level visual perceptual tasks

To assess contour integration, participants viewed a seemingly random array of Gabor patches on a screen,
in which a circular shape was present, consisting of aligned Gabor patches (Figure 3.2A) (path angle = 0.1°,
spatial frequency = lcycles/degrees). The contour task was a 4-alternative forced choice task based on a
simple 1-up-3 down adaptive staircase. The target shape was presented at the top, bottom, left and right of
the screen, and varied between 0° of jitter (rotation either clockwise or anticlockwise), in which the shape
outline is fully visible, and 40° of jitter, in 2° increments. Participants were asked to respond to the location
of the shape on the screen using the four arrow keys, with three correct responses resulting in a level ‘up’
in difficulty on a linear scale (step sizes: 12, 8, 4, 2, 1°; trials = ~30, number of reversals = 6). Stimuli were
presented for a maximum of 1600ms, however participants were instructed to provide a response as quickly

and accurately as possible, and the following trial was not presented until a response was provided. Original
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Gabor patch stimuli were generated and provided by George Lovell (Lovell, 2005) using a bespoke
automated script in MATLAB.

Motion coherence perception was measured using a random dot kinetogram stimuli built with a simple
adaptive staircase as previously described, which resulted in the alteration of ‘coherence’, or ratio of signal
dots moving in one direction to noise dots moving in a random direction. The dot stimuli contained 200
white dots on a black screen, with signal dots moving in one direction (left or right), which was randomly
assigned at the beginning of each trial (field = 90mm diameter, circular; dot size = 7 pixels). Participants
responded to the direction in which the signal dots were travelling, with three correct responses resulting
in a level ‘down’ in coherence, making recognition more challenging, on a logarithmic scale (step sizes: 0.8,
0.4, 0.2, 0.1, 0.05; trials = 50, number of reversals = 6; Figure 3.2B). Stimuli were presented for a maximum
of 5000ms and participants were required to make a response before the next trial was presented. Perceptual

thresholds were calculated as previously described.

(A)

(B)

Figure 3.2 Mid-level visual perceptual task stimuli. (A) Contour integration stimuli showing multiple Gabor patches,
of which some form the target shape, indicated by arrow. Task difficulty is altered by increasing Sitter’ of Gabor
patches to make the contour more difficult to perceive. (B) Motion coherence task in which animated white signal
and noise dots are presented on a black background. Arrows indicate direction of dot movement, where the participant
must decide the direction of global movement. Difficulty is increased by reducing the coherence of signal and noise
dots.

3.2.3.3 High-level visual perceptual tasks

Higher-level perception including rotation ability, change blindness function and figure-ground segregation
were assessed. As these tasks were more cognitively complex, psychophysical staircases were not
incorporated but accuracy and RT were measured. Mental rotation is a high-level visual perceptual function
which typically involves the dorsal stream regions of visual perception including the parieto-occipital areas
(Tagaris et al., 1996). The mental rotation task in this thesis was based on a task by Ganis & Kievit (2015),
in which 3-dimensional objects built from varying numbers of cubes were displayed in pairs on the screen
(see Figure 3.3A). Object stimuli (Shepard & Metzler, 1988) were presented simultaneously, and were either
in the same position, or with the right-hand stimuli rotated at 50, 100 or 150°. Participants were asked to

make a ‘same’ or ‘different’ judgement for each object pair. The object pairs were presented for an indefinite
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amount of time until participants responded and participants were requested to make a response as quickly
and accurately as possible. Participants were given two practice trials and 30 main task trials and were

instructed to respond using colour coded keys (trials = 30).

Change blindness — the phenomenon in which seemingly large changes in a scene, such as the removal of
an object, can be missed due to absence of attentional processing to the particular element - was assessed
in the present study by presenting participants with coloured photographs of household scenes (see Figure
3.3C) accessed from the ‘SCEGRAM’ image database (Ohlschliger & V6, 2017) with permission. Each trial
consisted of the presentation of one photograph on the screen (6000ms), followed by a blank screen interval
with a central fixation cross (1000ms), and the subsequent presentation of a second photograph. The
second photograph shown was identical to the first, however an element of the image was altered from the
first photograph. Following the presentation of images, participants were shown three choices on screen
(for example ‘plant’, ‘chair’, ‘newspaper’), and were prompted to select which of the items they believed
had changed (cither appeared or disappeared) between the images. The next trial was not presented until a
response had been made. Images and items were altered for difficulty by manipulating the size and location
of the target in the scene. Participants were given two practice trials before completing main trials (trials =

20) (Figure 3.3B).

For the embedded figures task, the observer was required to separate the figure from the background in
order to perceive the embedded target (de-Wit et al., 2017). The EFT uses stimuli from the Leuven
Embedded figures test (L-EFT). Participants viewed one target line shape at the top of the screen (e.g.
triangle) and three line drawings at the bottom of the screen (see Figure 3.3D). Participants were asked to
identify which of the three-line drawings contained the target shape embedded into the lines. Trials were
presented for an indefinite amount of time until response, but participants were requested to respond as
quickly and accurately as possible. The number of lines in the target shape, number of lines in the line
drawing options and symmetry of the target shape were manipulated to make the trials more difficult.
Participants were given three practice trials, then moved onto main trials which were each presented until

response (trials = 62).
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Figure 3.3 Higher level visual perceptual stimuli. (A) Mental rotation stimuli, showing pairs of 3D shapes, which
participants must judge if these are the same shape (but one has potentially been rotated) or different shapes, requiring
mental rotation. Difficulty is altered by increasing the number of blocks in the shape. (B) Change blindness stimuli,
showing ‘spot the difference scenario’, where participants are shown one image after the other and asked to identify
the item that differed (either added or removed) between scenes. (C) Embedded figures task, where participants are
asked to identify which of the bottom three grids contains the shape (triangle) at the top.

3.2.3.4 Attention Network task

Attention functions were assessed with the ANT (Fan et al., 2002) which combines the Posner cueing task
(Posner, 1980) with the Eriksen flanker task (Eriksen & Eriksen, 1974) and provides measures of the three
attentional networks proposed by Posner and Petersen (alerting, orienting and executive), (Petersen &
Posner, 2012; Posner & Petersen, 1990). The task consisted of a ‘cueing’ element — a white asterisk on a
grey background - in which participants were shown no cue, a central cue, a spatial cue (either at the top or
bottom of the screen corresponding to the proceeding trial location), or a double cue (asterisk is presented

at the top and bottom of the screen simultaneously) (Figure 3.4). Each cue was displayed for 100ms,
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followed by a fixation cross in the centre of the screen for 400ms. The second ‘flanker’ element was then
displayed, in which participants are presented with five horizontal stimuli. These stimuli were: (1) congruent
arrows, in which all five horizontal arrows pointed in one direction (left or right), (2) incongruent arrows,
in which the central arrow pointed in a different direction to flanker arrows, and (3) neutral stimuli, in
which the central stimulus was an arrow, and flankers are horizontal lines. Flanker stimuli are presented
either centrally, at the top or at the bottom of the screen. For trials with spatial cues, the flankers are
presented in the location corresponding to the cue. Participants were asked to respond to the direction of
the central arrow only, using left and right arrow keys. The target was presented for a maximum of 1700ms,
or until the participant made a response (trials = 65). Outcome measures were the three network effects.
An alerting network effect is calculated by subtracting mean RT of double cue trials from no cue trials, the
orienting effect is calculated by subtracting mean RT of spatial cue trials from centre cue trials, and the
executive network effect is calculated by subtracting mean RT of congruent trials from mean RT of

incongruent trials.

No cue Centre cue Double cue
+ Neutral
. p —
Congruent
Incongruent
Spatial cue
(A) (B)
(C) 1600msec 100 msec 400 msec 1700 msec
+ D
>
Participant response

Figure 3.4 Attention Network Task as originally devised by Fan et al., (2002). (A) Participants are initially presented
with one of four cues, which then disappears. (B) Arrow stimuli are then presented, in which the target arrow (centre)
is either surrounded by neutral flankers, congruent or incongruent flankers. This stimulus is presented either in the
centre, top or bottom of the screen according to ‘spatial” cue conditions (C) Participants must then provide a response
to direction of target.

3.2.4 Statistical Analysis
Outcome measures for all tasks are listed in Table 3.2. For tasks where RT was an outcome measure

(contour integration, motion coherence, embedded figures, mental rotation task and change blindness task)
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the SAT was calculated using the linear integrated speed accuracy score (LISAS; Vandierendonck, 2017)
method, which combines RT and proportion of error in a linear manner, according to the formula

(Equation 3.1).

SRT
SPE

RTj + x PEj 3.1
Where RTj is the mean RT, PEj is the proportion of errors, SRT is the participants’” overall RT standard

deviation, and SPE is the participants’ overall standard deviation for the proportion of errors.

3.2.3.1 Older and younger group comparisons

Demographic group differences were assessed using one-way ANOVAs and Chi-square tests where
appropriate. To compare cognitive test outcomes between younger and older groups, a Multivariate analysis
of variance (MANOVA) was conducted on all 13 variables, using group as a fixed factor with simple
contrasts. RT data were log-transformed to address the skewed distribution. Attention network task group

differences were assessed with separate MANOVA using log transformed RT data.

3.2.3.2 Patient and older control group comparisons
Due to the low number of DLB patients, it was statistically inappropriate to conduct formal group
comparisons. Instead, each DLB patient was visually plotted in comparison to the 95% confidence intervals

of the older adult group, that was calculated according to the formula (Equation 3.2):

S

X+ 1.96
V()

(3.2)

Where X is the mean, s is the standard deviation and n is the number of observations for one cognitive
outcome (i.e. visual orientation threshold). DLB patients’ performance scores that fell outside the 95%

confidence interval were considered as deviating from the healthy control group.

3.3 Results: Perceptual and attention differences in healthy older and younger adults
Group differences in demographic factors are listed in Table 3.3. A full list of tasks, outcome measures and
group differences are listed in Table 3.4. Significant group-differences in age (F(1,49)=1325.9, p<.001) and
TOPF score (F(1,59)=9.658, p=.003) were present. However, no significant group differences were shown
in gender (x2=1.388, p=.239), handedness (;?=2.388, p=.122), education (F(1,49)=.320, p=.574) or the
MOCA score (F(1,49)=.196, p=.660).
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Table 3.3 Demographic information for younger and older participants and group comparisons. TOPF-UK = Test
Of Premorbid Functioning (UK version), MOCA = MOntreal Cognitive Assessment. One way ANOVA and chi-
square test results for group comparisons are reported.

Younger M (SD) Older M (SD) Statistical group comparison
Age 21.65 (2.76) 68.46 (5.91) F(1,49)=1325.9, p<.001
Gender Male (12) Female (14) Male (9) Female (17) ¥2=1.388, p=.239
Handedness Left (1) Right (28) Left (3) Right (22) ¥2=2.388, p=.122

Years of education

MOCA score
TOPF-UK score

Visual acuity (Snellen fraction)

Visual contrast (LogMAR)

14.95 (1.89)
28.89 (1.25)
60 (6.43)

1.91 (0.18)
1.12 (0.49)

15.12 (2.40)
29.04 (1.14)
62.52 (13.3)
1.66 (0.48)
1.68 (0.58)

F(1,49)=.320, p=.574
F(1,49)=.196, p=.660

F(1,59)=9.658, p=.003

Table 3.4 List of tasks assessing different functions in the visual hierarchy, their stimuli used in the task, outcome
measures of the task, and result of group comparisons *indicating older controls had poorer performance than
younger controls (p<.05). FRACT= Freiburg Visual Acuity and Contrast Test, OCO = Older Controls, RDK =
Random dot kinetogram, RT = Reaction Time, YOC = Younger Controls.

Low-level vision

Function Stimuli/ task Outcome measures Group comparison Stimuli duration Adaptive staircase
Visual Acuity FRACT - Landolt C Snellen Fraction YCO = OCO - Yes
Visual Contrast FRACT - Landolt C logMAR YCOC<OCO* - Yes
Orientation Gabor patch Threshold (degrees YCO<OCO* 600ms Yes
orientation)
Mid-level vision
Motion coherence RDK Threshold (% coherence) YCO<OCO* 1000ms Yes
RT YCO=0CO
SAT YCO=0CO
Contour integration Gabor patch contours Threshold (degrees jitter) YCO=0CO 10000ms Yes
RT YCO<OCO*
SAT YCO<OCO
Higher-level vision
Mental Rotation 3-D block shapes Accuracy YCO=0CO - No
RT YCO<OCO*
SAT YCO<OCO*
Change blindness Scenes and objects Accuracy YCO=0CO 15t stimuli=6000ms No
RT YCO<OCO 2nd stimuli = no limit
SAT YCO<OCO*
Embedded Figures Line patterns Accuracy YCO=0CO - No
RT YCO<OCO
SAT YCO<OCO*

Opverall, there was a statistically significant difference in visual performance between older and younger

adults as shown in the omnibus group effect for all dependent variables, F(13,13)=3.646, p=.013; Wilk’s A

= 0.215, partial n2=.785. Results are displayed as low-level, mid-level or high-level vision and ANT. The
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results are displayed in Figure 3.5 with the older adult group (old control; OCO) shown in red, and younger
adults (young control; YCO) are shown in grey. Data are displayed as a violin plot, in which the distribution
of data in each group is shaded, each data point represents one observer, and a median and inter-quartile

range (IQR) are shown overlaid as a boxplot.

3.3.1 Low level vision

Post-hoc effects from the MANOVA indicated some group differences between younger and older groups
in low level visual performance (Figure 3.5). No significant differences were found in visual acuity between
younger and older groups (F(1,49)=1.239, p=.2706; partial n2=.047), however visual contrast (Weber
contrast %) was significantly poorer in older adults (F(1,49)=27.903, p<.001, partial n?=.527). Orienting
threshold was significantly higher — therefore showing poorer discrimination ability — in older adults in

comparison to younger adults (F(1,49)=6.201, p=.020; partial n2=.199).

Low-level visual task performance in younger and older adults
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Figure 3.5 Lower-level visual task performance in younger (grey) and older (red) adults. MANOVA results indicate
significantly poorer performance in visual contrast (higher % contrast = poorer performance and orientation tasks
(higher threshold = poorer performance) in older adult group, but visual acuity performance (higher Snellen fraction
= better performance) shows no group difference. *p<.005, **p<.001, YCO= young adults in grey OCO= older
adults in red.

3.3.2 Mid-level vision
No difference in contour integration threshold (F(1,49)=.048, p=.829; partial n?=.002), but a significant
group difference in motion coherence threshold (F(1,49)=3.496, p=.043; partial n?=.123) were observed

with older adults showing higher threshold scores and therefore worse performance than younger adults

(Figure 3.6).
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Figure 3.6 Mid-level visual task performance in younger (grey) and older (red) adults. MANOVA results indicated
significantly poorer performance in motion coherence in the older control group in comparison to younger
participant. No group differences in contour integration were shown. *p<.005, **p<.001, YCO= young adults
OCO= older adults.

3.3.3 High level vision

No significant group differences were detected in embedded figures task accuracy (F(1,49)=.119, p=.733;
partial 72=.005), rotation accuracy (F(1,49)=2.291, p=.143 partial 72=.084), or change blindness
(F(1,49)=.020, p=.890; partial n2=.001) (Figure 3.7).

High level visual task performance in younger and older adults

100 100
>
g >
e 3
Group @ Group 8
o 8o @ o Group
oco £ oco @
b 3 oco
yco £ yco &2
< © Yco
[ o
2 g
©
£ 60 o
o uE_, 80
40
70
oco Yco oco YCO oco Yco
Group Group Group

Figure 3.7 High-level visual task performance (accuracy %) in younger (grey) and older (red) adults. MANOVA results
showed no significant group differences were observed in rotation, change blindness or embedded figures accuracy.
*p<.005, ¥*p<.001, YCO= young adults OCO= older adults.

3.3.4 Reaction time (RT)

Older adults had significantly slower RT in contour integration (F(1,49)=3.496, p=.043; partial n2=.163),
embedded figures (F(1,49)=5.470, p=.028; partial n2=.180), change blindness (F(1,49)=23.295, p<.001;
partial n2=.482) and mental rotation (F(1,49)=4.694, p=.040; partial n2=.158), but not in RT for motion
threshold (F=.357, p=.556; partial n2=.014) (Figure 3.8).

71



Reaction time (RT) performance in mid to high level visual tasks in younger and older adults
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Figure 3.8 Mid-to high-level visual task reaction time (RT) in younger (grey) vs older (red) adults. MANOVA results
showed that older adults have significantly greater average RT in rotation, embedded figures and contour integration
tasks, in comparison to younger adults. No significant difference was shown in average RT in motion or change
blindness tasks. ¥*p<.005, **p<.001, YCO= young adults OCO= older adults.

3.3.5 Speed accuracy trade-off (SAT)

SAT was significantly greater in older adults in comparison to younger adults in contour integration

(F(1,49)=8.72, p=.0006; partial n2=.195), embedded figures (F(1,49)=4.247, p=.047; partial n2=.100),
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mental rotation (F(1,49)=4.976, p=.032; partial n2=.121) and change blindness (F(1,49)=8.72, p=.006;

partial n2=.256), but not motion coherence (F(1,49)=.875, p=.350; partial n2=.024).

Speed-accuracy trade-off (SAT) in mid to high level visual tasks in younger and older adults
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Figure 3.9 Speed accuracy trade-off (SAT) in mid-to high-level visual tasks in younger (grey) and older (red) adults.
MANOVA results indicated that older adults have significantly greater SAT in contour integration, mental rotation,
embedded figures and change blindness. No significant difference was shown in motion coherence SAT between

younger and older adults. *p<.005, **p<.001, YCO= young adults OCO= older adults.
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3.3.6 Attention Network task performance

A significant effect of group on ANT conditions and network activations was observed overall;

F(9,39)=3.722, p=.002 Wilk’s A = 0.538, partial n2=.462. Older adults showed significantly longer average
RT in no cue (F(1,49)=24.741, p<.001; partial n2=.345), double cue (F'(1,49)=14.992, p<.001; partial
12=.242), spatial cue (F(1,49)=12.227, p=.001; partial n2=.206) and centre cue (F(1,49)=29.718, p<.001;

partial n2=.387) trials. In addition, older adults had significantly greater average RT in incongruent

(F(1,49)=19.409, p<.001; partial 12=.292) and congruent (F(1,49)=22.941, p<.001; partial 12=.328) trials.

However, significant group differences only approached significance in the overall orienting effect (centre

cue mean RT — spatial cue mean RT) (F(1,49)=3.702, p=.060; partial n>=.073), with no significant group
differences in alerting (F(1,49)=2.351, p=.132; partial 1?=.048) or executive effects (F(1,49)=.230, p=.634;

partial n2=.005) (Figure 3.9).
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Figure 3.10 Attention Network Task (ANT) performance in younger (grey) and older (red) adults. Reaction time (RT)
in log milliseconds is shown for flanker conditions (neutral, congruent or incongruent) and all cueing conditions (cue
presented prior to flanker either in the centre, corresponding location to the target, double cue above and below the
target or no cue). ANT network activations are also shown, calculated by obtaining the difference between two
condition RTs (alerting = double cue RT — no cue RT, orienting = spatial cue RT — centre cue RT, executive =
incongruent flanker RT — congruent flanker RT). MANOVA results indicated that older adults showed significantly
longer RTs in all cue and flanker conditions in comparison to younger adults. Alerting, orienting and executive effects
were not significantly different between groups. *p<.05, **p<.001, YCO= young adults OCO= older adults.

3.4 Results: DLB case comparisons
3.4.1 Demographics

DLB patients’ individual performance were then compared descriptively with older participants (n=4).
Patients’ ages, years of education and TOPF-UK performance (excluding one DLB patient) fell within the
1 standard deviations of older adults’ years of education suggesting that they were comparable to the healthy
older adult group in these variables. However, consistent with their DLB diagnosis all patients had lower
MOCA scores in comparison to average and standard deviations of older adults’ performance. In addition,

patients’ NEVHI scores were higher than older adults and fell outside of the standard deviations of older

adults’ performance (see Table 3.5).

Table 3.5 DLB patients and older adults’ demographic information and performance on clinical and baseline
assessments (Mean and standard deviation (SD) performance). * indicates values which fell outside the older adult

group SD.

DLB1 DLB2 DLB3 DLB 4 Older Control
Mean (SD)
Age 73 67 63 72 68.84 (5.9)
MOCA 23* 21* 24* 24* 28.57(2.02)
NEVHI 3* 10* 12* 4% 0.19(0.49)
CAF 8* o* 4* 5* 0.34(0.62)
Years education 16 21 16 15 20.76(5.22)
TOPF-UK score 63 54* 66 67 64.92(4.65)
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3.4.2 Lower-level vision

95% confidence intervals (CI) for each dependent variable were calculated for the older adult group for the
purpose of comparing the DLB individuals with their control group. Older control participants’ visual
acuity performance fell within a 95% CI of older controls for DLB patients 1 and 2 performing within this
range, and DLB patients 3 and 4 performing at a higher (and therefore better) level. In contrast, almost all
DLB patients performed at a higher (and therefore poorer) level of visual contrast, with patients DLB1, 2
and 3 performing above the 95% CI of older controls (Table 3.6, Figure 3.10). All patients showed normal

performance within the control 95% CI for orientation.

Table 3.6 DLB patient mean performance on lower-level visual tasks, in comparison to 95% confidence interval (CI)
upper and lower bounds for older control participants. * indicates scores deviating from 95% CI.

Lower control CI  Upper control CI DLB1 DLB 2 DLB 3 DLB 4

Visnal Acuity 1.25 1.954 1.53 1.30 2.0% 2.0%
Visual Contrast 1.216 2.019 3.24%* 4.34% 2.26* 1.90
Orientation 1.362 2.112 1.95 1.39 1.79 1.70

Visual Acuity (Snellen Fraction)
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Figure 3.11 Low-level visual task performance in DLB patients and older adults. Visual acuity performance for DLB
patients was within ot exceeded 95% confidence interval (CI) for the older adult control group (CI = mean +/- 1.96
X \/n). Visual contrast was poorer in three (DLB1, DLB2, DLB3) DLB patients in comparison to CI in older adults.
Visual orientation for all DLB patients was within the 95% Cls. Orange bar represents older adults” 95% CI.

3.4.3 Mid-level vision
For mid-level vision tasks, DLB patients’ contour integration threshold was lower than the 95% CI,
indicating poorer integration performance in DLB1, 2 and 4. Furthermore, motion coherence thresholds

for patients 1 and 3 were greater than the 95% CI for older adults, indicating poorer motion performance

(Table 3.7, Figure 3.11).

Table 3.7 DLB patient mean performance on mid-level visual tasks, in comparison to 95% confidence interval (CI)
upper and lower bounds for older control participants. * indicates scores deviating from 95% CI.

Lower control CI Upper control CI DLB 1 DLB 2 DLB 3 DLB 4
Contour threshold 26.92 31.38 20%* 20%* 32% 24*
Motion coberence threshold — 0.43 0.75 0.91* 0.5 0.83* 0.48
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Figure 3.12 Mid-level visual task performance in DLB patients and older adults. Contour threshold performance for
DLB patients was higher than 95% confidence intetrval (CI) for the older adult control group (CI = mean +/- 1.96 x
\/n) in one case (DLB 3), and lower in the other three cases. Motion coherence was higher than 95% Cls (and thus
poorer) in two cases (DLB1, DLB3) and within CIs for two DLB patients (DLB2 and DLB4). Orange bar represents
older adults’ 95% CI.

3.4.4 High-level vision
Embedded figures accuracy was lower for DLB patients 1, 2 and 4 in comparison to 95% CI for older
adults, and rotation accuracy was lower in patients 1 and 2 in compatison to 95% CI for older adults. In

addition, patients 1, 2 and 3 performed at a lower level than the 95% CI for older adults in change blindness
accuracy (Table 3.8, Figure 3.12).

Table 3.8 DLB patient mean performance on high level visual tasks, in comparison to 95% confidence interval (CI)
upper and lower bounds for older control participants. * indicates scores deviating from 95% CI.

Lower control CI ~ Upper control CI DLB 1 DLB 2 DLB 3 DLB 4

Embedded figures 86.65 96.02 73.17* 85.18* 96 72.72%
acenracy

Change blindness 72.61 79.97 50% 40% 50% 75
acenracy

Rotation accnracy 72.02 92.34 51.61* 48.37* 100%* 90.63
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Figure 3.13 High-level visual task performance (accuracy %) in DLB patients and older adults. For Embedded figures
accuracy, 3 DLB patients showed lower performance than 95% confidence interval (CI) for the older adult control
group (CI = mean +/- 1.96 x \/n) and in one case (DLB 3), performance was within ClIs. For change blindness
accuracy, three patients (DLB1, DLB2, DLB3) showed lower than 95% CIs performance, and DLB4 showed
performance within Cls. For rotation accuracy, DLB3 and 4 showed performance within or exceeding 95% ClIs, and
DLB 1 and DLB 2 showed lower rotation accuracy than 95% Cls. Orange bar represents older adults” 95% CI.

3.4.5 Reaction times (RT)

DLB patient 1 showed RTs lower than the older adults 95% Cls in all tasks, except for motion coherence,
in which they showed greater RTs. In addition to predominantly lower RT's outside the 95% CI in all tasks,
DLB1 also showed RTs outside the 95% CI, indicating both impaired RT and accuracy. For DLB3, RT
which was greater than the 95% CI was also related to poorer task performance, however for DI.B2 and

DLB4, ‘poorer’ task accuracy (outside the 95% CI) did not seem to relate to altered RT outside of the 95%
CI (Table 3.9, Figure 3.13).
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Table 3.9 DLB patient mean reaction time on all visual tasks, in comparison to 95% confidence interval (CI) upper
and lower bounds for older control participants. * indicates scores deviating from 95% CI.

Lower control CI Upper control CI DLB 1 DLB 2 DLB 3 DLB 4
Contonr RT 4454.61 7607.32 3731.54* 4367.89* 6303.07 3199.568*
Motion RT 1540.25 2676.76 3974.34* 1515.55* 2728.87* 1600.87
Embedded figures RT 6719.45 12691.91 4812.64* 17536.95* 7428.78 12215.75
Change blindness RT 2854.22 7519.54 1423.78* 6933.77 4190.28 12135.8*
Rotation RT 5722.64 11297.39 5361.17* 9054.87 7557.74 4113.86*
RT performance in mid to high level visual tasks in DLB patients and older adults
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Figure 3.14 Reaction time (RT) performance in mid- to high-level visual tasks in DLB patients and older adults. RT's
are varied in DLB patients, in comparison to older adults’ 95% confidence interval (CI = mean +/- 1.96 x \/n). Lower
and mid-level visual task RT appear to be lower and greater with complexity of task in some cases, with the opposite
pattern in some DLB cases. Many cases fell outside of older CI. Orange bar represents older adults’ 95% CI.

3.4.6 Speed accuracy trade-off (SAT)

DLB patient 1 showed a higher SAT performance for contour integration and motion tasks, but SAT were
within the normal ranges for other higher-level tasks (Table 3.10). For DLB 2, the opposite pattern was
observed, with contour and motion task performance within Cls for older controls but higher SAT in
embedded figures and change blindness, and SAT towards the higher end of CI for mental rotation. DLB
3 and 4 showed similar performance patterns for contour and motion tasks, with higher SAT for both tasks
and for embedded figures task. DLB 3 was in the SAT CI for change blindness, but DLB 4 was much
higher, and DLB 3 showed much higher SAT for mental rotation, but DLB 4 showed much lower SAT for
the same task (Figure 3.15).

Table 3.10 DLB patient mean SAT on mid and higher-level visual tasks, in comparison to 95% confidence interval
(CI) upper and lower bounds for older control participants. * indicates scores deviating from 95% CI.

Lower control CI Upper control CI DIB 1 DIB 2 DIB 3 DIB 4
Contonr SAT 6449.51 8650.62 14092.70* 7923.57 11186.54* 13546.65*
Motion SAT 1576.96 2523.83 5864.34* 2375.06 3856.69* 2885.03*
Embedded fignres SAT 15896.54 34225.89 25898.29 46362.87* 43655.87* 33925.63*
Change blindness SAT 5710.71 9456.86 8902.43 9585.07* 7654.37 16359.65*
Rotation SAT 8775.38 13518.21 10982.89 12081.34 13606.59* 6841.95*
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Figure 3.15 Speed accuracy trade-off (SAT) in mid- to high-level tasks in DLB patients and older adults. SATSs are
varied in DLB patients, in comparison to older adults” 95% confidence interval (CI) for the older adult control group
(CI = mean +/- 1.96 x Vn ). Many cases fell outside of older CI, with most DLB patients showing higher SAT than
older adults, except for during mental rotation task performance. Orange bar represents older adults” 95% CI.
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3.4.7 Attention Network Task performance

ANT task performance was highly varied, with DLB 1 and 2 showing significantly longer RT's in all
conditions. DLB patients 2, 3 and 4 showed alerting effects while DLB1 did not. For DLB 1, 2, ad 3
orienting and executive effects were within, if not exceeding performance in older adults. This is with the
exception of DLB 4, who showed greater alerting effect, but a negative or impaired orienting effect which

then also limited the executive network effect. (Table 3.8, Figure 3.14).

Table 3.11 DLB patient mean performance in cue and flanker conditions and network effects in the Attention
Network task, in comparison to 95% confidence interval (CI) upper and lower bounds for older control participants.
* indicates scores deviating from 95% CI.

Lower control CI ~ Upper control CI DLB 1 DLB 2 DLB 3 DLB 4
ANT no ene RT 802.39 1293.13 1670.36* 1650.70* 1274.57 1035.81
ANT double cne RT 685.41 1238.83 1698.19* 1602.36* 1238.44 858.51
ANT spatial cne RT 686.34 1175.15 1638.87* 1616.76* 1225.34* 913.65
ANT centre ene RT 762.73 1240.27 1670.13* 1755.57* 1267.02* 840.51
ANT incongruent RT 793.40 1307.45 1687.59* 1857.72*% 1201.51 934.188
ANT congruent RT 754.87 1194.65 1533.18* 1530.48* 1160.75 928.52
ANT alerting effect 5.58 100.27 0.23* 95.13 7.55 195.31*
ANT orienting effect -1.13 61.27 31.26 38.81 41.68 -73.147*
ANT excecutive effect 11.09 131.23 154.41* 327.24% 40.76 5.67*
ANT performance in DLB patients and older adults
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Figure 3.16 Attention Network Task (ANT) performance in DLB patients and older adults. ANT network activations
are shown, calculated by obtaining the difference between two condition RT's (alerting = double cue RT — no cue RT,
orienting = spatial cue RT — centre cue RT, executive = incongruent flanker RT — congruent flanker RT). Most DLLB
patients’ fell within CI of older adults for alerting and orienting effect. Those DLB patients demonstrating an alerting
effect appeared to also demonstrate a orienting and executive effect. DLB 4 showed higher alerting, lower orienting
effect. Orange bar represents older adults” 95% CI.
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3.5 Discussion

The present chapter investigated age and DLB-related differences in visual perception and attention
functions across a hierarchy of low, mid and higher-level tasks. While older adults tended to respond slower
in most tasks in comparison to younger adults, they only showed reduced abilities in visual contrast,
orientation and motion discrimination tasks while more complex, higher order visual perception and
attention including orienting, alerting and executive functioning were relatively preserved, albeit at the cost
of a slower RTs. In contrast, there was evidence for DLB affecting visual perceptual and attention function
across the whole hierarchy with the exception of low-level visual acuity. In the following section I will
discuss these results in more detail within the context of the existing literature as well as in terms of their

implications for our understanding of age and disease-related changes in visual perception and attention.

3.5.1 Low-level visual functions in ageing

As hypothesised my analysis revealed that visual acuity did not show any significant age-related decline.
Previous research suggests that visual acuity impairments in ageing may occur due to age-related diseases
that can lead to visual impairments such as Type II diabetes, cataracts or macular degeneration (Sinclair,
2000). Furthermore, it has been observed that age-related dynamic visual acuity impairments can be
mitigated by adjustment of luminance (Long & Crambert, 1990). In this thesis all participants were carefully
screened for any diseases that may affect their vision and only older adults free from eye disease or other
visual impairment were recruited and assessed using vision correction (i.e. spectacles or contact lenses).
Thus, no visual acuity impairments were observed in older versus younger adults. Together these results
suggest that previously reported declines in age-related visual acuity (Freeman et al., 2005) may be a product

of age-related decline in visual health rather than a primary function of older age.

However, as hypothesised and in line with previous research (Casco et al., 2017, Greene & Madden, 1987
Betts, Sekuler & Bennett, 2007), visual contrast and visual orientation performance did show decline in the
older group. Indeed, age-related decline in contrast sensitivity has previously been proposed as a reliable
and useful measure for the identification of age-related visual function (Green & Madden, 1987). Moreover,
a decline in contrast sensitivity in older adults is thought to account for increased orientation discrimination
thresholds (Delhahunt, Hardy & Werner, 2008). Both impairments have been attributed to age-related
neuronal loss within the lower-level visual pathways (Elliot et al., 1990), but also age-related damage to cells
in the parvocellular pathway (Schiller et al., 1990). Age-related changes to the morphology of retinal
ganglion cells such as reduced dendrites (Nadal-Nicolas, 2019), may therefore lead to particular impairments

in contrast sensitivity and orientation, resulting in hindered bottom-up sensory processing in older adults.

3.5.2 Mid-level visual functions in ageing
In contrast to previous reports (Roudaia et al., 2008), no age-related differences in contour integration were

found at mid-level visual functioning. Recently it has been shown that ageing does not affect sensitivity in
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certain elements of a Gabor patch contour stimuli such as their collinearity or proximity (Roudaia et al.,
2013). Notably, accuracy in a Gabor contour integration task showed no age-related effects when contour
and distracter elements had equal spacing. As equal spacing was implemented in the current study this may
explain why no age-related effects were shown. In addition, older adults are known to require longer
stimulus durations (1 second minimum) for the successful discrimination of contours. As the cutrrent tasks
were set up to be suitable for DLB patients stimuli presentation was restively long in duration (16000ms)
for older adults’ to process the information. Thus, the type of Gabor stimuli and the length of stimulus
presentation in my task battery very likely provided conditions which allowed older adults to perform at an
equal level with younger adults (Roudaia et al., 2011). This suggests that in the present context the
requirement of the tasks to be feasible for DLB patients may have ‘simplified’ the task for older adults,

resulting in no significant age-related differences in performance.

However, in contrast to contour integration and consistent with a number of previous studies (eg Pilz et
al,, 2017), an age-related performance decline was observed in motion coherence threshold. In contrast to
previous reports though (Snowden & Kavanagh, 20006), this reduced threshold was observed in the absence
of any age-related slowing in response speed. In contrast to the contour integration task the motion
coherence tasks was written with a fixed rather than a self-paced stimulus duration of 5000ms. The choice
for the stimulus duration was based on previous reports of robust age-related motion perception with these
specific task parameters (Bennett, Sekuler & Sekuler, 2007). Therefore, my results may reflect the reverse
of the usually observed speed-accuracy trade off in ageing of slower responses in favour of accuracy,
suggesting that when older adults have to respond as fast as younger adults and are given no option of
longer stimulus duration, they were not able to detect motion coherence as reliably as younger adults.
Motion coherence also involves an element of dorsal stream functioning, recruiting regions for attentional
control (Billino & Pilz, 2019) which older adults often exhibit impairments in, which would also account

for poorer motion threshold performance.

3.5.3 Higher level visual functions in ageing

No differences in accuracy in higher-level visual tasks such as embedded figures task, mental rotation task
or change blindness accuracy were found consistent with reports in the literature (Endrass et al., 2012).
Preserved accuracy was accompanied by slower response latencies in older adults in contour integration,
embedded figures, change blindness and mental rotation tasks. This pattern of results is consistent with the
pattern of SAT typically observed in ageing, where responses are slower in a bid to maintain accuracy. One
of the reasons for this may have been that older adults were reluctant to commit to errors, potentially due
to a distrust in sensory processing (as was shown to be impaired), meaning they adopt a cautious attitude
and accumulate more evidence before making a decision (Forstmann et al.,, 2011; Rabbitt, 1979). These
results are interesting as they replicate previous findings suggesting a complexity effect in older adults, in

that RT slows with age and with increasing task demands and/or neural processing complexity (Bashore et
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al., 1997). However, it should be noted that as the motion task in the current study was not self-paced,
older adults may show a more typical profile of increased RT to mitigate accuracy dutring a longer stimuli
duration. As such, these findings also warrant further investigation of the elements within RT which may

show decline and brain regions associated with this (Chapter 6).

3.5.4 Speed accuracy trade-off in ageing

SAT was significantly greater in contour integration, embedded figures, mental rotation and change
blindness tasks in older adults in comparison to younger adults. This was due to older relative to younger
adults showing longer RTs but preserved accuracy in these tasks and hence these findings are consistent
with the typical pattern of SAT, reflecting slower and more cautious decision making in older adults (Starns
& Ratcliff, 2010). For contour integration, threshold did not differ between groups, but SAT was longer in
older adults, suggesting that any age-related impairments in mid-level contour abilities (or centre surround
suppression) may be mitigated by longer processing time or more cautious decision making. When
completing higher-level tasks it is also evident that any lower-level age-related visual impairments (such as
impairments in visual contrast or orientation) may have also been mitigated in the same way by a slower

and thus more cautious approach.

In contrast, motion coherence SAT did not differ between groups. This was most likely as a result of stimuli
duration being shorter in this task, leading to no significant group difference in RTs. Although threshold
levels were lower in older adults in comparison to younger adults, accuracy levels did not differ between
groups. This was due to the staircase adjustments of stimuli within the task, where thresholds were lowered
in older adults, allowing them to remain highly accurate, resulting in no difference in SAT. Therefore, older
adults were able to respond as fast and accurately as younger adults but at a lower level of coherence,

suggesting that perceptual factors may contribute significantly to age-related lengthening of SAT.

3.5.5 Attentional functions in ageing

There were no group differences in my results in any ANT network effects, with orientation network effect
only approaching significance. This is inconsistent with previous literature, describing age-related
impairment in executive network functioning (Mahoney et al., 2010). One explanation of this may be due
to the order of the tasks. A previous study has reported that there was a significant influence of presenting
object and scenery stimuli in boosting executive network performance in the ANT in older adults (Gamble
et al., 2014). The authors suggest that this attenuation effect may be due to a reduction in fixations, and
thus effortful attention occurs when viewing scenes as opposed to other stimuli, mitigating the fatigue effect
of prior task completion that is typically prominent in healthy older adults (Hess & Ennis, 2011). In this
empirical work, as participants completed the cognitive battery in one sitting, with the ANT task following

the visual hierarchical tasks it may be that completing the change blindness task in which scenes were
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presented and responded to by participants may have provided a restorative effect on executive attention,

and attenuated performance in the ANT.

An alternative explanation may be that the age-related theory of executive decline, or frontal ageing, is not
as prominent in older adults as previous anticipated. It has been reported that although older adults showed
impairments in using top-down attentional control for the suppression of task irrelevant information, some
forms of top-down attention are not susceptible to the decline in age-related executive control (Madden,
2007). Moreover, executive functions such as sorting (Zelazo, Craik & Booth, 2004), task initiation (Bedard
et al., 2002) and task switching (Cepeda et al., 2001) have been shown to have a U-shaped function of age,
increasing from younger adulthood into later life (Zelazo, Craik & Booth, 2004). Older adults have been
shown to be successful in recruiting top-down attention for target-relevant information in search tasks
which are more complex and involve the guiding of attention (Madden et al., 2007). In my study older
adults exhibited comparable alerting, orienting and executive effects as younger adults. This suggests that
anterior and posterior attention mechanisms were relatively preserved in older adults. It may, however, be
the case that older adults were able to recruit top-down attention by attending to target-relevant information

rather than focusing on suppressing task-irrelevant stimuli.

3.5.6 Unimpaired, impaired and shift performance in older adults

Taken together, this pattern of results does not seem to be consistent with the view that lower-level visual
functions are preserved, and that ageing affects higher order, more complex tasks disproportionately. Thus,
these results appear to contradict the frontal ageing hypothesis, as tasks which require greater executive
function expenditure were relatively preserved in older adults. On the basis of performance in these tasks,
I categorized outcomes in to three categories: impaired, unimpaired and shift. First, ‘impaired’ tasks in
which group comparisons showed that older adults had poorer performance, with no indication of
compensation in other outcome measures of the task (i.e. speed vs accuracy) including visual contrast, visual
orientation and motion performance. For ‘unimpaired’ tasks, group comparisons showed no significant
differences, indicating that older adults’ performance was comparable to that of younger adults including
visual acuity, contour threshold and ANT tasks. Finally, tasks which showed a ‘shift” includes SATSs, where
older adults showed poorer RT in order to mitigate accuracy, which was unimpaired, indicating a ‘shift’ in
strategy including SAT performances. This ‘shift’ did not necessarily mean older adults had impaired

performance but adopted a more cautious strategy in their response.

Older adults performed at a comparable level in higher-level tasks and attention tasks with regards to
threshold and congruency effects and were thus categorised as ‘unimpaired’. This suggests that older adults
are in fact able to recruit top-down executive attention mechanisms when required, potentially to mitigate
lower-level perceptual impairments, but at the costs of response slowing. Previous research has shown that

older adults are able to orient attention, ignore intermodal distraction and perform local task-switching,
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when taking bottom-up sensory deficits into account (Zanto & Gazzaley, 2014). In contrast, those in the
‘impaired’ category were typically tasks where cognitive demand on global attentional functioning was
higher, with the exception of visual contrast. My observation of age-related impairments in motion
coherence performance appear consistent with this pattern as although the task was not cognitively
complex in terms of processing resource it did require enhanced attentional function due to the speeded

nature of the stimulus delivery.

Altogether the pattern of the observed findings suggests that ageing may be associated with hampered

bottom-up sensory processes, notably contrast sensitivity and orientation but not visual acuity. It is assumed
that such bottom-up processes feed into mid to higher level visual functions and hence that any
impairments will affect the processing in higher order tasks. In the current results, such lower-level visual
impairments appeated to be compensated for in mid to higher level tasks when older adults had sufficient
time to process the information, i.e. in tasks with sufficiently long stimulus duration. This was reflected in
the age-related SAT differences with preserved accuracies at the cost of longer RTs, or those in the ‘shift’
category. The more complex and attentionally demanding the task the longer the required processing time
for older adults, for instance RTs tended to be longer in the Embedded figures task than in the orientation
task. However, when older adults are not able to apply a more cautious but slower strategy and were forced
to perform at the same speed as younger adults, they exhibited a poorer level of accuracy in the motion

task.

Thus bottom-up deficits in ageing can be mitigated to a certain extent by top-down processing, but that
this requires greater stimulus duration in ageing, potentially due to greater age-related limitations in top-
down attentional mechanisms (Zanto & Gazzaley, 2014). Degraded sensory input with age has been shown
to lead to a higher ‘load’ on cognitive processes, reducing resources available and increasing the ‘cognitive

difficulty’ of tasks for older adults, and may lead to (in some cases) inefficient compensatory mechanisms

(Roberts & Allen, 2016).

3.5.7 Visual perception and attention in DLB

The current DLB results were only based on four patients, and therefore their interpretation requires
caution. However, DLB patients compared with their age-matched healthy controls showed poorer contrast
performance while visual acuity or visual orienting performance appeared to remain preserved, suggesting
a relative sparing of lower-level visual functions. In addition, there was evidence of poorer contour
threshold and motion coherence performance (for two patients) reflecting difficulties in mid-level vision.
Finally, all higher visual tasks appeared affected by DLB. For change blindness and embedded figures
performance, the majority of DLB patients performed worse than the 95% CI for older adults. Interestingly,
mental rotation performance was higher than 95% CI in one DLB patient but lower in others. However,

this may be a product of long stimulus duration. These results suggest a widespread decline throughout all
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levels of the visual hierarchy which becomes more apparent in more complex, higher-level tasks. Moreover,
results were subject to interindividual variation, which likely reflects both disease stage of the patient and
location of deposition of Lewy body pathology in the brain in individual patients. These results therefore

require replication in a larger sample size of DLB patients.

ANT task performance for DLB patients was again varied. Two patients showed significantly longer RT's
in all conditions of the task, which is consistent with previous findings reporting overall slowing in DLLB
(Ballard et al., 2001). One of the DLB cases showed a very limited alerting effect, suggesting that this
participant was unable to effectively attend to and focus on the stimuli. However, contrary to previous
findings (Fuentes et al., 2010) which have shown that when DLB have limited alerting ability they also show
diminished performance in other ANT networks, this participant showed orienting and executive effects
which were either within or above the performance level of older adults. These results suggest that despite
their general alerting impairment, the individual was able to orient to the relevant stimuli and inhibit
irrelevant stimuli during incongruent trials, potentially reflecting a compensatory cognitive mechanism for
completing the task. Two DLB patients were able to show alerting, orienting and executive effects that
were within the control group’s 95% Cls, if not exceeding, performance in older adults. Finally, one of the
DLB patients showed an opposite profile, in that they had a greater alerting effect, but a negative orienting
effect and a limited the executive network effect. These findings are somewhat consistent with previous
results showing that if DLB patients are able to demonstrate an alerting effect, then they are able to
successfully show activation in other attention networks (Firbank et al., 2016). This also indicates that top-
down attentional systems can be recruited effectively to orient attention and suppress irrelevant information

if the stimulus is alerted to.

RT performance was also varied in DLB patients, with some tasks showing much lower RT — therefore
faster performance — and some showing much longer RT than 95% Cls in older adults. These results were
also supported by SAT, showing some but not all DLB patients experienced lengthened SATs. These
findings are interesting, as it would typically be anticipated that RT would be slower in DLB patients due
to difficulty focusing and maintaining attention, or difficulty in visual processing (Ballard et al., 2001). This
is somewhat evident in higher level visual tasks in which DLB patients were slower than older adults. As
with attention networks, it may be the case that DLB patients struggle to perceptually process stimuli
therefore make fast responses as engagement with the task and cognitive processing is not actually
occurring. The current varied findings and potential methodological limitations of using mean RTs and
their difference as outcome measures suggest that it would be more informative to investigate the different
processing elements that contribute to the overall RT. Drift diffusion modelling assumes that perceptual
processing elements, information processing quality, and level of information ate all required to make a
response and hence contribute to the overall RT. Such modelling may provide greater detail to aid in the

understanding of which specific elements of cognitive processing are undetlying variation in RTs in DLB

89



patients. In addition, identifying impairments in RT decision-making elements may provide insight into the
basis for clinical symptoms of visual hallucinations and cognitive fluctuations. This line of enquiry is

explored more thoroughly in Chapter 7.

3.5.8 Limitations

In my assessment of visual and attentional functions in younger and older adults there are several
limitations. Most notably, as the tasks were designed to be accessible by older adults with dementia as well
as younger and older adults, some compromises had to be made in the number of trials and stimuli duration
included in the tasks. Whilst these tasks still endeavour to assess different functions of the visual processing
system in a sensitive manner, there was some simplification necessary which may limit validity. Subsequent
work focusing on healthy ageing only should increase trial numbers to provide a more valid assessment of

these functions.

In addition, it should be acknowledged that whilst psychophysical principles were incorporated into tasks
where appropriate, this could not be easily applied to all tasks such as higher-level vision in which multiple
visual variables were altered in the stimuli. In addition, the tasks which did incorporate psychophysical
principles used an adaptive staircase method as opposed to a more classical method of adjustment. This is
an advantage; as it addresses the challenge of selecting the ‘correct’ stimulus values to assess a participant
and provides a more sensitive estimate of performance threshold. However, the staircase method relies on
the ‘correct’ or appropriate starting point to be selected. Whilst this limitation was mediated by thorough
pilot testing, it may still influence the results in a detrimental manner by over or under inflating
performance. In addition, staircase procedures typically require a larger number of trials to estimate an
accurate threshold. Whilst an experienced psychophysicist (G.Lovell) was consulted for guidance with
regards to the minimum number of acceptable trials for all tasks employing a staircase, it should be
considered that a greater trial number may provide more accurate estimations of performance. It is also
noteworthy that more ‘precise’ adaptive methods can be employed such as the maximum-likelihood
adaptive procedures of QUEST (Watson, 1983), or interleaving staircases. This was no selected due to the
complexity and number of trials required, however implementing a more complex Bayesian staircase would

also improve the accuracy of threshold estimates in subsequent research.

Specifically with regards to the current orientation stimuli, the oblique effect was not considered in the
design of the task. The oblique effect refers to a phenomenon in which orientation detection is related to
a strong response in V1 (Koelewijn et al., 2011) and significantly negatively correlated with visual cortex
GABA (Edden et al., 2009), which is not as apparent with vertical stimuli. Considering this evidence, it is
possible that the current stimuli which compared oblique to a vertical orientation gabor patch may not

evoke a visual response in such a way that the oblique effect shows for orientation ability. Therefore, this
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may have resulted in greater variance in performance within the sample and thus resulted in a greater effect

being reported in the present results. As such, the results should be interpreted in light of this.

Moreover, one potential limitation regards the sample of older adults assessed in the current chapter. Older
adults were excluded on the basis of visual impairments and had normal or corrected to normal vision.
However, visual impairments such as cataract or glaucoma are common in the normal ageing population
with a vast proportion of older adults experiencing some form of visual impairment or visual loss to an
extent (Swenor et al., 2020). It should then be considered that the exclusion criteria for the current study
may then limit the generalisability of the results to the wider healthy ageing population. Moreover, relatively
few older adults who expressed interest in taking part in the current study were excluded on the basis of
visual impairment again highlighting that the current sample may be less representative of the general
population, possibly as a result of the method of recruitment. That is, older adults who are more likely to
readily partake in psychological studies may be of generally good health as has been previously reported
(Gao et al,, 2015).

With regards to the behavioural assessment of DLB patients, it may be that the methodology of these tasks
is not suitable to capture DLB differences in processing speed reliably and robustly due to the high variation
in their performance. As RTs were very long and variable in these particular DLB patients, it may highlight
that observing the difference between RTs as a measure of these visual functions is not appropriate. As
such, future investigations should consider focusing on obtaining and assessing accuracy or threshold as a
measure of visual function and assessing RT alone as a measure of response speed to a relatively low-level

attentional task.

Finally, due to the practical logistics of the entire testing procedure (including MRI scanning), the time at
which cognitive testing was conducted was variable, meaning some participants took part during evening
sessions or early morning sessions. Age differences in cognitive performance are reported to be modulated
by the time of day at which the testing takes place (Anderson et al., 2014), suggesting that this may play a
role in participant fatigue and subsequent performance. However, this was difficult to control due to
participant and researchers’ schedules and all other controllable factors were kept constant across
participants, such as order of task administration, instructions from the experimenter and order in which
cognitive testing and MRI scanning was conducted to reduce this effect. Due to the length of testing
sessions, participants were also given the opportunity to take short breaks which may also have impacted
performance variability between patticipants. Despite this, participants took part in the same number of
practice trials and tasks were only commenced when confirmation was received that the participant was
ready to begin to help mitigate the effects of any additional or limited preparedness. With regards to DLB
patients, all behavioural testing was conducted during a mid-morning session to ensure the effects of fatigue

were minimised as much as practically possible.
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3.5.9 Chapter summary

Previous research has noted impairments in a number of attentional and visual tasks in older adults, but
rarely have these functions been assessed sequentially along to the visual processing hierarchy in one study.
I addressed this gap in the literature by first establishing the behavioural profile of older adults’ vision and
attention from visual acuity through to higher level vision and attention. In summary, my results show that
whilst visual acuity showed no age-related decline, low-level functions of contrast sensitivity and orientation
discrimination did. In mid-level vision, older adults were poorer in a motion coherence perception task but
did not show performance differences in contour integration. In higher-level visual tasks, no differences in
accuracy performance were found between younger and older adults, but older adults showed longer RT's
and SAT. Finally, in the ANT I saw no differences in alerting, orienting or executive network performance
between older and younger adults. The results above support the ageing-complexity and also typical SAT
patterns in ageing but contrast typical theories of age-related executive decline. Four individuals with DLB
were also assessed using this task battery and showed preservation of low-level visual functions (excluding
visual contrast) but a decline in performance in mid to higher-level functions in comparison to heathy older
adults. These findings suggest a more widespread impairment in perceptual and attentional functioning
than anticipated. This pattern of age-related performance differences in tasks designed to assess processing
stages across the visual perception and attention hierarchy allowed me to further explore i. the neural
correlates of age-related decline, maintenance and compensation (Chapter 5) and ii. modelling of the

components that may contribute to the slowing of reaction times in older age (Chapter 06).
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Chapter 4 : Metabolic, microstructural and macrostructural changes in
ageing

4.1 Introduction

Following characterisation of the cognitive profile of older adults and DLB patients in Chapter 3, the
objective of the research in the present chapter was to characterise age- and disease-related differences in
the microstructural, neurochemical and morphological properties of brain networks underpinning visual
perception and attention performance. Neuropathological evidence suggests that rather than being
associated with significant cortical neuronal loss, healthy ageing may be associated with a decline in synaptic
markers (Hatanpii et al., 1999), reductions in dendritic trees (Flood et al., 1985, Morrison & Hof, 2007)
and small myelinated axons (Tang et al., 1997). Furthermore, healthy ageing is also known to be associated
with metabolic slowing of mitochondria (Zhang et al., 2018). Whilst there is some evidence regarding these
microstructural and metabolic differences associated with ageing (see below), very little is known about
such changes in DLB. Given the distinct perceptual and attentional impairments associated with DLB,
studying the microstructural and metabolic changes that occur in perceptual and attention networks may
aid in our understanding of the biological mechanisms that lead to the cognitive and clinical profile of the
disease. As discussed in Chapter 2, MR techniques can be employed to gain estimates of some of these
brain tissue properties that are vulnerable to ageing and disease. In the present chapter cortical thickness
measures were employed to gain estimates of age- and DLB-related cortical grey matter loss while multi-
shell DWI techniques were applied to probe these differences in white matter microstructure. In addition,
neurochemical differences in cortical grey matter regions were measured with MR spectroscopy. Mean
measurements were extracted from the cortical grey matter regions of interest and the white matter
pathways of the visual perception and attention networks discussed in Chapter 2. These were then
compared between young and older adults as well as between the older adult controls and the four DLLB
cases (by comparing their individual scores with the control group’s 95% CI) to assess age and DLB-related

differences in these properties of the vision and attention network regions.

Finally, the relationship between brain metabolites and white matter microstructure is not well understood.
Age-related between-subject variation in these measurements provide the opportunity to study their
relationship and to probe the question whether age-related differences in brain metabolites may underpin
microstructural changes or vice versa. For instance, age-related reductions in neuronal activity estimated
with NAA may be accompanied by reductions in white matter microstructure due to Wallerian degeneration
and/or reduced information transfer due to white matter damage. The present chapter therefore explored

correlations between metabolites and microstructural indices that demonstrated significant differences with

age.
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As explained in Chapter 2, a priori ROI analyses for healthy age effects on white matter microstructure and
cortical thickness were followed up by whole brain exploratory analyses. These analyses acted as sanity
checks for the anatomical specificity of the age effects from the a priori analysis and to assess them within
the context of whole brain changes notably the frontal-posterior gradient pattern reported in the literature.
The following sections provide an overview of the empirical evidence regarding age and DLB-related
changes in metabolic, microstructural and morphological properties of the visual and attention networks

of interest.

4.1.1 Age-related changes in visual and attentional brain regions

4.1.1.1 Brain metabolites

As discussed in Chapter 2, MRS provides the best non-invasive in vivo technique of investigating age and
disease-related differences in brain metabolites. According to a review of the literature by Haga et al. (2009),
healthy ageing is generally associated with a global increase in choline and creatine and a reduction in NAA
in the brain, although there are some inconsistencies in the literature with regards to the direction of the

effects and where these changes may occur anatomically.

With regards to the occipital lobe (OCC), concentrations of NAA and Glutamine (Glx) were reported to
be lower and concentrations of choline to be higher in healthy older compared with younger adults
(Christiansen et al.,, 1993; Marjaniska et al., 2017). As NAA is a marker of neuronal health and energy
metabolism, reduced NAA may reflect impaired mitochondrial activity in older adults. However, NAA has
also been found to show no change in concentration in the OCC in older age (Ross et al., 2005).
Furthermore, concentrations of both GABA and Glx show a decline in the OCC in older adults
(Pitchaimuthu et al., 2017; Simmonite et al., 2019), suggesting reductions of key inhibitory (GABA) and
excitatory (Glx) neurotransmitters with ageing. Finally, only one study investigated age-related differences

in OCC myoinositol and found no significant change (Marjadska et al., 2017).

In the frontal lobe, cholinergic receptors are reported to be reduced in older adults (Raz, 2001) and this has
been linked to an age-related increase in total choline (Haga et al., 2009). Such age-related increases in
choline have been linked to greater levels of inflammation and demyelination in this region (Lind et al.,
2020). In addition, increases in creatine and myoinositol have also been reported in the frontal lobe and in
the posterior cingulate cortex (Gruber et al., 2008; Haga et al., 2009). These changes were proposed to
reflect gliosis in the ageing brain as an increase in myoinositol signifies glial cell proliferation and may be
consistent with post-mortem evidence that showed evidence of gliosis in patients with elevated myoinositol
(Dichgans et al., 2005, Gruber et al., 2008; Reyngoudst et al., 2012). With regards to NAA, findings are again
inconclusive in older age. Some studies reported reduced NAA in the frontal lobe (Gruber et al., 2008),
while others found no age-related differences (Harada et al., 2001). Only very few studies have investigated

age-related metabolic differences in the ACC. Those that did reported results that largely mirror the general
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findings in the frontal lobes; increased choline and creatine and increases in NAA were present in the ACC
in older adults, suggesting both glial proliferation and neuronal hypertrophy as a result of healthy ageing
(Chiu et al., 2014). Evidence also suggests that GABA declines with age in the frontal cortex (Gao et al.,
2013; Porges et al., 2017) and specifically in the ACC (Marenco et al., 2018), although other studies report

no change or increased levels (Huang et al., 2017; Pitchaimuthu et al., 2017).

Finally, age-related changes in NAA in the parietal lobe were also mixed with some studies reporting
reduced (Gruber et al., 2008) and others preserved levels (Ferguson et al., 2002). Moreover, increases in
choline and creatine occur in the parietal lobe with ageing, but no apparent changes in myoinositol are
reported (Haga et al., 2009). Glutamine is also shown to be lower in older age in the parietal cortex (Zahr
etal., 2013). Finally, a limited number of studies have also reported that GABA in parietal and sensorimotor
brain regions decreases with age (Gao et al.,, 2013; Porges et al., 2013) which has been associated with

inhibitory control performance (Hermans et al., 2018) and motor learning (King et al., 2020).

Taken together, these preliminarily findings suggest that reductions in metabolites related to neuronal
energy metabolism may be a key age-related change in the OCC. In contrast, metabolic changes in the ACC
were more suggestive of age-related increases in inflammation and glial proliferation. This distinction
potentially highlights the vulnerability of frontal white matter to decline with age, as inflammatory and glial
changes are likely to be associated with white matter impairments. This is somewhat supported by the
unclear pattern of metabolic changes in the parietal lobe and highlights the important of investigating the
microstructural changes that may occur in white matter connective tracts within the ageing brain and how

these relate to metabolite measurements.

4.1.1.2 White matter microstructure

As discussed in Chapter 1, many studies have provided evidence for age-related changes in white matter
microstructure across the brain. These are thought to occur primarily due to a damage and loss of
myelination (Bartzokis et al., 2010) notably in small, myelinated fibres rather than axonal loss (Tang et al.,
1997). These myelination changes may also be reflected by changes in restricted fraction (FR). Evidence
for this comes from De Santis et al. (2014) who showed that the anterior to postetior gradient of white
matter degeneration in FR may reflect the thinner myelin in the frontal lobes. Moreover, the same study
highlighted sex differences in FR to be consistent with sex differences in myelin protein synthesis,
suggesting that FR may also be a strong proxy myelin measurement. As discussed eatlier, widespread age-
related reductions in fractional anisotropy (FA) and increases in diffusivities have been reported in frontal,
temporal and parietal white matter including the corpus callosum and fornix (Inano et al., 2011) but also

within posterior visual cortices (Giorgio et al., 2010; Madden et al., 2010).
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More specifically with regards to the visual perceptual and attention systems, age-related reductions in white
matter microstructure have been reported in the optic radiation and have been linked to longer visual
processing speed, suggesting less efficient local low-level processing in older adults (Price et al., 2017).
Similarly, integrity of connective fibres between the posterior thalamus to the occipital cortex have been
reported to decline as a function of age (Menegaux et al., 2020). FA/MD, axial and radial diffusivity are
also altered with age in the anterior thalamic radiation (Cox et al., 2015). Furthermore widespread decline
in estimates of WM microstructure have been reported in the visual association fibres with age (de Groot
et al., 2013), most specifically in the fronto-parietal white matter tracts of the SLF (Bennett et al., 2012,
Kennedy & Raz, 2009 Veldsman et al., 2020). In patticular, FA/MD are also reported to be decreased and
increased respectively in the SLF in normal ageing (Cox et al., 2016). Similar patterns of FA and MD

alterations were seen to be impaired with older age in the ILF association fibres (Cox et al., 2016).

However, most of this previous evidence regarding age-related microstructural changes in the visual and
attentional regions was based on standard DTI measurements. As previously discussed, DT methods are
not sensitive to the different contributions of underlying microstructure to the diffusion signal. Moreover,
standard DTI methods are often less sensitive in their estimation of microstructure in regions where white
matter tracts cross or kiss. Multi-shell models of diffusion such as NODDI (Zhang et al.,, 2012) or
CHARMED (Assaf & Basser, 2004) aim to address these shortcomings by modelling neurite/axonal density
and orientation in the case of NODDI, and intra and extra-axonal diffusion in the case of CHARMED.
Both NODDI and CHARMED estimates have been shown to be more sensitive in the estimation of
underlying microstructure. Evidence has shown that NODDI provides higher contrast in white matter
pathology than standard DTI and provides metrics more specific to neurite morphology as assessed in
specific pathology observed in patients with multiple sclerosis (By et al.,, 2017). In a similar assessment,
CHARMED has been shown to be more sensitive than standard DT, with FR showing greater effect sizes
than other DTT parameters for discerning lesions in patients (De Santis et al., 2019). Furthermore, advanced
diffusion models have been shown to provide the most sensitive measures of age-related microstructural

changes in white matter in the brain in comparison to standard DTT alone (Beck et al., 2021).

In this thesis, CHARMED is employed as it provides the restricted fraction (FR) which measures diffusion
within the restricted compartment which is proposed to estimate axonal density. In addition, FR has been

shown to be related to myelination in the brain, in the context of myelin changes with ageing (De Santis et

al., 2014).
These advanced multi-shell diffusion weighted imaging techniques have been employed to investigate age-

related changes in white matter (Billiet et al., 2015, Toschi et al., 2020). These studies reported increased

neurite dispersion in frontal white matter with age (Billiet et al., 2015, Toschi et al. 2020), and declines in
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hindered and free diffusion in hippocampal grey matter which captured the greatest level of age-related

variance (Venkatesh et al., 2020).

In the visual tracts of interest, FR is also reported to be significantly reduced in older adults in the posterior
thalamic radiation (Toschi et al., 2020). Age-related reductions in FR have also been evidence in the SLF
(Toschi et al., 2020), and in the temporal lobes, a significant linear decline in OD in the temporal lobes has

been reported with age (Nazeri et al., 2015).

However, whilst many studies have shown declines in standard DTT estimates with age in the visual tracts
of interest in this thesis, very few have employed more sensitive multishell imaging to characterise these
tracts. On this basis, I chose to employ multi-shell diffusion imaging as opposed to standard DTT to provide
a more sensitive estimate of microstructural differences in older adults. As discussed in Chapter 2, I will
employ CHARMED to achieve a more sensitive axon microstructural measure to provide a more

informative estimate of the changes in the brain microstructure underlying perception and attention in older

age.

Importantly none of the above studies have investigated the potential relationships between white matter
microstructure and grey matter metabolites. Only very few studies have previously investigated this link,
and none has studied age-related differences in these relationships. Eylers et al., (2016) for instance reported
that T2 transverse relaxation time in the occipital lobe was negatively related to NAA and creatine levels in
younger adults, suggesting decreased neuronal function or attenuation with age in this region (Eylers et al.,
2016). Furthermore, negative relationships between frontal white matter FA on one hand and Glx and
myoinositol on the other was found in younger adults, suggesting that a decrease in FA may be related to

an increase in glial activity and/or inflammation (Chiappelli et al., 2015; Reid et al., 2016).

Furthermore, studying how metabolites are related to microstructure may provide further clarity as to the
nature of age-related differences at the cellular level and how these may affect information transfer at the
network level. It is known that some metabolites, such as myoinositol are thought to be related to glial
function. As glia are integral in myelination of axons, it is possible that imbalances if myoinositol with
ageing may undetlie reductions in diffusion estimates (FR) related to myelin (Nave et al., 2010), however
to my knowledge this has not been established in the context of ageing. In addition, NAA is thought to be
related to neuronal attenuation and functioning, thus a reduction in NAA theoretically may underlie white
matter integrity at a cellular level. Again, to my knowledge this relationship is yet to be established in the

context of ageing and the visual system.
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As such, I aimed to address gaps in the literature identified by employing multishell diffusion imaging in
the visual and attentional system to characterise age-related differences in a sensitive manner, and I also

aimed to observe the relationships between microstructure and metabolites in older age.

4.1.1.3 Cortical thickness

Cortical thickness has been shown to decline globally with age, with notable exceptions of the entorhinal
cortex and ACC (Frangou et al., 2020). Considerable inter-individual variability is also reported in the
temporal and frontal regions in age (Frangou et al., 2020), and thinning in older age is also prominent in
the parietal cortices (McGinnis et al., 2011), most specifically the temporoparietal, inferior and supetior
parietal cortices, in addition to the superior temporal gyrus and precuneus (Fjell & Walhovd, 2010). Whilst
examining these differences in older adults was not of direct interest in this chapter — as these patterns of
decline are well established in ageing - it may aid in the interpretation of results and provide context for

brain differences in the ageing brain.

Based on current limited evidence, I hypothesised that both NAA and myoinositol may be altered to
different levels in different voxels and would be higher in the frontal cortex and reduced towards the
posterior voxels in older adults. I also hypothesised that my results would show reductions in GABA and

Glx in the OCC and increases in choline and creatine in the ACC with age.

I also hypothesised that microstructural measurements would be reduced in all regions in older adults, but
that FR may be show specific decline in frontal regions and connections, due to the vulnerability of myelin

in the frontal lobe with age.

Finally, I anticipated that older adults would show reductions in cortical thickness, with the frontal, parietal,
temporal and cuneus regions showing the greatest age-related thinning, sparing the occipital cortex. This
was hypothesised as the frontal cortex is observed to be more vulnerable to age-related change, with this

vulnerability being reduced in more postetior regions.

4.1.2 Brain changes in visual and attentional regions in DLLB

Only very few studies have investigated differences in brain metabolites in DLB (Kantarci et al., 2013).
Preliminary findings from whole-brain MRS showed reductions in most brain metabolites particulatly in
NAA, choline and myoinositol in the frontotemporal and posterior cingulate regions while increases in
NAA, choline and myoinositol were observed in occipital regions in DLB patients (Su et al., 2016; Zhang
et al., 2015). However, another study showed decreased NAA in the occipital lobe but normal NAA in the
frontal lobe in DLB patients when compared to AD (Graff-Radford et al., 2014). This may contrast with
healthy older adults and demonstrates a more widespread decline in neuronal metabolism and

mitochondrial function, but further investigation is required to clarify this pattern of metabolic change.
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Further to this, no study to date has investigated GABA in the brain of DLB patients using spectroscopy
in vivo. However, this relationship is important to investigate due to both the integral inhibitory role of
GABA in the visual system (Song et al., 2017) and findings from a post-mortem study, which indicated
reductions in GABA in the primary visual cortex in DLB which were also related to the incidence of visual
hallucinations (KKhundakar et al., 2016). In summary there is only very limited evidence with regards to the

metabolic profile in DLB and the present study will thus address this gap in the literature.

With regards to white matter microstructure, the progression of microstructural changes in DLB patients
does not appear to occur more rapidly than in older adults over time but has been shown to be more severe
in some regions (Firbank et al., 2016). Parieto-occipital white matter tracts show reduced FA in early stages
of DLB (Watson et al., 2012) and significant reductions in microstructural integrity have been reported in
visual association areas, particularly the temporal and parietal lobes and precuneus (Su et al., 2015). One
study reported decreased FA in the ILF in DLB patients, which was also found to be related to visual

hallucinations (Kantarci et al., 2010; Kiuchi et al., 2011).

Some advanced microstructural imaging studies employing NODDI (Kamagata et al., 2018, Mitchell et al.,
2019) and CHARMED (Nilsson et al., 2015) have been conducted in other Lewy body disorders - PDD
and PD. These studies suggested that microstructural integrity (as evidenced by FR) was reduced in the
cingulum and the anterior thalamic projections in PDD patients (Nilsson et al., 2015) as well as OD in the
basal ganglia (Kamagata et al., 2018) and striatum, thalamus and midbrain (Mitchell et al., 2019) in PD
patients. However, to the best of my knowledge there has been no application of advanced diffusion
imaging methods, such as CHARMED, in the study of DLB. As previously discussed, multishell diffusion
imaging provides a more sensitive estimate of the microstructural properties of tissue and may provide
more sensitive insight into the nature of white matter pathology in disease groups (De Santis et al., 2019).
On this basis, it is therefore timely to investigate the nature of white matter impairments to a greater degree

of sensitivity in DLB by employing this method.

Cortical thinning has been shown to be relatively localized to the superior temporo-occipital and lateral
orbito-frontal regions in addition to the middle and posterior cingulate gyri in DLB patients (Lebedev et
al., 2013). Moreover, reduced volume in the occipital lobe and striatum (Lee et al., 2010) in addition to the
precuneus and frontal lobe is also shown to be present in DLB and is associated with visual hallucinations
(Sanchez-Castaneda et al., 2010). Finally, a large-scale patient study confirmed atrophy is more prominent

in the posterior cortex but spates the medial temporal lobes in DLB patients (Oppedal et al., 2019).

4.1.2 Aims and hypotheses
Based on the studies summarised above, it is appatent that there is only very limited and somewhat
contradictory evidence available regarding the metabolic and microstructural profile of visual and

attentional brain regions in ageing and particularly in DLB. Thus, the aim of the present chapter was to
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shed further light on the metabolic and microstructural underpinnings of age-and DLB related differences
in visual perception and attention networks by employing advanced MRS and multi-shell diffusion weighted

imaging techniques.

e Hypotheses regarding age-related differences in grey matter metabolites:
Based on the empirical evidence summarised above and evidence suggesting age-related metabolic slowing
of mitochondria, reduced synaptic activity, reductions of dendritic trees and loss of small, myelinated axons
it was hypothesised that NAA, myoinositol, GABA/H,0 and Glx would be overall reduced in ACC, PPC
and OCC in older compared with younger adults. The largest reduction in GABA/H,0 and Glx was
expected to be present in OCC. With regards to choline and creatine an overall increase in the
measurements was expected in older relative to younger adults. This was anticipated due to the central role
of choline in cell-membrane signalling and thus both inflammatory and demyelination processes (Zeisel &
da Costa, 2009), and the role of creatine in effective glial functioning (Urenjak et al., 1993). This increase
was expected to be largest in the ACC, again due to the vulnerability of the frontal cortex to these processes

with ageing.

e Hypotheses regarding age-related differences in white matter microstructure:
It was hypothesised that in older compared to younger adults FA and FR would be reduced and MD, RD
and AD increased in all white matter pathways i.e. the optic radiation, SLF (1,2,3), ILF and fornix. I
hypothesised that the SLF would be particularly vulnerable to declines in FR and DTT indices with age,

based on its anatomical connectivity with the frontal lobes.

e Hypothesis regarding age-related differences in grey matter morphology:
It was hypothesised that older versus younger adults would show reduced cortical thickness in frontal,

anterior cingulate, temporal, parietal and occipital cortices.

e Hypotheses regarding the relationship between grey matter metabolites and white matter
microstructure

Given the evidence discussed, it was anticipated that alterations in metabolites, particularly NAA, choline

and myoinositol would be related to microstructural measurements in particular FA and FR. This was

anticipated as NAA, choline and myoinositol have been related to neuronal health, cell membrane integrity

and glial function, which may all impact white-matter integrity at a cellular level. As FR and FA estimate

axonal structure at both crude and more sensitive levels, it was anticipated that these measurements would

be most strongly related to changes in metabolites related to cellular integrity and health.
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e Hypotheses regarding whole brain grey and white matter analysis in ageing
It was hypothesised that a replication of anterior-posterior gradient in age-related differences would be
apparent — thus it was anticipated that more prominent differences in frontal than posterior brain regions

including OCC would be present in older adults.

e Hypotheses regarding DLB-related differences in cortical metabolites
In DLB patients I hypothesised that GABA/H20 would be reduced particularly in the OCC, due to the role
of GABA in visual functions and hallucinations. I anticipated that NAA and myoinositol reductions would

be widespread and choline may be elevated, indicating inflammatory response.

e Hypotheses regarding DLB-related differences in white matter microstructure
It was also hypothesised that specifically ILF microstructural estimates would be impaired, and reduced FR
would be seen in the SLF in DLB patients, in compatison to older adults. With regards to the optic
radiations, 1 anticipated that some microstructural impairment may be present, but that this would not
significantly differ in comparison to older adults, as low-level visual function was not seen to be greatly

impaired.

e Hypotheses regarding DLB-related differences in grey matter morphology
Finally, reductions in anterior cortical thickness were also anticipated in DLB patients, but it was
hypothesised that occipital cortical thickness would not be significantly reduced. This was hypothesised
based on evidence supporting the diagnostic guidelines for DLB, which show relative preservation of grey

matter structure in the occipital lobes.

4.2 Part 1: A priori analysis
4.2.1 Methods

4.2.1.1 Participants

The same participants as described in Chapter 3 took part in the procedure described in the current chapter.
Participants were screened for MR contraindications according to Cardiff University Brain Research
Imaging Centre (CUBRIC) policy. This excluded any participants with metallic or electronic bodily
implants, some dental work and some tattoos, subject to radiographer assessment. Sample size (younger

n=28, older n=20), procedure and demographics are reported in Chapter 3 (section 3.21).

DLB patients were also the same patients as described in Chapter 3, however one patient (DLB 4) was
physically unable to take part in MRI scanning, therefore the data from only 3 patients are included in this
chapter. DLB patients’ demographics ate also reported in Chapter 3 and followed the same procedure as

younger and older participants with the exception that some MRI sessions (n=2) were scheduled on
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different days to the cognitive testing sessions to address issues with patient fatigue. One patient (DLB 2)
required a break during a scanning session, terminating the first session before the acquisition of DWI data.
This resulted in two T1 images being acquired for this participant, one which was used in the structural

analysis and co-registration for MRS processing, and one which was used to co-register subsequent DWIL.

4.2.1.2 MRI acquisition

All MR data were acquired on a Siemens 3 Tesla (T) Magnetom Prisma MR system (Siemens Healthcare
GmbH, Erlangen) fitted with a 32-channel receiver head coil (Siemens Healthcare GmbH, Erlangen) at
CUBRIC. A 3D, T1-weighted magnetization prepared rapid gradient-echo (MP-RAGE) structural scan was
acquired for each participant (TE/TR = 3.06/2250ms, TT = 850ms, flip angle = 9deg, FOV = 256mm, 1
x 1 x Imm resolution, acquisition time = ~6min). The MPRAGE was used as anatomical reference for the
placement of MRS region of interest voxels as well as for morphological brain analyses (cortical thickness,

volume).

MRS was used to measure metabolites of Glx, GABA/H:0, NAA, choline, creatine and myoinositol in the
brain in vivo. Single voxel proton spectra were obtained from voxels of interest placed in the OCC (voxel
measuring 30 x 30 x30 mm?3), the PPC (voxel measuring 30 x 30 x 30 mm?) and the ACC (voxel measuring
27 x 30 x 45mm) using a PRESS acquisition (TE/TR = 68/2000ms, 8 averages, flip angles = 90/180deg,
acquisition time = ~ 2 min. See Figure 4.1 for voxel placement. The OCC voxel was placed above the
tentorium cerebelli, avoiding scalp tissue in order to prevent lipid contamination to the spectra. The PPC
voxel was placed with the posterior edge against the patieto-occipital sulcus, and the ventral edge of the
voxel above and parallel to the splenium. Finally, the ACC was placed directly dorsal and parallel to the
genu of the corpus callosum. In each voxel, a spectral editing acquisition (MEGA-PRESS, Mescher et al.,
1998) was performed. MEGA-PRESS was selected above non-spectral edited sequences due to difficulties
of traditional point-resolved spectroscopy techniques in the quantification of GABA. This is because
GABA concentrations are very low in comparison to other spectral metabolites, and GABA spectral peaks

are often hidden by other metabolites due to the phenomenon of J-coupling, as described in Chapter 2.

GABA editing was achieved by applying an additional pulse symmetrically about water resonance, providing
‘on’ and ‘off” editing pulses which allow for the subtraction of peaks which may mask GABA in the spectra
(MEGA-PRESS; TE/TR = 68/2000ms, 16 averages, editing pulse frequency = 7.50/1.90ppm, acquisition
time = ~12 min per voxel). Manual shimming was performed before all MRS scans to ensure water-line

width of 20Hz or lower, in order to obtain accurate peaks in the spectra (Figure 4.1).
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Figure 4.1 MRS voxel placement (A) MRS voxel placement: red = anterior cingulate cortex (ACC), blue = occipital
cortex (OCC), green = posterior parietal cortex (PPC) (B) Spectra for each voxel showing location of metabolites of
interest: Ins = myoinositol, Cho = choline, Ct = creatine, Glx = glutamate/ glutamine, tNAA = total N-Acetyl
Aspartate (C) GABA edited spectra retrieved following ON-OFF spectral editing.

A multi-shell diffusion MRI sequence was also conducted using a high angular resolution diffusion
(HARDI) weighted echo-planar imaging (EPI) sequence (TE/TR = 73/ 4100ms, FOV = 220x220mm,
isotropic voxel size 2mm?3, 60 slices, slice thickness 2mm, acquisition time ~15 min, 2 x 2 x 2mm resolution).
Five diffusion weightings were applied along gradient directions: b = 200 s/mm? (20 directions), b= 500
s/mm?2 (20 directions) b = 1200 s/mm? (30 directions), b=2400 s/mm? (61 directions), b =4000 s/mm?2 (61
directions). 12 unweighted (b0) volumes were acquired, interspersed throughout diffusion-weighted scans.
In addition, a diffusion reference sequence was acquired for later blip-up blip-down analysis to correct for
EPI distortion (Bodammer et al., 2004) in which a diffusion weighting of b=1200 s/mm?, and 12 un-

weighted (b0) images were acquired interspersed throughout the sequence.

4.2.1.3 A priori MR data analysis

The primary aim of this chapter was to characterise age and DLB-related metabolic, microstructural and
morphological differences in brain regions involved in perception and attention. Grey matter ROIs and
white matter tracts are summarised in Table 4.1. Grey matter cortical and subcortical region of interests
were segmented using the FreeSurfer pipeline (Fischl, 2012) and cortical thickness and subcortical volume
measures were extracted for these ROIs. White matter pathways were reconstructed with deterministic

tractography, and mean values of microstructural indices were extracted for each tract (see Table 4.1).

Finally, MRS metabolites were extracted from voxels in the OCC, ACC and PPC (Table 4.1).
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4.2.1.3.1 Cortical thickness and grey matter volume

Cortical thickness and grey matter volume were processed using FreeSurfer software (Fischl, 2012)
[FreeSutfer, version 6.0, https://sutfer.amr.mgh.harvard.edu/]. T1 weighted images were cotrected for
motion (Reuter et al., 2010) and images were averaged. Images were skull-stripped by using a watershed
and surface deformation procedure (Ségonne et al., 2004) and transformed automatically into Talairach
space (Talairach, 1988). FreeSurfer segmented the subcortical white matter and deep grey matter volumetric
structures (Fischl et al., 2004), normalised intensity (Sled et al., 1998), and conducted automated topology
correction (Fischl et al., 2001). Surface deformation was performed in order to place grey and white matter,
and grey and CSF fluid borders optimally on the T1 image (Fischl & Dale, 2000). These processed data are
then registered to a spherical atlas to calculate cortical folding patterns (Fischl et al., 1999), and the cortex
is parcellated according to gyri and sulci (Desikan et al., 2006; Fischl et al., 2004). Information from the
segmentation and deformation procedures is then used to create maps of representations of cortical
thickness and volume (Fischl & Dale, 2000). Average thickness and volumetric values for surface regions

involved in perception and attention were calculated for each participant for a priori analyses (Table 4.1).

Table 4.1 Regions of interest associated with visual and attention function selected as primary outcome measures of
cortical thickness and volume in the current study. FA = fractional anisotropy, MD = mean diffusivity, .1 = axial
diffusivity, RD = radial diffusivity, FR = restricted fraction.

Anatomical region Metric

Occipital cortex (OCC) GABA/Glx/ NAA/ Myoinositol/ Choline/ Creatine
Anterior cingulate cortex (ACC) GABA/Glx/ NAA/ Myoinositol/ Choline/ Creatine
Posterior parietal cortex (PPC) GABA/Glx/ NAA/ Myoinositol/ Choline/ Creatine
SLF1 FA/MD/L1/RD/FR

SLF2 FA/MD/L1/RD/FR

SLF3 FA/MD/L1/RD/FR

ILF FA/MD/L1/RD/FR

Optic radiation FA/MD/L1/RD/FR

Optic-Chiasm Volume

Banks of the superior temporal sulcus Cortical thickness

Caudal anterior cingulate (L./R)
Caudal middle frontal (L/R)
Cuneus

Pericalcarine

Inferior frontal (L/R)

Inferior parietal (I./R)

Inferior temporal (L/R)

Lateral occipital (./R)

Medial orbitofrontal (L./R)
Middle temporal gyrus (L/R)
Rostral anterior cingulate (L/R)
Rostral middle frontal (L/R)
Superior frontal gyrus

Supetior parietal (I./R)

Superior temporal gyrus

Cortical thickness
Cortical thickness
Cortical thickness
Cortical thickness
Cortical thickness
Cortical thickness
Cortical thickness
Cortical thickness
Cortical thickness
Cortical thickness
Cortical thickness
Cortical thickness
Cortical thickness
Cortical thickness

Cortical thickness
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Figure 4.2 Visual perceptual regions of interest assessed in the current chapter. Areas highlighted in red are regions assessed for cortical thickness, areas highlighted in yellow are regions assessed for
ey lume, tracts highlighted in white are tracts od for restricted fraction (FR), fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD) and axial diffusivity (I.1). Voxels
ighted in orange are regions assessed for metabolites of interest (N-acetyl aspartate, choline, creatine, myoinositol, GABA, Glx). SLF = superior longitudinal fasciculus, ILF = inferior longitudinal
fasciculus




4.2.1.3.2 1H-MRS data analysis

Data were also analysed using Totally Automatic Robust Quantification in NMR (TARQUIN) version
4.3.11 (Reynolds, Wilson, Peet & Arvanitis, 2000) in order to determine estimated concentrations of other
metabolites of interest (Choline, NAA, Glx, Creatine, Myoinositol). To ensure data quality, metabolites
were excluded if the Cramer Rao Lower Bound (CRLB) was above 20% as recommended in literature
(Stagg & Rothman, 2013). OFF spectra were subject to pre-processing in which residual water is removed,
phase is adjusted, basis set simulation and nonlinear least-squares is fit, in order to estimate metabolite
concentrations. Due to difficulty in the separation of NAA and N-acetyl-aspartyl-glutamate peaks, the total
NAA was measured, which combined the two concentrations. Moreover, as glutamine and glutamate peaks

overlap these are combined as ‘GIx” as conducted in previous literature (see Figure 4.7).

MEGA-PRESS data were analysed using GANNET (GABA-MRS Analysis Tool) version 3.0 (Edden et
al., 2014). GABA data were visually assessed by two experienced researchers, which resulted in 8
participants from the younger adult group being invited back for re-scanning of the OCC voxel, due to
lipid contamination. Metabolite concentrations were corrected for the composition of tissue within each
voxel. In native space, voxels were segmented to obtain proportion of grey matter, white matter and CSF
using FAST (FMRIB’s Automated Segmentation Tool) in FSL (Zhang et al., 2001). Estimated metabolite
values were corrected to account for CSF voxel fraction, and water reference signal was corrected to
account for differing water content of CSF, grey matter and white matter. All metabolites were quantified
using water as a concentration reference, as described in Chapter 2, and were expressed as concentration

in millimoles per unit (mM).

4.2.1.3.3 Diffusion pre-processing

Two-shell HARDI data were split by b-value (b=1200, and b=2400 s/mm?) and were corrected for
distortions and artifacts using a custom in-house pipeline in MATLAB and Explore DTI (Leemans et al.,
2009). Correction for echo planar imaging distortions was carried out by using interleaved blip-up, blip-
down images. Tensor fitting was conducted on the b=1200 s/mm? data, and the two compartment ‘free
water elimination’ (FWE) procedure was applied to improve reconstruction of white matter tracts close to
ventricles (Pasternak et al., 2009) and to account for partial volume contamination due to CSF which is
particularly apparent in older age (Metzler-Baddeley et al., 2012). Data were fit to the CHARMED model
(Assaf & Basser, 2005) which involved the correction of motion and distortion artifacts with the
extrapolation method of Ben-Amitay et al., (2012). The number of distinct fibre populations in each voxel
(1, 2 or 3) was determined using a model selection approach (De Santis et al., 2014) and FR maps (Assaf &
Basser, 2005) were then extracted by fitting the CHARMED model to the DWI data, with an in-house
analysis coded in MATLAB (The MathWorks, Natick, MA). This resulted in maps of fractional anisotropy
(FA), mean diffusivity (MD), radial diffusivity (RD), axial diffusivity (L.1) and restricted signal fraction (FR).
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4.2.1.3.4 Tractography analysis

Whole brain tractography was performed with the dampened Richardson-Lucy (dRL) spherical
deconvolution method (Dell’Acqua et al., 2010), as detailed in Chapter 2. Tractography was performed on
the b=2400 s/mm? data to provide better estimation of fibre otientation (Vettel et al., 2001). The dRL
algorithm extracted peaks in the fibre orientation density function (fODF) in each voxel using a step size
of 0.5mm. Streamlines were terminated if directionality of the path changed by more than 45 degrees, as
per default deterministic dRL parameters used by the standardised in-house processing pipeline at CUBRIC

provided with permission by G.Parker.

Manual fibre reconstructions were performed in ExploreDTI v4.8.3 (Leemans et al., 2009). Tracts of
interest were the left and right superior longitudinal fasciculus (SLF; segmented into SLF1, 2 and 3), inferior
longitudinal fasciculi (ILF) and optic radiations were obtained by applying region of interest (ROI) Boolean
logic AND, OR and NOT gates to isolate specific tracts. These were manually drawn on direction encoded
colour FA maps (Pierpaoli & Basser, 1996) in native space, according to the anatomical landmarks as

described below (see Figure 4.2).

4.2.1.3.4.1 ILF reconstruction

ILF reconstruction was obtained by identifying the posterior edge of the cingulum bundle on the sagittal
plane, and then placing a seed region in one hemisphere in the coronal slice at this position. An AND
region was drawn around the temporal lobe in the coronal plane, which was at the level of the most
posterior coronal slice in which the temporal lobe was not connected to the frontal lobe (Hodgetts et al.,
2015; Wakana et al., 2007). Any fibres which were inconsistent with the known anatomy of the ILF were
excluded by placing further NOT ROlIs in the axial plane above the level of the corpus callosum; in the
sagittal plane at the level of the longitudinal fissure or in the coronal plane at the level of the genu of the
corpus callosum to exclude fibres extending to the frontal cortex (Figure 4.2, Figure 4.3A). This procedure

was repeated for both the left and right ILF.

4.2.1.3.4.2 SLF reconstruction

SLF reconstruction involved drawing a seed region around one hemisphere on the coronal plane, excluding
the temporal lobe just anterior to the posterior commissure, and a NOT region anterior to the postetior
commissure in the axial slice below the level of the splenium of the corpus callosum (Wakana et al., 2007).
In addition, AND gates were placed in the coronal slice at the level of the anterior commissure in one of
three regions corresponding to the SLF 1,2 or 3, using the MD map to determine anatomical references
(Figure 4.3). The SLF1 was delineated according to protocol by Thiebaut de Schotton et al., (2011) by
placing an AND gate on the coronal plane at the level with the anterior commissure around the supetior
frontal gyrus, the SLF 2 was located by placing the AND gate around the middle frontal gyrus, and the

SLF3 was located by drawing the ROI around the inferior frontal gyrus. Manual correction was then
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conducted by placing further NOT gates to exclude fibres projecting to the opposite hemisphere, or those

belonging to the cingulum bundle, arcuate fasciculus or those not consistent with SLF anatomy.

White Matter Tracts of Interest Microstructural maps

byt _;
Mean Diffusivity Axial Diffusivity Radial Diffusivity
MD L1 RD
Optic radiations

-

2

Fractional Anisotropy Restricted Fraction
FA FR

Figure 4.3 White matter tracts assessed in the current study. These tracts were selected based on their role in the
visual and attentional networks. From each tract, microstructural maps were extracted for diffusion measurements
of interest. ILF= inferior longitudinal fasciculus, SLF = superior longitudinal fasciculus

Figure 4.4 (A) Demonstration of tractography gate placement to delineate the superior longitudinal fasciculus (SLF)
using ExploreDTI. Images are an average subject presented in their native space. (B) Red shows NOT gate, blue
shows SEED gate, and green shows AND gate. (C) Delineation of “AND” gates for SLF1, 2 and 3. SLF = superior

longitudinal fasciculus.
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4.2.1.3.4.3 Optic radiation reconstruction

The optic radiation was delineated by placing a seed region on the white matter of the optic radiation lateral
to the lateral geniculate nucleus in the axial plane (Thompson et al., 2014). A second ‘“AND’ gate was placed
on the coronal plane at the anterior edge of the primary visual cortex. Fibres crossing to the opposite
hemisphere, or into the frontal lobe were excluded by placing further NOT gates in the sagittal and axial

planes (see Figure 4.4).

Figure 4.5 Optic radiation tractography gate placement. (A) blue shows SEED gate, and green shows AND gate on
the sagittal plane. (B) Red shows NOT gate placement on the axial plane.

4.2.1.3.4.4 Fornix reconstruction

The fornix was reconstructed by locating the body of the fornix bundle, located by identifying the postetior
body of the corpus callosum on a sagittal plane (Figure 4.5). A SEED gate was placed medially on the
coronal slice to encompass the fornix bundle at the entry point of the anterior pillars into the body of the

fornix (Metzler-Baddeley et al., 2011).

Figure 4.6 Fornix gate placement. (A) Red shows NOT gate, blue shows SEED gate on the sagittal plane. (B)
Coronal plane shows SEED gate placement in blue.
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4.2.1.4 Statistical analyses

Tractography outcome measures (FA, MD, RD, L1, FR) and metabolite outcome measures (GABA/H>0,
NAA, Glx, Myoinositol, Choline, Creatine) were compared between older and younger control groups by
conducting non-parametric Mann Whitney U tests. Non-parametric tests were employed on the basis of
results from Kolmogorov-Smirnov testing, which revealed non-normal data distributions of metabolites
and microstructural values. Group differences in cortical thickness and volume were determined using
MANOVA. Metabolites which showed significant group differences were also correlated using non-
parametric Spearman’s rho correlations with metrics from white matter tracts which showed significant
group differences. Finally, to explore the direction of the relationships between microstructure and
metabolites, and their relationship with age, linear mediation analyses were conducted. Linear mediation
analyses were conducted using the logarithmic transformation of age, due to its non-normal distribution,
metabolites and microstructure (MacKinnon et al., 2018). Two mediations were conducted for each age-
metabolite-microstructure relationship, one which assessed whether inclusion of microstructure mediated
the direct effect on metabolites, and one which assessed whether inclusion of metabolites mediated the
direct effect on microstructure. Effect sizes and 95% confidence intervals were based on bootstrapping
with 5000 replacements. Mediation model 1 tested for the indirect effects of metabolites on the direct effect
of age on FR (path ¢’). The indirect was calculated as a product of a*b of the correlations between age and
metabolites (path a) and the partial correlation between metabolites and FR accounting for age (path b).

Model 2 tests for the indirect effect of FR on the direct effect of age on metabolites (Figure 4.7).

Model 1 Model 2

Metabolite FR

FR Age

A 4

Age

\4

Figure 4.7 Mediation models used to assess the relationship between age, FR and metabolites. Model 1 tests for the
indirect effects of metabolites on the direct effect of age on FR (path ¢’). The indirect = a*b of correlations between
age and metabolites (path a) and metabolites and FR accounting for age (path b). Model 2 tests indirect effects of
FR on direct effect of age on metabolites.

4.2.1.5 Analysis of brain imaging data in DLB patients

All MRI acquisition and data processing followed an identical procedure to those outlined in previous
sections of this chapter (section 4.3). This was with the exception of one post-processing stage during
structural MR data analysis, in which a study specific template (SST) was created for DLB patients prior to
the calculation of cortical thickness and volume values. This SST was created due to anticipated differences

in grey matter volume between groups. The SST was initialized in FreeSurfer (Fischl, 2012) by creating a

110



NAA in OCC (Mm)

Glxin OCC (Mm)

GABA in the OCC (Mm)

>

template using an average of all DLB patients’ brains and registering each subject to the new template.

Thickness and volume values were then extracted in the new template space. DLB patients’ data followed

the same a priori analysis pipeline as conducted with healthy younger and older adults in this chapter.

4.2.2 Results: younger vs older adults

4.2.2.1 Metabolic differences between older and younger adults

Descriptive statistics for GABA/H20 and metabolites in older and younger groups are reported in

Appendix 2. Full results are displayed in Table 4.1. Group comparisons between older and younger control
groups showed no significant differences in GABA /H20 levels in the ACC, OCC or the PPC. (Figure 4.8).

GABA in occipital, anterior cingulate and posterior parietal cortices in younger vs older adults
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Myoinositol in OCC (Mm)
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Figure 4.8 MRS metabolites in older (orange) and younger (grey) participants. Mann-Whitney U tests showed Glx in
the ACC, NAA in the ACC and NAA in the PPC were significantly lower in the older adults than younger adults. All

other metabolites of interest showed no significant group differences. OCO = older adults, YCO = younger adults
**p<.001, *p<.0.05

Older control participants had significantly lower Glx (U=189, p=.004) and NAA (U=109, p<.001) in the

ACC than younger adults. A trend towards significantly lower myoinositol in older adults in comparison to

younger adults in the ACC was also observed (U=234, p=.058). In the PPC, older adults showed
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FRin the fornix

significantly lower NAA (U=190, p=.011), and a trend towards lower Glx (U=231, p=.054) than younger
adults (Figure 4.9, Table 4.2).

Table 4.2 Full results for Mann-Whitney group comparisons in metabolites in younger and older adults OCC=occipital
voxel, ACC=anterior cingulate cortex voxel, PPC=posterior parietal cortex voxel

occ ACC PPC

Mann- Significance Z value Mann- Significance Z value | Mann- Significance Z value

Whitney U (corrected) Whitney U (corrected) Whitney U (corrected)
GABA/H:0 318 721 -35 249 072 -1.80 265 196 -1.29
Gix 295 441 =77 189 .004* -2.87 231 054 -1.93
NAA 298 .808 -24 109 <.001%* -4.19 190 011* -2.53
Myoinositol 230 117 -1.57 234 .058 -1.89 224.5 .060 -1.87
Choline 277 514 -.65 289 374 -.88 270.5 313 -1.01
Creatine 292 726 -35 240 074 -1.78 298 .624 -491

020

4.2.2.2 Differences in Restricted Fraction between older and younger adults

Significantly lower restricted fraction was shown in the older control group in the fornix (U=75, p<.001),

right optic radiation (U=154, p=.001), left SLF1 (U=152, p=.001), left SLF2 (U=170, p=.002) and right

SLF3 (U=169, p=.002) (Figure 4.10).

Restricted fraction in younger vs older adults
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Figure 4.9 Restricted fraction (FR) in visual and attentional tracts of interest between older (orange) controls and
younger (grey) controls. Mann-Whitney U tests showed FR was significantly lower in the fornix, optic radiation, SLF1,
2 and 3 in older adults in comparison to younger adults. OCO = older adults, YCO = younger adults **p<.001,

#p<.0.05
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FA in the fornix

4.2.2.3 Differences in DTT indices between older and younger adults

4.2.2.3.1 Fractional anisotropy

Full statistics for tractography in older and younger groups are reported in Appendix 3. Significantly higher
FA in the fornix (U=22, p<.001), right optic radiation (U=207, p=.027), left ILF (U=203, p=.014), right
ILF (U=157, p=.001), left SLF1 (U=131.5, p<.001), left SLF2 (U=195, p=.009), and right SLF2 (U=218,
p=.029), and right SLF3 (U=163, p=.001) was found in younger adults in comparison to older adults (Fig
4.10).
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Figure 4.10 Fractional anisotropy (IFA) in visual and attentional tracts of interest between older (orange) controls and
younger (grey) controls. Mann-Whitney U tests showed FA in the fornix, optic radiation, SLF 1, 2 and 3 was
significantly lower in older adults than younger adults. OCO = older adults, YCO = younger adults **p<.001,
*.

p<.0.05

4.2.2.3.2 Mean Diffusivity

Significantly higher MD in the older group in compatison to the younger control group was found in:
fornix (U=84, p<.001), left optic radiation (U=78, p<.001), right optic radiation (U=131, p<.001), right
ILF (U=203, p=.014), right SLF1 (U=175, p=.003), right SLF3 (U=175, p=.003) (Figure 4.11).
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Figure 4.11 Mean diffusivity (MD) in visual and attentional tracts of interest between older (orange) controls and
younger (grey) controls. Mann-Whitney U tests showed MD was significantly higher in the fornix, optic radiation,
ILF, SLF1 and SLF 3 in comparison to younger adults, OCO = older adults, YCO = younger adults **p<.001,

*p<.0.05.

4.2.2.3.3 Radial Diffusivity

Radial diffusivity was significantly higher in the older control group in all tracts of interest except the right
SLF1: fornix (U=39, p<.001), left optic radiation (U=145, p=.001), right optic radiation (U=139, p<.001),
left ILF (U=189, p=.007), right ILF (U=143, p<.001), left SLF1 (U=130, p<.001), left SLF2 (U=2506,
p=.199), right SLF2 (U=178, p=.003), left SLF3 (U=197.5, p=.010), right SLF3 (U=135.5, <.001) (Figure

412).
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Figure 4.12 Radial diffusivity (RD) in visual and attentional tracts of interest between older controls and younger
controls. Mann-Whitney U tests showed RD in the fornix, optic radiations, ILF, SLF1, 2 and 3 were significantly
higher in older adults than younger adults. OCO = older adults, YCO = younger adults **p<.001, *p<.0.05.

42.2.3.4 Axial diffusivity (I1)

Significantly greater axial diffusivity in older adults was found in the fornix (U=529, p<0.001), and

significantly lower axial diffusivity in older adults was found in the SLF1 left (U=178, p=0.003) (Figure

4.13).
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Figure 4.13 Axial diffusivity (1) in visual and attentional tracts of interest between older (orange) controls and
younger (grey) controls. Mann-Whitney U tests showed L1 was significantly higher in older adults in the fornix, but
lower in SLF1 in older adults. OCO = older adults, YCO = younger adults **p<.001, *p<.0.05.

Table 4.3 Full results for Mann-Whitney group comparisons in white matter tracts for left and right hemispheres.
WM=white matter, GM=grey matter. SLF = superior longitudinal fasciculus, ILF = inferior longitudinal fasciculus.

Left Right
Mann-Whitney U Significance (corrected) Z value Mann-Whitney U Significance (corrected) Z value

FA fornix 22 <.001%* -5.77

FA optic radiation 232 .083 -1.74 207 .027* -2.21
FAILF 203 014* -2.46 157 .001* -3.31
FASLF 1 1315 <.001%* -3.77 262 167 -1.38
FASLEF 2 195 .009* -2.61 218 .029% -2.19
FASLEF 3 229 .050 -1.98 163 .001* -3.19
MD fornix 78 <.001%* -4.75

MD optic radiation 143 .001#* -3.42 131 <.001%* -3.64
MD ILF 232 .053 -1.93 203 .014* -2.46
MD SLF 1 214 .052 -2.26 175 .003* -2.97
MD SLF 2 222 064 -2.12 218 .059 -2.18
MD SLF 3 201 .067 -2.50 175 .003* -2.97
FR fornix 75 <.001%* -4.81

FR optic radiation 213 .036* -2.09 154 .001* -3.21
FRILF 283 318 -998 191 .087 -2.68
FRSLF 1 152 .001#* -3.39 301 .504 -.668
FRSLF 2 170 .002%* -3.07 199 .052 -.307
FRSLF 3 197.5 .05 -2.78 169 .002* -3.07
RD fornix 39 <.001%* -5.47

RD optic radiation 145 .001* -3.37 139 <.001%* -3.49
RD ILF 189 .007* -2.72 143 <.001%* -3.56
RD SLF 1 130 <.001%* -3.8 205 191 -1.31
RD SLF 2 151 .001* -3.42 178 .003* -2.92
RD SLF 3 197.5 .010* -2.57 135.5 <.001** -3.7
L1 fornix 136 <.001%* -3.55

L1 optic radiation 217.5 070 -1.81 217 .069 -1.82
L1ILF 305 .892 -13 291.5 .691 -.398
L1SLF1 176 .005* -2.79 248.5 12 -3.31
L1SLF2 256 199 -1.28 308 763 -.30
L1SLF3 307 748 -32 295 .584 -.547

4.2.2.4 Relationship between metabolic and microstructural measurements

A non-parametric correlation matrix was conducted to assess relationships between all metabolites and
microstructural outcome measures (Figure 4.14). The most significant correlations were present between
FR measures in SLF 1,2, and 3 and the ILF, and NAA and Myoinositol in all MRS voxels. Cohen’s d effect
sizes were also generated for group comparisons for all microstructural measurements, which indicated the

greatest effect sizes were present for FR measurements (all correlation p-values and effect sizes are reported
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in Appendix 4). As such, non-parametric Spearman’s rho correlations were conducted between FR
measurements and metabolites which were shown to be significant in the correlation matrix after FDR
correction. These were between FR in the SLF1 (left) and NAA in ACC (tho=0.516, p<.001), NAA in PPC
(tho=0.341, p=.001), and myoinositol in ACC (tho=.346, p=.012). A significant correlation was also found
between the FR in the SLF2 (left) and NAA in ACC (rho=0.527, p=<.001) and NAA in PPC (tho=.273,
p=.043). Finally, a significant correlation was present between the FR in SLF 3 (right) and NAA in ACC
(tho=0.380, p=.005), and FR in ILF (tho=.367, p=.009) (Figure 4.15).
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Figure 4.14 Correlation matrix between all metabolites and all microstructural measurements in all tracts. Significance
threshold = p<.001. Scale bar demonstrates rho value and direction of relationship. Cho = choline, Cr = creatine, ins
= myoinositol, Glx = glutamate/glutamine. FA = fractional anisotropy, MD = mean diffusivity, RD = radial
diffusivity, L1 = axial diffusivity, FR = restricted fraction, oprad = optic radiations, SLF = superior longitudinal
fasciculus, ILF = inferior longitudinal fasciculus,
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Figure 4.15 Correlations between metabolites showing age-related differences in the ACC and PPC and restricted fraction in the SLF in both younger and older adults together.
Significant positive correlations were present between NAA in the ACC and FR in SLF 1, 2 and 3, NAA in the PPC and FR in SLF 1 and 2, Myoinositol in the ACC and FR in SLF
1, and NAA in OCC and FR in ILF p<.001, *=p<.05




Finally, mediation analyses were conducted between those metabolite and FR variables which were
identified as significantly correlated above. Mediations were conducted to examine the direction of the
metabolite-microstructure relationship when observing age as a predictor. In the first model, where
metabolites were entered as a mediator, I observed a full mediation of NAA in ACC in the relationship
between age and FR in SLF 1, 2 and 3 (Figure 4.16 highlighted in red). In the first model, significant
relationships between age and NAA in PPC and the direct relationship between age and FR in SLF 1 were
present, but the indirect relationship between NAA in PPC and FR in SLF 1 was not significant, indicating
the mediational hypothesis was not supported. In the second model, only relationships between age and
FR in SLF 1, and the indirect relationship between FR in SLF 1 and Myoinositol were significant, but
inclusion of FR in SLF 1 did not mediate the direct effect between age and myoinositol in ACC. All other
models failed to show a significant indirect or direct effect indicating that the mediational hypothesis was

not supported.

As such, full mediation of age effects on metabolites were observed in the first model, indicating that age-

related differences in NAA in ACC mediated age differences in FR in SLF 1, but not vice versa.

120



Model 1

Metabolite as mediator

ES & = -.067
[-.019, -.0054]

b

FRin SLF
1

ES ¢ = -.067 [-.096, -.025]

ES & =-016
[-.048, -.002]

b

ES & =-016
[-.045, -.002]

b

ES 4 = -.061
[-.096, -.025]

b

FRin SLF
1

ES ¢ =-.067 [-.102, -.033]

ES u =-.005
[-.023, .005]

FRin SLF
1

ES ¢ =.063 [-.101, -.026]

ES & =-.0049
[-0017, .0036]

b

FRin SLF
2

ES ¢ =-.0419[-.069, .014]

ES & =-.003
[-013, .01]

b

FRin ILF

ES ¢ =-.006 [-.025, .011]

Model 2

FR as mediator

ES o =-.665
[-1.67, 1.41]

ES & =-678
[-2.13, -280]

ES & =-313
[-1.23, .429)

ES a =-2.08
[4.12, -051]

ES & =-.526
[-1.99, .758]

ES. =-3.63-5.38, 1.34]

ES & =-758

SLF2 [-2.13, .280]
a b

ES ¢ =-3.63 [-5.85, -1.41]

FRin ILF ES o =-928
[-3.33,1.47]
a b
NAAin

ES ¢ =-.39[-2.60, 1.82]

Figure 4.16 Linear models observing the mediation of metabolites on the relationship between age and restricted
fraction (FR; model 1) and the mediation of FR on the relationship between age and metabolites (model 2). NAA =
N-acetyl aspartate, OCC = occipital cortex, ACC = anterior cingulate cortex, PPC = posterior patietal cortex, FR =
restricted fraction, ES = effect size [95% confidence intervals of effect sizes (ES x 10-1)]. Significant relationships
highlighted in red.
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4.2.2.5 Cortical thickness

Descriptive statistics for cortical thickness in older and younger groups are reported in Appendix 5.
MANOVA results from cortical thickness group comparisons showed significant differences between older
and younger groups, as indicated by the omnibus effect F(50,1)=4.449, p=<.001; Wilk’s A = 0.151, partial
72=.849. Univariate F tests showed lower cortical thickness in all regions of interest in older adults
compared to younger adults (Table 4.4; Figures 4.17 and 4.18). In contrast, no significant difference was

present in optic chiasm volume between groups.

Table 4.4 Full MANOVA group comparisons for cortical thickness in the left and right hemisphere. ACC=anterior
cingulate cortex

Left Right

F value Significance Partial »? F value Significance Partial »?
Bank superior temporal sulens 37.24 <.001 422 29.25 <.001 .364
Candal ACC 2215 <.001 .303 17.61 <.001 257
Candal middle frontal 12.97 .001 203 17.65 <.001 257
Cunens 5.14 .028 .092 6.771 012 A17
Inferior parietal 36.74 <.001 419 26.03 <.001 .338
Inferior temporal 11.92 .001 189 23.65 <.001 317
Lateral occipital 6.65 013 115 11.70 .001 187
Medial orbitofrontal 28.30 <.001 .357 29.66 <.001 .368
Middle temporal 43.97 <.001 463 30.92 <.001 377
Rostral ACC 15.96 <.001 238 7.29 .009 125
Rostral middle frontal 4797 <.001 485 22.81 <.001 .309
Superior frontal 31.07 <.001 .379 49.75 <.001 494
Superior parietal 12.25 .001 194 24.05 <.001 .320
Superior temporal 49.22 <.001 491 63.18 <.001 .553
Optic Chiasm volume 1.94 170 .553
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Figure 4.17 Cortical thickness (left hemisphere) in older (orange) and younger (grey) adults. MANOVA results indicate
that left cortical thickness was significantly lower in older adults in the bank STS, caudal/rostral ACC, caudal/rostral
frontal, cuneus, infetior/supetior parietal, inferior/supetior temporal, lateral occipital, medial orbitofrontal, supetior
/infetior /middle temporal, optic chiasm in compatison to younger adults. OCO = older adults, YCO = younger

adults *p<.001, *p<.0.05.
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Cortical thickness (right) in younger vs older adults
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Figure 4.18 Cortical thickness (right hemisphere) in older (orange) and younger (grey) adults. MANOVA results
indicate that cortical thickness was significantly lower in older adults in the banks STS, caudal/rostral ACC, supetiot/
caudal/rostral frontal, cuneus, inferior/supetior patietal, infetior/supetior temporal, lateral occipital, medial
orbitofrontal, supetior /inferior /middle temporal, optic chiasm in comparison to younger adults. OCO = older
adults, YCO = younger adults **p<.001, *p<.0.05

4.2.3 Results: DLB patients’ brain differences

As previously described in Chapter 3, 95% Cls were calculated for the older adult control group and are
displayed below in section 4.7. DLB patients were then observed against this interval as individual cases.
DLB patients were observed against older participants (n=3), as in previous comparisons. 95% confidence
intervals were calculated for older control participants, and those metabolites and microstructural findings

in which DLB patients’ results fell outside of the confidence interval are reported. All values for DLB

patients and Cls are listed in Appendix 6.

4.2.3.1 DLB patient metabolite compatisons

DLB patients have variable GABA/H;0 in the OCC and ACC, however all DLB patients’ have raised
GABA/H:0 in the PPC, which is higher than the healthy older control 95% CI. DLB patients were visually
compared with healthy older control participants. A 95% CI was calculated for the healthy older control
group, indicated in orange. Those parameters in which DLB patients fell outside the confidence interval
are visualised. Metabolites in which at least 1 DLB patient showed results outside of the 95% CI of healthy
controls are displayed (Figure 4.19, 4.20). 2 DLB patients showed lower GABA/H:0 in the OCC, whilst 1
DLB patient showed higher GABA/H20 in OCC. All DLB patients showed higher GABA/H>0 in the PPC

than the 95% confidence interval for healthy older controls.
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Figure 4.19 Dementia with Lewy bodies (DLB) patient GABA/H,0 plotted against older controls (OCO). Orange
band indicates 95% confidence intervals calculated for older control groups. ACC = anterior cingulate cortex, PPC =
postetior parietal cortex.
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Figure 4.20 Dementia with Lewy bodies (DLB) patient brain metabolic differences plotted against older controls
(OCO). Orange band indicates 95% confidence intervals calculated for older control groups. OCC = occipital cortex,
ACC = anterior cingulate cortex, PPC = posterior parietal cortex.

4.2.3.2 DLB patient microstructural comparisons

Microstructural metrics and tracts in which DLB patients show discrepancy from 95% confidence intervals

in healthy controls are displayed (Figure 4.21). DLB patients show variable results, however all DLB

patients show lower FA in the right ILF, lower FR in the right SLF 3 and higher RD and L1 in the Fornix

in comparison to 95% confidence intervals from healthy older control participants.
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Microstructural measurements showing differences between DLB patients vs older adults
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interest plotted against older controls (OCO). Orange band indicates 95% confidence intervals calculated for older
control groups. FA = fractional anisotropy, MD = mean diffusivity, RD = radial diffusivity, L1 = axial diffusivity
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4.2.3.3 DLB patient cortical thickness comparisons

DLB patients show variable results; right medial orbitofrontal cortex thickness was higher in all DLB

patients than control participants, and some DLB patients showed lower left precunecus thickness and

higher rostral ACC thickness (Figure 4.22).

Cortical thickness in both hemispheres (left and right) in DLB patients
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4.3 Part 1 Discussion
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Figure 4.22 Dementia with Lewy bodies (DLB) patient cortical thickness in left and right hemispheres plotted against
older controls (OCO). Orange band indicates 95% confidence intervals calculated for older control group. SSTS =
bank of the superior temporal sulcus, ACC = anterior cingulate cortex.

One of the main objectives of this chapter was to characterise the differences between younger and older
adults in brain metabolites, white matter microstructure and grey matter morphology in regions and tracts
involved in visual perception and attention. This was done by assessing differences in a priori selected ROls
and white matter tracts of the visual perceptual and attentional networks and was followed by exploratory

whole brain analyses of grey matter macrostructure and white matter microstructure. With regards to age-
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related differences in metabolites, I hypothesised that choline and creatine would show an increase with
age, particularly in the frontal voxel (ACC), while GABA/H:0 and Glx would be lower in older adults
particularly in the OCC. I also hypothesised that these NAA and myoinositol would be raised in frontal
regions and reduced in more posterior voxels, consistent with previous literature (Gruber et al., 2008;
Harada et al., 2013). With regards to white matter microstructure, I hypothesised that white matter integrity
measured with FR and FA would be generally lower, while diffusivity measures were expected to be
generally higher in older adults and that these differences would be specifically pronounced in fronto-
parietal networks Finally, widespread reductions in grey matter cortical thickness and volume was expected
in older compared with younger adults, particulatly in frontal, superior parietal and superior temporal
regions involved in multi-sensory perception, attention and executive functions. In the following section I
will be discussing the age-related results I observed for these different modalities and then with regards to

the relationships between brain metabolites and microstructure.

4.5.1 Metabolite differences between younger and older adults

Older adults show reduced levels of Glx and NAA in the ACC compared with younger adults. In addition,
they also exhibited lower levels of NAA in the PPC. No other metabolites showed age-related differences
although a trend for lower levels of myoinositol in the ACC in older adults was observed. This was contrary
to my hypothesis and previous research which has shown NAA to be most consistently reduced in posterior
regions, and metabolites associated with inflammation to be raised in the frontal lobe in older adults.
However, the frontal lobes are vulnerable to age-related decline. NAA and Glx are both markers of
neuronal metabolism (Newsholme et al., 2003) and are considered to play a key role in energy metabolism
in neural mitochondria (Lu et al., 2004). With normal ageing, the accumulation of biological ‘imperfections’
such as protein aggregation is thought to lead to both low-level inflammation and impaired mitochondrial
function, resulting in reduced total glucose uptake, synaptic deterioration and gliosis (Currais, 2015). My
results showing reductions in NAA and Glx in the ACC in older adults may reflect a reduction in neuronal
metabolism due to the accumulation of these biological ‘imperfections’. Taken together, this indicates that
NAA and Glx may be reduced, impairing effective mitochondrial function in the frontal and parietal cortex
in the healthy ageing brain. Thus, my findings suggest that ageing affects neuronal metabolism in frontal
and parietal attention regions but not the OCC. These findings are consistent with some accumulating
evidence from several studies suggesting that healthy ageing is associated with a reduction in mitochondrial
energy metabolism (Reddy & Beal, 2008, Reutzel et al., 2020, Yin et al., 2014). Moreover, these findings
support the anterior-posterior gradient evident in ageing research and support the theory of selective

vulnerability of the anterior brain structures and mechanisms in healthy ageing.
In contrast to this, and unexpectedly, no significant age-related differences were observed for GABA/H,0.

This finding is inconsistent with previous albeit limited reports of age-related GABA/H20 reductions

particularly in the OCC (Pitchaimuthu et al., 2017, Simmonite et al., 2019). While it remains unclear why
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these discrepancies between studies were observed, they might be accountable by methodological
differences in the techniques used to measure GABA/H:0 concentrations. GABA is particulatly difficult
to extract from a chemical spectrum due to its relative lower concentration to other metabolites. The
processing of GABA concentrations is particularly susceptible to individual differences in voxel placement,
for example placing a voxel too close to subarachnoid space or may result in lipid contamination. Whilst
this was controlled for as much as possible during GABA acquisition and by post-processing adjustments
in the current study, it is possible that due to losses in cortical thickness or atrophy this was a factor

particularly in the older group in the assessment of GABA.

4.5.2 Microstructural differences between younger and older adults

Consistent with my hypotheses, tractography analyses provided evidence for lower white matter FR and
FA and greater MD, RD and L1 in older compared to younger adults. Microstructural differences were
observed in all white matter pathways of interest i.e. the optic radiation, the ILF, the SLF and the fornix
Opverall this pattern of widespread age-related differences in white matter microstructure is consistent with
the literature and suggests that all of the studied white matter connections of visual perception and attention
networks are detrimentally affected by age. While previous studies into age-related differences in white
matter microstructure have primarily focused on DTI measurements and have for instanced reported
reduced FA, increased MD and RD for the ILF (Inano et al., 2011), SLF (Lai & Wu, 2014) and the fornix
(Metzler-Baddeley et al., 2011; Chen et al., 2015), not many studies have applied advanced diffusion-based

metrics from multi-shell imaging.

Here I observed reductions in FR with age in the SLF, optic radiation and the fornix. I also showed greater
effect sizes for group comparisons of FR in most of the observed tracts. These findings suggest firstly that
FR may be a more sensitive estimate of age-related changes to tract microstructure, as has been indicated
by the studies discussed above (Billiet et al., 2015, Toschi et al., 2020). As FR is proposed as an index of
axonal density (Santis et al., 2014) as it provides an estimate of restricted vs hindered diffusion, these
findings suggest an age-related reduction in axonal density in the fornix, optic radiation and the SLF. This
may reflect a selective reduction in myelination in fronto-patietal, low-level visual and striatal tract bundles,
supporting the theory that these regions are particularly vulnerable to degeneration in healthy ageing.
However, this is caveated as although all DWI measures will reflect myelin structure to some extent, none
of the measures employed in the current study are specific to myelin. A myelin specific acquisition was not
included due to time constraints in the current study, however these findings suggest that future extensions
of this work should consider examining myelin in the SLF, fornix and optic radiations in the context of

visual performance in ageing.
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4.5.3 Relationships between age-related differences in brain metabolites and white matter
microstructure

A correlation matrix exploring the relationships between microstructural and metabolic measures showed
a greater number of significant relationships between FR and metabolites of interest. Moreover, there was
a much greater number of higher effect sizes for FR group differences comparison to standard DTI
measures. On this basis, I explored the relationship between measures of IR in all tracts of interest and
metabolites. This was explored in all participants to investigate the direction and strength of the relationship
between metabolites and microstructure. Results indicated that positive relationships were present between
FR measures in all subtracts of the SLF and the ILF, and NAA and Myoinositol in all MRS voxels.
Specifically, FR in the SLF 1, SLF 2 and SLF 3 were positively related to NAA in the ACC and. These
findings indicate that reduced neural metabolism, as indicated by NAA is associated with reductions in
axonal density, as estimated by FR. Further mediation analyses also showed full mediating effects of NAA
in ACC in the relationship between age and FR, but not vice versa, suggesting that metabolite changes in

age may drive age-related FR changes.

Recent findings have highlighted the relationship between NAA and diffusion tensor outcome measures
(Wong et al., 2020), and advanced diffusion outcome measures (Grossman et al., 2015), therefore my results
are in line with the previous literature. Whilst a causal relationship cannot be inferred from the current
investigation, it has been evidenced that mitochondrial impairment activates the Wallerian pathway,
resulting in age-related axonal degeneration (Loreto et al., 2020), suggesting that metabolic changes may
drive microstructural changes in age. This was also supported in results from my mediation analyses which
showed a significant mediating effect of NAA specifically on the relationship between age and FR in SLF.
With regards to the anatomical changes underlying these results, reductions in neuronal and mitochondrial
functioning in the anterior cingulate and posterior parietal cortex may lead to degeneration of connective
tracts between these regions — the SLF — thus limiting fronto-parietal connectivity in older adults. This
indicates communication in this network — responsible for ‘top-down’ attentional control — may be
compromised in age, which may lead to response slowing as will be investigated in the following chapter.
A positive relationship was shown between NAA in the OCC and FR in the ILF, which I posit supports
the direction of the metabolic-microstructural degenerative process as information processing typically
occurs in the primary visual cortex and continues to the ILF. Thus reduced neuronal integrity in the occipital
lobe may result in reduced microstructural integrity in the ILF, as described above. However, as metabolic
levels were not assessed in the temporal lobe this cannot be definitively determined and requires further
supportive evidence. Mediation analyses also did not show any significant effect thus this requires further

investigation.

Moreover, FR in the SLF 1 was also positively related to myoinositol levels. As myoinositol is key in the

generation of myelin (Glanville et al., 1989) this relationship may reflect patterns of age-related changes in
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myelination. Whilst I did not employ methodology to specifically quantify myelin, FR does provide a
specific proxy measure of axon density changes (De Santis et al., 2014), allowing for some inference to be
drawn from my current results. This also further supports the potential role of metabolic reductions in age-
related Wallerian degeneration, which warrants future investigation, however this was not fully supported

by mediation analyses.

4.5.4 Metabolic, microstructural and morphological differences in DLB patients

GABA/H:0 in the OCC and ACC showed vatiable results with some values lower and some higher than
95% CI in older adults. GABA/H:0 in the PPC for DLB patients was higher than 95% CI for all cases.
These findings are inconsistent with my hypotheses that GABA/H0 would be reduced in the OCC,
however these results suggesting a disproportionately large amount of the inhibitory neurotransmitter was
present in the PPC in DLB patients. GABA in the PPC is largely responsible for the efficient inhibition of
attentional and higher visual processes, with parietal GABA being correlated with size illusion, but not
otientation ability (Song et al., 2017). These findings suggest a new avenue of interest in DLB patients
which could potentially be important in DLB. They indicate that levels of inhibitory neurotransmitter which
have been linked to the incidence of visual hallucinations are not limited to alterations in the occipital cortex
but are also altered in the parietal cortex. This suggests that occipito-parietal attentional mechanisms may
play a role in the aetiology of hallucinations in DLB, supporting cognitive theories such as the PAD
(Collerton et al., 2005). This warrants further investigation to establish the role of GABA in the top-down

processing stream in DLB and its relationship to hallucination incidence.

For two DLB patients, myoinositol in the OCC, ACC and PPC was consistently lower than 95% CI, and
NAA in PPC was lower in two DLB cases. As such, patterns of other metabolites remain unclear in DLB
patients due to the limited sample, however as myoinositol and NAA are important in glial and neuronal

functioning respectively, these findings warrant further investigation.

All patients showed lower FA in the ILF than 95% CI, and for RD and L1 in the fornix, and RD in optic
radiation all DLB cases showed higher values than 95% CI, which was consistent with my hypotheses.
These results indicate microstructural impairment in tracts relating to object recognition, low level vision
and memory processes. Object recognition as a higher-level visual task, is markedly impaired in DLB and
previous findings have evidenced microstructural impairments in ILF (Kantarci et al., 2010), therefore this
supports well established work. However, no studies investigating DLB have shown microstructural
impairments in optic radiations. This is interesting particularly as previous studies have shown relative
preservation of very low-level vision (Metzler-Baddeley et al., 2010). I also found relative preservation of
visual acuity and orientation ability in DLB patients, therefore this finding is unexpected. However, it is
possible that this result is due to generalised white matter infarcts with DLB, or slightly older age of patients.

As such, this finding may warrant further clarification from more detailed investigation.
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Patients showed relatively preserved cortical thickness, with only higher right medial orbitofrontal cortex
thickness and lower precuneus appearing outside the 95% CI in DLB patients. In contrast to findings in
DLB patients which have shown reduced cortical thickness in the insula, anterior cingulate, orbitofrontal
and later occipital lobes, DLB patients in the current sample did not show marked reductions in cortical
thickness (Blanc et al., 2015). One reason for this is potentially disease progression. In order to meet the
demands of the study, only patients who showed mild cognitive impairment took part in MRI scanning. As
such, these patients are likely to show less cortical thinning than their peers who experiment greater
progression. Blanc et al (2015) also showed only thinning in the pars opercularis, insula and right medial
orbitofrontal regions in prodromal DLB patients, none of which survived correction for FDR. Therefore,
consistent with previous literature, the current results do not show marked cortical thickness differences in
eatlier stage DLB patients compared to healthy older adults. In contrast, a number of regions showed
volumetric reductions in DLB patients, most notably subcortical grey matter, caudate and overall cortex

volume which is also consistent in previous findings (Watson et al., 2012).

4.4 Part 2: Exploratory analysis

In addition to conducting specific comparisons of microstructure, metabolites and cortical thickness
between younger and older adults, I also conducted exploratory analyses comparing the two groups for
microstructure and cortical thickness in the whole brain. Older adults shown reliable reductions in white
matter microstructure throughout the cortex but particulatly in frontal regions (Barrick et al., 2010), and
also widespread reductions in cortical thickness, particularly in frontal and medial temporal regions
(Frangou et al., 2021). On this basis, I conducted exploratory analyses (1) to establish the context of brain
changes in the perceptual and attention networks, i.e. if these differences were specific, or were amongst
more widespread age-related decline, and (2) as a ‘sanity check’ to confirm the results from a priori analyses
were replicated in whole brain analysis. It was hypothesised that older adults would show greater
microstructural differences and cortical thickness reductions in the frontal lobes, in concordance with the

frontal ageing hypothesis (MacPherson & Cox, 2017)

4.4.1 Methods
4.4.1.1 Tract based spatial statistics (TBSS)

Following a priori analysis, exploratory whole brain analyses were carried out on cortical thickness, volume
and diffusion-weighted data. Tract based spatial statistics (TBSS) was conducted to assess microstructural

measurements in the whole brain, and FreeSurfer was used to assess cortical surface and subcortical data.

To assess group comparisons between older and younger groups, voxel wise statistical analysis of
CHARMED data was cartied out using TBSS (Smith et al., (2006), part of FSL (the Analysis Group at the
Oxford Centre for Functional MRI of the Brain [FMRIB] Software Library [FSL]; Smith et al., 2004). First,

FA images were created by fitting a tensor model to raw diffusion data using FDT — an FSL function which
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applies a probabilistic framework for estimating local probability density functions in a model of diffusion
(Behrens et al., 2003) - and then brain-extracted using FSL’s Brain Extraction Tool (BET; (Smith, 2002).
All subjects” FA data were then aligned to MNI152 standard-space using the nonlinear registration tool
ENIRT (FMRIB’s Non-Linear Registration Tool; Andersson, 2007), which uses a b-spline representation
(a more flexible function to deal with more irregular or complex data) of the registration warp field (Ruekert,
2000). Next, the mean FA image was created and thinned, by using a default threshold of FA <0.2, to create
the mean FA skeleton which represents the centres of all tracts common to the group. Each subject’s
aligned FA data were then projected onto this skeleton and the resulting data were fed into voxel-wise
cross-subject statistics using randomise — FSL’s tool for nonparametric permutation inference (Winkler et
al., 2014). Threshold-free cluster enhancement (TFCE) was used to identify significant clusters thresholded
at .95 to give clusters significant at p<0.05 level. TBSS allowed an inference into white matter
microstructure within the whole brain and was conducted as a secondary analysis following the a priori
tractography analysis to explore the anatomical specificity of the age-related differences in the ROI analyses.

Figures 4.23 — 4.27 display the results of the TBSS analyses.

4.4.1.2 Whole brain cortical thickness and volume analyses

Cortical thickness and volume were assessed using FreeSurfer, as previously described. For exploring
whole-brain group differences in cortical thickness, FreeSurfer’s interactive statistical analysis tool ‘Qdec’
was employed. Qdec stands for Query, Design, Estimate and Contrast, and performs statistical inference
on cortical surface data produced by FreesSurfer, based on the general linear model (GLM). Pre-processed
cortical thickness data (as previously described) were entered into Qdec, along with a design matrix
containing details of group membership for each subject. All cortical thickness data were fit to the GLM,
with group as the discrete independent variable. Finally, multiple comparisons were corrected by running

Monte Carlo cluster-wise simulations to determine significant clusters at a threshold of 5%.

4.4.2 Results
4.4.2.1 Restricted Fraction (FR)

Restricted fraction (FR) was greater in younger control participants than older control participants in the
left and right optic tract (Fig 4.23, 2i), right ILF and the inferior cerebellar regions (Fig 4.23, 2ii), and medial

temporal, and corticospinal tracts (Fig 4.23, 2iii).
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Restricted Fraction (FR)

(1) =

Figure 4.23 Whole brain tract based spatial statistics (IBSS) in younger and older adults. Restricted fraction (FR)
group comparisons — tracts highlighted in red indicates regions where p-values where FR is significantly greater in
younger controls (YCO) than older controls (OCO). (1) Mean FR skeleton (2) [i] Higher FR (red) in younger adults
in the left and right optic tracts [ii] higher FR in the anterior temporal region and ILF [iii] higher FR in medial and
inferior temporal region.

4.4.2.2 Diffusion tensor indices

4.4.2.2.1 Fractional Anisotropy

Results of TBSS using FA maps indicated that the younger control group had greater FA in the left ILF
(Fig 4.24, 21) and anterior fornix regions (Fig 4.24, 2ii). In addition, greater FA in younger adults was
observed in the right optic tract (Fig 4.24, 2iii).

Fractional Anisotropy (FA)

Figure 4.24 Whole brain tract based spatial statistics (IBSS) in younger and older adults. Fractional anisotropy (FA)
group comparisons — tracts highlighted in red indicates regions where p-values where FA is significantly greater in
younger controls (YCO) than older controls (OCO). (1) Mean FA skeleton (2) [i] Higher FA in younger adults in the
ILF (red) and temporal region. [ii]. Higher FA in younger adults in the anterior fornix. [iii] Higher FA in younger
adults in the right optic tract and left temporal region. Red indicate TFCE correct p-values at significance level of 5%
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4.4.2.2.2 Mean Diftusivity (MD)
Mean diffusivity was greater in older control participants than younger control participants in the left and
right optic tracts (Fig 4.25, 2i), the medial temporal region (Figure 4.18, 2ii), the central sulcus and left

temporal lobe (Figure 4.25, 2iii) the left visual cortex, left posterior parietal region and anterior commissure

(Figure 4.25, 2iv).

Mean Diffusivity (MD)

Figure 4.25 Whole brain tract based spatial statistics (ITBSS) in younger and older adults. Mean Diffusivity (MD) group
comparisons — tracts highlighted in blue indicates regions where p-values where MD is significantly greater in older
controls (OCO) than younger controls (YCO). (1) Mean diffusivity skeleton (2) [i] Higher MD in older adults (blue)
in optic tracts, [ii] higher MD in older adults in central sulcus, medial temporal and corticospinal [iii] left temporal and
central sulcus [iv] higher MD in OCC and PPC

4.4.2.2.3 Radial Diffusivity (RD)

Results indicate that radial diffusivity is greater in the older control group in the internal capsule participants

(Fig 4.26, i and iii) and the cerebellum (Figure 4.26, ii). No differences were present in which younger

control groups had higher radial diffusivity than older control groups.
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Radial Diffusivity (RD)
(1) o5

Figure 4.26 Whole brain tract based spatial statistics (IBSS) in younger and older adults. Radial Diffusivity (RD) group
comparisons — tracts highlighted in blue indicates regions where p-values where RD is significantly greater in older
controls (OCO) than younger controls (YCO). (1) Mean radial diffusivity skeleton (2) [I, iii] Higher RD in older adults
(blue) in the internal capsule, [ii] higher RD in the older adults in the cerebellum.

4.4.2.2.4 Axial Diffusivity (L1)

Results from TBSS indicated greater axial diffusivity in older adults in the insular cortex (bilateral), medial
temporal cortex (bilateral), anterior thalamus and cingulate gyrus in comparison to younger control

participants (Figure 4.27).

Axial Diffusivity (L1)

-~

Figure 4.27 Whole brain tract based spatial statistics (TBSS) in younger and older adults. Axial Diffusivity (L1) group
comparisons — tracts highlighted in blue indicates regions where p-values where L1 is significantly greater in older
controls (OCO) than younger controls (YCO). (1) Mean L1 skeleton (2) [i, ii] Higher L1 in older adults in the internal
capsule, extending to the caudate nucleus [iii] higher MD in older adults in the internal capsule, arcuate fibres and
anterior cerebellum.
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4.4.2.2.5 Cortical thickness
Qdec analyses showed significant widespread differences in cortical thickness in a number of regions.

Cortical thickness was reduced in older adults in all listed regions (Table 4.5) including the lateral occipital,

superior temporal and parietal gyri and lingual gyrus which showed reductions in both hemispheres (Figure

4.28, 4.29).

Left hemisphere

Figure 4.28 Left hemisphere cortical thickness comparisons between younger and older adults using Qdec. Lighter
blue highlighted areas show regions where group comparisons indicate older adults have reduced cortical thickness
(p<.001). Results show widespread reductions in cortical thickness largely in left temporal, frontal and superior parietal
regions in older adults. Threshold correction to p=.001.

Right hemisphere

Figure 4.29 Right hemisphere cortical thickness comparisons between younger and older adults using Qdec. Lighter
blue highlighted areas show regions where group comparisons indicate older adults have reduced cortical thickness
(p<.001). Results show widespread reductions in cortical thickness largely in right temporal, and frontal regions in
older adults. Threshold correction to p=.001.
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Table 4.5 Clusters which show significant reductions in cortical thickness in older adults from Qdec cortical
thickness group comparisons

Left Right

Sig (-log(10)) P Value Sig (-log(10)) P Value
Superior temporal -10.03 <.001 Superior temporal -9.23 <.001
Lingnal -6.97 <.001 Lingual -5.74 <.001
Inferior parietal -4.69 <.001 Supramarginal -4.10 <.001
Superior parietal -4.26 <.001 Superior parietal -5.88 <.001
Inferior temporal -3.88 <.001 Precentral -4.04 <.001
Paragentral -3.59 <.001 Posterior cingnlate -2.52 <.001
Pericalearine -2.83 0.001 Precunens -2.76 <.001
Middle temporal -2.48 0.003 Entorbinal -2.40 <.001
Lateral occipital -2.11 0.007 Lateral occipital -3.06 <.001
Temporal pole -1.99 0.070 Fusiform -2.16 0.006
Medial orbitofrontal -1.76 0.017

4.4.2.3 Grey matter volume

The omnibus result was significant for group, F(34,18)=7.095, p=<.001; Wilk’s A = 0.069, partial n2=.931.

Univariate I tests showed there was a significantly lower grey matter volume in older adults compared to

younger adults in all regions in both left and right hemispheres, with full results reported in Table 4.6 (Figure

4.30, 4.31).

Table 4.6 Full MANOVA results for group comparisons of grey matter volume in left and right hemisphere. WM=
white matter, GM=grey matter

Left Right
F value Significance (corrected) Partial 02 F value Significance (corrected) Partial 02

Accumbens 14.94 <.001%* 227 15.822 <.001* 237
Amygdala 11.99 .001* 190 6.420 .014* 112
Candate 8.931 .004* 149 6.09 017* 107
Cerebellum 21.18 <.001%* 293 14.70 <.001%* 224
Choroid plexcns 28.70 <.001%* .360 26.65 <.001%* 343
Hippocampus 12.30 .001* 194 9.39 .003* 156
Lateral ventricle 34.21 <.001%* 401 38.889 <.001%* 433
Putamen 13.65 .001* 211 7.96 .007* 135
Thalanns 25.1 <.001** 329 20.76 <.001%* .289
WM hypointensities 9.72 .003* 160

Subcortical GM 16.37 <.001** 243

Total GM 19.13 <.001** 273
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Figure 4.30 Left hemisphere grey matter volume group differences between younger and older adults. MANOVA
results indicate that grey matter volume was significantly lower in older adults in the accumbens, amygdala, caudate,
cerebellum, choroid plexus, hippocampus, lateral ventricle, putamen and thalamus in comparison to younger adults
OCO = older adults, YCO = younger adults **p<.001, *p<.0.05
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Figure 4.31 Left hemisphere grey matter volume group differences between younger and older adults. MANOVA
results suggest that grey matter volume was significantly lower in older adults in lateral and inferior lateral ventricles,
cerebellum, thalamus, putamen, hippocampus, amygdala, accumbens and total grey matter. OCO = older adults, YCO
= younger adults **p<.001, *p<.0.05

4.5 Part 2 Discussion

In Part 2, I assessed whole-brain differences in white matter microstructure and cortical thickness in
younger and older adults. It was anticipated that older adults would show more widespread reductions in
these measures, and that reductions in cortical thickness and microstructure would be more pronounced in
frontal regions. My results supported these hypotheses but also highlighted greater white matter
microstructure differences in older adults in posterior regions, and reductions in cortical thickness in

subcortical regions, as discussed below.

4.5.1 TBSS comparisons

The exploratory TBSS whole brain analysis showed age-related reductions in FA in the ILF, fornix and
optic radiation, higher MD in the optic tracts, corticospinal region and occipito-parietal lobe, higher RD in
the cerebellum and higher L1 in the internal capsule, arcuate and cerebellum. These findings primarily
indicate a reduction in microstructural integrity in standard DTI measures in the fornix, lower-level optic
regions, corticospinal and medial temporal regions in older adults which is consistent with previous findings
(Kochunov et al., 2012, Jang et al., 2011, Sala et al., 2012). For FR, greater loss of microstructural integrity

with age in visual regions including the optic tract and visual association fibres was shown. This evidence
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contrasts the typically reported vulnerability of anterior white matter in older adults (Head et al., 2004),
highlighting the importance of examining microstructural changes in visual regions in normal ageing.
Moreover, taken together, these findings may contrast the typical age-related anterior-posterior gradient of
impairment and suggest that white matter integrity in the elements of these tracts connecting to the visual
cortex may show age-related decline. This is important, as the anterior-poster gradient is also thought to
underlie a primary frontal executive function impairment in ageing. As results from Chapter 3 indicated
that executive functioning in these older adults where relatively intact, and frontal white matter also appears
to be less affected with age in this sample, these results may provide evidence against these hypotheses.
Furthermore, these findings are notable, as FR was shown to have greater effect sizes than standard DTI
measures and may then be a more sensitive estimate of age-related microstructural changes. As such, the
TBSS findings may reflect age-related changes in microstructure in the visual system that are otherwise not
captured by standard DTI, which has important considerations for future studies estimating microstructural

changes in the brain with age.

4.5.2 Grey matter volume and cortical thickness differences

Cortical thickness and grey matter volume group comparisons showed lower thickness in older adults in all
regions selected for a priori analysis, excluding the optic chiasm which showed no significant group
difference in volume. Regions which showed reduced cortical thickness in older adults included the banks
of the superior temporal sulcus, inferior and superior temporal cortex, anterior cingulate cortex, inferior
and superior parietal cortex, superior and middle frontal cortex, and the cuneus and lateral occipital cortex.
These findings are generally consistent with previous findings which report age-related cortical thinning
particularly in the temporal, parietal and visual cortices (Fjell et al., 2010). The current results highlight the
relevance of investigating age-related changes in both cortical thickness in combination with other
modalities in the perceptual and attentional network. However, these cortical thickness results also act as
validation for the metabolic and microstructural analyses. Replicating previous widely reported findings in
the ageing literature allows for greater reassurance that results from other modalities may provide an insight

into the typical brain changes observed in older age.

Whole brain cortical thickness analyses with Qdec showed age-related reductions in patietal, temporal and
occipital regions with significant clusters largely overlapping those regions shown to be significant in
perceptual and attentional regions. These results both supports the findings reported from a priori
tractography and cortical thickness analyses, indicating that these regions show reliable age-related
microstructural alterations with ageing. In addition, as results from exploratory and a priori analyses largely
align, and microstructural and cortical thickness changes are not apparent throughout the whole brain, a
prioti results may indicate specific age-related brain changes rather than being elements in more widespread
decline. Despite this, grey matter volume loss in older adults was relatively widespread, in subcortical

regions such as the bilateral accumbens and amygdala, thalamus and caudate, and structures such as the
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hippocampus and bilateral cerebellum. Moreover, increased volume in the lateral ventricles was also present
in older adults in comparison to younger adults. These findings are consistent with previous literature

(Thambisetty et al., 2010) and again provide validation for the reliability of a prioti results.

4.5.3 Overall limitations

There are some limitations with regards to the MR methodology employed in this chapter that should be
considered. Firstly, MRS can be subject to several methodological problems. One limitation may be the
manual placement of voxels. This was done according to anatomical landmarks and was conducted by the
same researcher for each subject; however, these voxels may capture other brain structures such as
ventricles because of individual anatomical variation. In addition, MRS metabolites may be subject to
menstrual variation in females or caffeine levels, which were not controlled for due to the extensive length
of the testing and scanning sessions, limited access to participants who otherwise met inclusion critetia, and

largely older adult sample, but may influence results in the younger adult group.

Furthermore, advanced diffusion imaging was used, which accounted for some of the typically issues
accounted for in traditional diffusion tensor imaging as described in Chapter 2. However, it should be noted
that whilst the diffusion model provided more sensitive estimates of microstructural integrity, it did not
account for more advanced estimates of myelin, for example macromolecular proton fraction which
provides an index of white matter neuroglia, that can be obtained from methods such as quantitative
magnetisation transfer (qMT) imaging (Smith et al. 2009, Sled, 2018). CHARMED was selected in this
thesis due to its ease of fitting to multi-shell data, superior estimation of microstructural measurements in
comparison to standard diffusion tensor imaging, and my interest in acquiring FR measurements and
limiting the number of overall indices from brain measures. However, adopting methods such as gMT to
quantify myelin in subsequent research may be of interest with regards to exploring relationships with
metabolites, which may provide greater insight into the mechanism of age-related decline across brain

networks involved in visual perception and attention.

4.5.4 Overall chapter summary

In summary, the older adult cohort appeared to show differences generally consistent with previous
literature and hypotheses, supporting the reliability of the sample for further analyses with cognitive data.
Age-related reductions in frontal and parietal NAA and Glx were present, in addition to reductions in FR
and FA, and increases in MD, RD and L1 in the SLF, ILF, optic radiation and fornix. NAA and myoinositol
in ACC and PPC were also positively correlated with FR in the SLF. Age-related differences in GABA/H20
were not present in contrast to my hypothesis. Reductions in cortical thickness in older adults were present
in all regions within the networks of interest. These results were also supported by findings from the
exploratory analyses, which showed age-related cortical thickness and microstructural integrity reductions

in the posterior and temporal regions. These results are of interest primarily as they provide further clarity
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to the limited literature examining metabolic differences in the brain in healthy ageing. These results also
provide novel insight into the relationships between metabolites and sensitive estimates of white-matter
microstructure, and how this may translate to changes observed in the healthy ageing brain. Secondly, my
results suggest that age-related differences in metabolites related to mitochondrial function may be more
pronounced in the anterior regions, but that microstructural and cortical thickness changes are not limited
to frontal areas of the brain as typically reported. Instead, this thesis provides evidence which may go against
the typical frontal ageing or anterior vulnerability hypothesis for all brain measurements in older age. It is
then pertinent to examine the brain changes which corresponding to changes in perception and attention,

which will be examined in the following chapter.

In DLB patients, my results demonstrate novel findings including a decrease in estimates of white matter
microstructural integrity in the optic radiation, and a consistent increase in GABA/H0 in the PPC in
comparison to healthy older adults. I posit that these findings highlight new lines of enquiry in a larger
sample of DLB patients, as they may provide further clarity and insight into the brain mechanisms

underlying perceptual decline in DLB patients.
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Chapter 5 : Neural differences underlying visual perceptual and
attentional changes in older adults

5.1 Introduction

Having characterised age-related differences in visual perception and attention as well as in brain
microstructural and neurochemistry in the previous two chapters, the objective of Chapter 5 was to find
out which brain differences would predict performance differences with ageing. More specifically, I sought
to determine which brain measurements would predict age-related performance in visual perception and
attention tasks where age-related impairments were shown, as well as metrics that were predictive of age-
related strategy shift or cognitive maintenance. Previous research has indicated that there are relationships
between some of the brain measures assessed in this study and perceptual and attentional performance.
However, no study has provided a detailed and systematic characterisation of age-related differences across
the hierarchy of visual perception and attention functions. This is important, as a detailed characterisation
of age-related differences in perceptual and attentional performance and their neural correlates may allow
a greater understanding of changes that occur with healthy ageing, and pathological ageing. To the best of
my knowledge, no study has linked performance differences across the visual hierarchy to age-related
differences in both metabolic and microstructural metrics in perception and attention networks using both
advanced diffusion and spectroscopy MR methods. This is also important, as a more in depth and advanced
understanding of neural substrates undetlying cognitive changes may provide new lines of enquiry for
ageing research and guide the focus of the cognitive neuroscience of ageing, where this may otherwise have

been overlooked.

5.1.1 Metabolites and microstructure underlying perceptual functions in older adults

In lower-level vision, visual orientation changes have been reported in adults in relation to occipital GABA,
with lower GABA resulting in poorer performance (Edden et al., 2009; Pitchaimuthu et al., 2017). Occipital
GABA reductions have also been associated with reduced fluid processing in older adults, including
measures of visual perception such as contour detection and dot speed discrimination (Simmonite et al.,
2019). In addition, white matter microstructural alterations particularly in posterior regions have been
shown to underlie changes in visual perceptual function (Madden et al., 2009). For instance, associations
between age-related reductions in FA and perceptual performance have been demonstrated (Toepper,
2017) particularly in the optic radiation, which has been reported to mediate sensory function in aged
macaques (Gray et al., 2020). Moreover, reduced T2 intensities in the occipital lobe in older adults which
are associated with age-related impairments in lower-level visual function have also been shown, in addition

to reduced white matter integrity in the occipital central field (Beer et al., 2020).

In mid-level vision, interindividual variability in motion perception was reported to be related to Glx

concentration in the prefrontal cortex on MR spectroscopy in healthy younger adults (Takeuchi et al., 2017)
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and Glx signal in the V5/MT (Schallmo et al., 2019). However, no evidence exists to support this within
the context of ageing despite a reliable decline in motion perception in older adults. Moreover, no studies
quantify the underlying neurochemical markers of contour perception at present. Further, investigation of
the neural substrates of contour integration have typically used a functional MRI or EEG approach,
reporting that activity in the lateral occipital, parietal and primary visual areas undetlie contour processing
(Mijjovié, 2014; Volberg & Greenlee, 2014). However, to the best of my knowledge no study has specifically
attempted to link contour integration or motion coherence performance with microstructural changes in
ageing. Long range connectivity between cells of similar spatial and orientation tuning in the early visual
cortex is required for effective contour integration (Hess et al., 2003). Considering this and evidence
suggesting that neural populations in the lateral occipital cortex represent contour (Kourtzi & Kanwisher,
2001), it seems possible that age-related differences in lateral occipital white matter micro- and
macrostructure would be related to differences in contour integration function. Moreover, recent post-
mortem investigations have outlined the ILF and optic radiations amongst other white matter tracts as key
in the complex connectivity of the lateral occipital lobe (Palejwala et al., 2020). The authors also speculated
that the microstructural integrity of these tracts may likely to be related to motion perception and object

recognition.

With regards to higher-level vision, concentrations of visual cortical GABA have been reported to predict
visual intelligence and perceptual surround suppression with higher cortical GABA resulting in more
successful performance in these tasks (Cook et al., 2016). Dorsal stream visual performance is also related
to metabolic concentrations, with evidence showing that visuospatial performance correlated negatively
with total choline and creatine in the ACC (Lind et al., 2020). In the ventral visual stream, age-related
reductions in GABA were also related to less distinct fMRI activation patterns for faces and objects which
was also mediated by age (Chamberlain et al., 2019). The authors proposed that age-related reductions of
GABA may contribute to age-related reductions in neural distinctiveness. With regards to attention
performance, posterior parietal GABA has been linked to perceptual task switching and integrated control
ability (Kondo et al., 2018). Moreover, GABA in the frontal eye fields is relevant for resolving visual
distractions (Sumner et al., 2010), and GABA in the dorsolateral prefrontal cortex predicts impulsivity (Boy
et al.,, 2011). Lower GABA in the ACC in particular has been related to greater impulsivity and poorer
response inhibition (Silveri et al., 2013), suggesting it plays a key role in visual-related executive and attention
functions. More specifically a reduction in ACC GABA was reported to mediate the relationship between
age and a decline in performance on a test of executive functioning requiring set shifting (Marenco et al.,
2018). However, it should be noted that very few studies observe the role of other metabolites in higher-
level vision both in younger and older samples, therefore it is unclear what the pattern of age-related

differences in metabolites that underlie these functions may be.
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In contrast, it has been well established that white matter tract integrity in the ILF is important in effective
ventral stream object processing (Herbet et al., 2018), and SLF function has been related to set shifting and
inhibitory control (Urger et al., 2015), spatial neglect (Shinoura et al., 2009). Significant relationships
between poorer executive function and impaired white matter microstructure of the left anterior thalamic
radiation and right uncinate have been reported in older adults (MacPherson et al., 2017). In addition,
microstructural changes in the fronto-parietal tracts have been reported in relation to RT performance,
underlying increased SAT (Kerchner et al., 2012) and visuospatial attention in healthy ageing (Monge et al.,
2017).

Taken together, this evidence suggests that low-level vision in older adults is related to GABA in the OCC
and white matter microstructure in the occipital lobe and optic radiations. Mid-level vision in older adults
is related to Glx in the frontal lobe and V5, but findings are very limited therefore the metabolic and
microstructural underpinnings of age-related mid-level visual performance is unclear. Finally, higher-level
vision is seen to be related to choline in the frontal lobe, GABA in the temporal and parietal lobes and
microstructural integrity in the ILF and SLF in older adults. Moreover, microstructure in the SLF appears
to be related to RT and SAT performance in older adults. However, again these investigations are limited
and have not examined the role of other metabolites such as NAA or myoinositol, or advanced
microstructural estimates in higher-level vision and attention in ageing. This chapter therefore aims to
address these gaps by assessing the relationship between age-related performance differences in visual and
attentional tasks as characterised in Chapter 3 and those metabolic, microstructural and morphological
brain measurements of visual perception and attention networks characterised in Chapter 4. Such an
investigation may help clarify our understanding of which neural mechanisms may contribute to age-related

impairments and maintenance of visual perception and attention functions.

Moreover, in Chapter 3, I found that older adults displayed a decline in performance in some visual tasks
(visual contrast, visual orientation, motion threshold) and lengthened SAT for all higher visual tasks and
contour integration. But not all tasks showed age-related impairments in performance. On this basis, I
approached the analysis in this chapter accordingly, to determine which brain measurements predicted
performance at different levels of the hierarchy but also to compare if these predictors differed depending
on age-related cognitive performance. This was done by observing the results of group comparisons in
Chapter 3, and categorising tasks based on whether older adults showed ‘impaired’, ‘unimpaired’ or a ‘shift’
in their cognitive outcomes. For ‘unimpaired’ tasks, group comparisons showed no significant differences
in cognitive outcomes, indicating that older adults’ performance was comparable to that of younger adults
either through maintenance or compensatory mechanisms. For ‘impaired’ tasks, group comparisons
showed that older adults had poorer performance in these cognitive outcomes, with no indication of
compensation in other outcome measures of the task (i.e. speed vs accuracy). Finally, tasks which showed

a ‘shift’ included all SAT outcomes for mid to higher level tasks. These tasks were labelled ‘shift’, as older
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adults showed lengthened RT in order to mitigate accuracy, which was unimpaired, indicating a ‘shift’ in
strategy. This ‘shift’ did not necessatily mean older adults had impaired performance but adopted a more
cautious strategy in their response. In these tasks only SAT was assessed as a dependent variable, as opposed
to accuracy and RT. This was done as older adults clearly showed a lengthening in SAT in comparison to
younger adults, which represented longer RTs in order to maintain accuracy. Using SAT therefore provides
a composite measure of this ‘shift’ in cognitive strategy as opposed to accuracy and RT individually which
would be less informative. This was with the exception of Motion SAT, which was excluded in the current
chapter due to methodological constraints of the task which forced all participants to answer quickly. As it
is evident that older adults benefit in terms of maintained accuracy from longer response times, it was
concluded that Motion SAT may not reliably represent the observed shift effect recorded in all other tasks.
Moreover, due to my results in Chapter 4 highlighting novel relationships between microstructure and
metabolite, I focused on these modalities only in the current chapter. This was done both due to limited
previous research examining the relationship between cognition and microstructure/metabolites, but also

with a view to reducing predictors in regression to ensure robustness of statistical procedures.

5.1.2 Hypotheses

e Hypotheses regarding neural predictors of ‘impaired’ outcomes (visual contrast, orientation and
motion threshold)

Given that cognitive performance showed age-related decline, it was hypothesised that I would see

relationships between different predictors of the same cognitive function in older and younger groups. 1

anticipated that occipital metabolites and optic radiation microstructure, in addition to SLF and ILF would

predict these outcomes, and that the direction of the relationship would be opposite between groups.

e Hypotheses regarding neural predictors of ‘unimpaired’ outcomes (visual acuity, contour threshold,
ANT network effects)

It was hypothesised that predictors mediating each cognitive function would be the same in both younger
and older adults or highlight potential effective compensatory neural mechanisms in older adults.
Specifically, I anticipated microstructural parameters in the ILF may underlie contour integration, as the
ILF was relatively spared in ageing in Chapter 4. In addition, 1 hypothesised that ANT network effects
would show predictors consistent with those shown in previous research (Fan et al., 2010) (alerting effect
predicted by occipito-patietal microstructure and metabolites, orienting effect predicted by temporo-
parietal microstructure and metabolites, and executive effect predicted by frontal and temporal

microstructure and metabolites).
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e Hypotheses regarding neural predictors of ‘shift’” outcomes (Embedded figures SAT, Change
blindness SAT, Contour SAT, Rotation SAT)

It was hypothesised that this ‘shift’ in cognitive strategy in older adults may be correlated with more frontal

and parietal predictors in older rather than younger participants, as older adults adopt a more cautious top-

down strategy of processing. As such, it was anticipated that younger adults may show predictors which

were related to lower-level vision, such as the optic radiations and occipital cortex, but that older adults

may show greater reliance on fronto-parietal regions and tracts for the same cognitive outcome.

To identify significant brain predictors, I used linear stepwise regression analyses for the young and old
groups separately using brain measurements as independent predictors and performance measurements as
dependent variables. Given the number of brain measurements for the different ROIs and the challenges
associated with overfitting of the regression models, these analyses were first conducted for each brain
modality, i.e. microstructural and metabolites, separately. The correlation coefficients between each
significant predictor and performance measure were then standardized and compared between the two age
groups to determine whether ageing was associated with a shift in the contribution of brain areas and
measurements to performance. In the case of a significant z-test, correlations were conducted for brain
measurement predictors and dependent variable in both age groups separately to determine the
directionality of relationship. In addition, partial correlations between significant brain predictors and
performance measures were conducted for older adults to account for the potential effects of generalised

age-related brain atrophy by controlling for total grey matter volume.

5.2 Methods

5.2.1 Participants
Data analysed in the current chapter is identical to the data reported in Chapters 3 and 4 and involved the

same participants in younger (n=28) and older (n=26) groups. Demographic information is reported in

Chapter 3 (section 3.2.1).

5.2.2 Visual and attentional tasks

Participants completed a visual task battery as previously described in Chapter 3. Visual acuity, visual
contrast, orientation, contour integration threshold, contour SAT, motion coherence threshold, motion
SAT, Embedded figures SAT, change blindness SAT, ANT alerting, ANT orienting, and ANT executive
effects were selected as dependent variables, as the research question focused on explaining group
differences in performance and their underlying neural substrates. For the purpose of this chapter, outcome
measures from Chapter 3 were selected and categorised into ‘unimpaired’, ‘impaired’ and ‘shift’ depending
on results of group comparisons as previously described (Table 5.1). Full regression and z-test statistics are

reported in Appendix 7.
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Table 5.1 Categorisation of cognitive tasks based on group comparison outcome. Unimpaired indicates younger and
older adults’ performance was not significantly different. Impaired indicates older adults’ performance was poorer
than younger adults. Shift indicates a change in response strategy to a slower more cautious process in older adults.
ANT = attention network test, SAT = speed accuracy trade-off.

Performance Task
Visual Acuity
Contour threshold
Unimpaired ANT alerting
ANT orienting

ANT executive

Visual contrast
Impaired Visual orientation

Motion threshold

Embedded figures SAT

Shift Mental rotation SAT
Change blindness SAT

Contour integration SAT

5.2.3 MRI and behavioural comparisons

MRS data and diffusion-weighted images were acquired, pre-processed and analysed as previously described
in Chapter 4. Outcome variables were mean fractional anisotropy (FA), mean diffusivity (MD), restricted
fraction (FR), radial diffusivity (RD) and axial diffusivity (L1) for SLF 1, 2, 3, the ILF, the optic radiations
and the fornix (all left and right), GABA/H:0, Glx, Choline, Myoinositol, N-Acetyl aspartate and creatine
for Occipital (OCC), anterior cingulate cortex (ACC) and posterior parietal cortex (PPC) voxels. For linear
regressions, I sought to address which of the regions in neural networks involved in visual perception and
attention would best predict cognitive functioning in older and younger adults. Therefore, I selected metrics
which had direct neuroanatomical involvement in these networks only as previously described in Chapter

2 (Table 5.2).

Table 5.2 Microstructure and Magnetic Resonance Spectroscopy (MRS) variables entered initial regression models.
SLF = superior longitudinal fasciculus, ILF = inferior longitudinal fasciculus, FA= fractional anisotropy, MD =
mean diffusivity, .1 = axial diffusivity, RD = radial diffusivity, FR = restricted fraction, GABA = gamma amino-
butytic acid, Glx = glutamate/ glutamine, NAA = N-acetyl aspattate.

Anatomical region Metric

Occipital cottex GABA/Glx/ NAA/ Myoinositol/ Choline/ Creatine
Anterior cingulate cortex GABA/Glx/ NAA/ Myoinositol/ Choline/ Creatine
Postetior parietal cortex GABA/Glx/ NAA/ Myoinositol/ Choline/ Creatine
SLF1 FA/MD/L1/RD/FR

SLE2 FA/MD/L1/RD/FR

SLF3 FA/MD/L1/RD/FR

ILF FA/MD/L1/RD/FR

Optic radiation FA/MD/L1/RD/FR
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5.2.4 Statistical analyses

The purpose of the present statistical analyses was three-fold. First, I aimed to assess which visual
perceptual and attentional related brain measurements (selected a priori, Table 5.2) were involved in
predicting cognitive scores for those tasks that showed a group difference between younger and older
adults. Second, I aimed to determine if the two groups differed significantly in the size and the direction of
the relationships between these predictors and cognitive performance. Third, I studied whether brain-
function relationships in older adults were influenced by more general effects of healthy ageing on the brain
by conducting partial correlations controlling for overall grey matter volume as proxy measures of brain
atrophy and generalized WMH as a proxy measute of age-related vascular and/or inflammatory events that
may damage the white matter. The impact of multiple compatisons was corrected using FDR across both

younger and older adults’ regression models for each cognitive task.

5.2.4.1 A priori analysis: Analytical pipeline
To address these questions, the following analyses pipeline was employed for tasks in which age-related

impairment, maintenance and shift in strategy was apparent (Figure 5.2).

‘Unimpaired’ tasks

Age related maintenance

Cognitive task outcome measures (DV)
(Analyzed in Chapter 3)

Follows pipeline for tasks
where no age-related
cognitive differences are

Mid-level visual perception
Contour integration (degrees threshold), Motion coherence (% coherence)

1. Stepwise regression

Lower-level visual perception present:
Visual Acuity (Snellen fraction), Visual Contrast (LogMAR), Orientation
(degrees threshold) - Visual acuity
- Contour threshold
. . . ANT alerting
Analytical pipeline ANT orienting

ANT executive

Fit linear stepwise regression
models by modality for each DV

ANT and Higher-level SAT
Embedded figures (SAT), Mental rotation (SAT), Change blindness (SAT),
Motion (SAT), Contour (SAT), ANT alerting, orienting, executive

2. Group comparisons Impaired’ tasks

For significant predictors, conduct
correlation co-efficient Z score
comparison for group differences

Age related decline

Follows pipeline for tasks
where performance is

3. Correlations/ partial poorer in older adults

MRI outcome measures (Predictors) correlations
. Conduct correlations for significant
(Analyzed in Chapter 4) predictors and DV, and additional
partial correlations controlling for
WM hypointensities, total GM
Metabolites volume in older group

O NAA Mveie ‘Shift’ tasks

tine, Gl Age related compensation

Follows pipeline for

Myoir outcomes where older

atine, Glx adults show compensatory
mechanism

- Contour SAT

- Embedded figure SAT
- Change blindness SAT
- Mental Rotation SAT

Figure 5.1 Methodological flowchart demonstrating dependent variables and pipeline for statistical analysis in Chapter
5. Cognitive task outcome measures were entered as dependent variables, and MRI outcome measures as predictors
into stepwise regression models by modality. Group comparisons were conducted for significant predictors by
assessing Z-scores for group differences. For older adults, partial correlations controlling for the effects of white
matter hypointensities and total grey matter volume were also conducted. DV = dependent variable, ANT = attention
network task, SAT = speed-accuracy threshold, OCC = occipital cortex, ACC = anterior cingulate cortex, PPC =
postetior parietal cortex, FA= fractional anisotropy, MD = mean diffusivity, L1 = axial diffusivity, RD = radial
diffusivity, FR = restricted fraction.
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Firstly, I constructed linear stepwise regressions models by modality i.e. separate analyses were conducted
in which predictors were white matter microstructural or metabolite measurements as listed in Table 5.1.
These models were run separately for young and old participants; hence age was not included as a predictor.
This was done as the large number of predictors fit to one regression model would have presented the
problem of overfitting. Education was also included as a predictor, but sex was not as I reported no
significant difference between the sexes in older or younger groups (see Table 3.5 in Chapter 3). Due to
the high number of variables entered into the regression models, significant predictors were reported after

1% FDR correction across all predictors for all cognitive tasks for both groups.

Where significant predictors of cognitive performance were identified in models, Pearson R correlation
coefficients were calculated for each group and converted to Fisher Z scores using the transformation: z =
S[ln(1+1) — In(1-r)] (Fisher, 1925). This allowed me to compute the z-score of the difference between the
two groups and use an independent z-test to determine whether there was a significant difference in the
correlation coefficients between young and older participants. Those significant predictors which also
showed a significant z-test suggested that the predictor was influential in only one group but not the other.
For these predictors I explored whether an age effect was due to age-related brain differences by conducting
partial correlations between these predictors and cognitive performance controlling for WMH and total

grey matter volume.

5.3 Results

Results are presented in three different categories: unimpaired, impaired, or shift. These categories refer to

the results of group comparisons for the cognitive tests in Chapter 3.

‘Unimpaired’ tasks were visual acuity, contour threshold, motion SAT and all ANT network effects.
‘Impaired’ tasks were visual contrast, orientation and motion threshold, and ‘Shift’ tasks were mental
rotation SAT, Embedded figures SAT, change blindness SAT and contour integration SAT (Table 5.1).
Brain predictors which were shown to be significant in linear regression modelling and showed a significant
Z-test for comparing independence of these predictors to either younger or older adults, are reported.

Predictors which appeared in linear regression but did not show significant Z-test are shown in Appendix

7.

5.3.1 Unimpaired performance
Following FDR correction across all predictors, no significant predictors of unimpaired task performance
were apparent in either the younger or the older group. This suggests that no clear relationships between

neural predictors and cognitive performance were present in the current sample.
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5.3.2 Impaired performance

5.3.2.1 Visual Contrast performance

In younger adults, visual contrast was not shown to be predicted by any of the variables in the model. In
older adults, visual contrast was predicted by FA in the right optic radiation (R2=.557, adj R2=.509, beta=-
.509, p=.001), which was unique to older adults (Z=2.49, p=.01) and showed a significant negative partial
correlation (r=.544, p=.016) (Figure 5.2).
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Figure 5.2 Microstructural and metabolic predictors of tasks where older adults show poorer performance than
younger adults. Neural predictors of visual contrast which showed a significant Z-difference between younger and
older adults following linear regression: only FA in the optic radiation in older adults was a significant predictor of
visual contrast performance. No significant predictors of Partial correlations between visual contrast performance
and significant predictors are shown *p=.05, **p=<.001

5.3.2.2 Visual orientation performance

Visual otientation was significantly predicted by FR in SLF1 in younger adults (R?=.288, adj R2=.252,
beta=-.767, p=<.001) (Z=2.1, p=.013), and GABA/H,0 in PPC (r2=.629, adj R?=.567, beta=.204, p=.009)
(Z=1.5, p=.04). Several predictors were shown to predict visual orientation in older adults, including Glx
in ACC (R2= .552, adj R2=.515, beta=.417, p<.001) (Z=1.8, p=.03) which showed significant partial
correlation, (r=.632, p=.004), and FA in SLF2 right (R2=.916, adj R2=.890, beta=-.641, p<.001) (Z=1.10,
p=.03) which also showed significant partial correlation (r=-.473, p=.041). RD in the left optic radiation
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also predicted older adults’ orientation performance (R2=.778, adj R2=.738, .303, p=.000) but this did not
show a significant partial correlation (r=.091, p=.710) (Figure 5.3).
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Figure 5.3 Microstructural and metabolic predictors of tasks where older adults show poorer performance than
younger adults. Neural predictors of visual orientation which showed a significant Z-difference between younger
and older adults: GABA/H:0 in PPC and FR in SLF1 in younger adults, FA in SLF2 and Glx in ACC in oldet
adults. Partial correlations between visual orientation performance and significant predictors are shown *p=.05,
**p=<.001

5.3.2.3 Motion threshold performance

Motion threshold showed no significant predictors in younger adults. In older adults, performance was
predicted by GABA/H20 in OCC (R2=.344, adj R2=.294, beta=.777, p<.001) (Z=1.85, p=.03) which
showed significant partial correlation (r=.538, p=.017), and L1 right SLF 2 (R2=.591, adj R2=.522,
beta=.768, p<.001), however this did not show significant correlation (r=.352, p=.139) (Figure 5.4).
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Figure 5.4 Microstructural and metabolic predictors of tasks where older adults show poorer performance than
younger adults. Neural predictors of motion threshold which showed a significant Z-difference between younger
and older adults: GABA/H:0 in OCC in older adults, but no significant predictors in younger adults. Partial
correlations between motion threshold performance and significant predictors are shown *p=.05, **p=<.001

5.3.3 Shift performance

5.3.3.1 Contour SAT

Contour SAT was predicted by MD in the fornix (R2=.267, adj R2=.230, beta=-.517, p=.009) (Z=2.44,
p=.007) in younger adults. In addition, younger adults’ performance was predicted by FR in right optic
radiation (R2=.224, adj R2=.185, beta=.473, p=.002) (Z=1.77, p=.04) and FA in right SLF1 (R2=.881, adj
R2=.830, beta=-1.248, p=.003) Z=1.87, p=.032).

In older adults, contour SAT was predicted by GABA/H:0 in the PPC (R2=.253, adj R?=.204, beta=-.503,
p=.039) (Z=2.40, p=.008) which survived partial correlation (r=-.450, p=.009) (Figure 5.5).
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Figure 5.5 Microstructural and metabolic predictors of tasks where older adults demonstrated a shift to slower
response time to maintain accuracy. Neural predictors of contour integration speed accuracy trade-off (SAT) which
showed a significant Z-difference between younger and older adults: MD in fornix and FR in optic radiation in
younger adults, GABA/H>0 in PPC and FA in SLF 1 in older adults. Partial correlations between contour SAT
performance and significant predictors are shown *p=.05, *¥p=<.001.




5.3.3.2 Embedded SAT
Embedded figures SAT was predicted by FA in the left optic radiation (R2=.367, adj R2=.337, beta=-.600,
p=.002) (Z=2.106, p=.018) in younger adults (Figure 5.6).

Embedded figures SAT was predicted by FR in SLF 1 in older adults (R2=.19, adj R2=.157, beta=.440,

p=.003) but this was not found to be significant following partial correlation (r=.277, p=.224), indicating

that this may be a product of more generalised age-related atrophy.
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Figure 5.6 Microstructural and metabolic predictors of tasks where older adults demonstrated a shift to slower
response time to maintain accuracy. Neural predictors of embedded figures SAT which showed a significant Z-
difference between younger and older adults: FA in left optic radiation in younger adults. Partial correlations
between embedded figures SAT and significant predictors are shown *p=.05, **p=<.001

5.3.3.3 Mental rotation SAT
Rotation SAT was shown to be significantly predicted by L1 in the left optic radiation (R2=.241, adj
R2=.205, beta=-.491, p=.007) (Z=1.86, p=.03), in younger adults. FR in the left SLF2 (R2=.491, sdj
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R2=.465, beta=-.244, p=.004) (Z=1.99, p=.022) also predicted performance in younger adults (Figure 5.12).
In older adults, mental rotation SAT was predicted by NAA in ACC (R2=.364, adj R2=.330, beta=.603,
p=.004) (Z=1.67, p=.046) and showed a significant positive correlation (+r=.598, p=.002). Choline in the
ACC (R2=.806, adj R2=.785, beta=-.859, p<.001), L1 in SLF1 (R2=.206, adj R>=.164, beta=-.478, p=.003),
FA in right optic radiation (R2=.391, adj R2=.323, beta=-.883, p<.001) and FR in SLF 3 (R2=.668, adj
R2=.609, beta=.695, p=.002) were also predictors of mental rotation SAT in older adults, but these

predictors did not show any significant partial correlations (Figure 5.7).
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Figure 5.7 Microstructural and metabolic predictors of tasks where older adults demonstrated a shift to slower
response time to maintain accuracy. Neural predictors of mental rotation SAT which showed a significant Z-difference
between younger and older adults: L1 in optic radiation and FR in SLF 2 in younger adults, NAA in ACC in older
adults. Partial correlations between mental rotation SAT performance and significant predictors are shown *p=.05,
**p=<.001
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5.3.3.4 Change blindness SAT

Change blindness SAT was shown to be predicted by FA in the left optic radiation in younger adults
(R2=.299, adj R2=.265, beta=-.547, p=.007) (Z=1.82, p=.034). In older adults, change blindness SAT was
significantly predicted by GABA/H,0 in ACC (R?=.284, adj R?=-.246, beta=-.533, p=.002) (Z=2.91,
p=.002), which also showed significant negative partial correlation (r=-.461, p=.020) (Figure 5.8).
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Figure 5.8 Microstructural and metabolic predictors of tasks where older adults demonstrated a shift to slower
response time to maintain accuracy. Neural predictors of change blindness SAT which showed a significant Z-
difference between younger and older adults: FA in optic radiation in younger adults, GABA/H20 in ACC in oldet
adults. Partial correlations between change blindness SAT performance and significant predictors are shown *p=.05,
**p=<.001

Neural predictors for all groups and all tasks are summarised in the table below (Table 5.3), and direction
of relationship is indicated. All predictors for each group and each cognitive task category are further

visualised in a summary in Figure 5.9.
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Table 5.3 Summary table illustrating the significant neural predictors of cognitive performance in tasks where age-
related performance was impaired or showed a shift in strategy. YCO = younger adults, OCO = older adults,
SAT=speed-accuracy trade-off, ANT=attention network task, FA=fractional anisotropy, RD = radial diffusivity, FR
= restricted fraction, L1 =axial diffusivity, ILF=inferior longitudinal fasciculus, SLF = superior longitudinal fasciculus,
NAA = N-acetyl aspartate, OCC = occipital cortex, ACC = anterior cingulate cortex, PPC = posterior parietal cortex.

Performance Task Neural predictors YCO Neural predictors OCO
Visual contrast - FA in right optic radiation (-)
Impaired Visual orientation GABA/H0 in PPC (+) Glx in ACC (+)
FRin SLF 1 () FAin SLF 2 (-)
Motion threshold GABA/H0 in OCC (+)
Embedded figures SAT FA in optic radiation (-) -
Shift Mental rotation SAT L1 in optic radiation (-) NAA in ACC (+)

Change blindness SAT

Contour integration SAT

FR in SLF 2 (+)
FA in optic radiation (+)

MD fornix (-)
FR optic radiation (+)
FAinSLF1 (-

GABA/H,0 in ACC ()

GABA/H0 in PPC (-)

163



Unimpaired

©
(O]
=
@®
o
kS

Figure 5.9 Figure illustrating neural predictors for each category of task (unimpaired, impaired and shift) and each group (younger adults in white, and older adults in red). For
‘impaired’ tasks, predictors in younger adults ate GABA/H>0 in PPC, and FR in SLF 1 and for older adults’ predictors are FA in right optic radiation, Glx in ACC, FA in SLF 2 and
GABA/H20 in OCC. For ‘shift’ categoty, predictors in younger adults are FA, FR and L1 in optic radiation, MD in fornix, and FA and FR in SLF 1, and for older adults’ predictors
are NAA and GABA/H0 in ACC and GABA/H:0 in PPC.




5.4 Discussion

5.4.1 Overview

In this chapter I aimed to firstly establish which metabolic and microstructural variables in relevant brain
networks best predicted perceptual and attentional functioning throughout the visual hierarchy in younger
and older adults, and which of these predictors were unique to either respective group. Secondly, I aimed
to determine which of these predictors may be related to more general age-related changes, such as overall
reduction in grey matter, or whether these were independent changes. These predictors were assessed in
relation to cognitive outcome measures where older adults showed impaired performance, unimpaired
performance or evidence of a ‘shift’ in neural strategy as indicated in SAT's for older adults. Results showed
different patterns of predictors between these different categories of cognitive outcome measures, with
older adults showing some maintenance of neural mechanisms underlying performance and some
indication of alternative neural strategies to compensate for cognitive outcome. Notably, for those cognitive
tasks where older adults demonstrated a shift to a slower response strategy, predictors were largely
metabolic whereas for the same tasks in younger adults, microstructural variables predicted faster response
times. Results are discussed below and compared between unimpaired, impaired and shift categories of

cognitive outcome.

5.4.2 Neural predictors of unimpaired task performance

As established in Chapter 3, cognitive outcomes which were unimpaired between younger and older adults
were: visual acuity, contour threshold, ANT alerting, ANT orienting and ANT executive network effects.
I hypothesised that predictors would be the same for both groups, and potentially show additional
supportive compensatory predictors in older adults. However, after adjusting for multiple comparisons, no
predictors of unimpaired cognitive performance were found to meet the accepted threshold for significance
in either younger or older groups. I posit that this is likely due to methodological limitations, both in the
size of the sample and wider age ranges of the older group. As such, it is possible that the select and/or
hypothesised brain regions may be related to unimpaired perceptual performance however due to the
limited sample, and the variance of performance within the older group, this data is limited and noisy, thus

clear patterns are unable to emerge.

5.4.3 Neural predictors of impaired task performance

In contrast, the predictors found for impaired tasks are significant at a very high threshold, and thus suggest
that these relationships are stable, despite the above limitations. Cognitive outcomes for which older adults
showed more impaired performance in comparison to younger adults were: visual contrast, visual
orientation and motion threshold. Visual contrast performance was predicted by FA in optic radiation in
old patticipants, but no predictors were present in the younger adults. This is consistent with my hypothesis
that lower-level visual function would be predicted by age-related decline in lower-level visual regions and

suggests a clear mechanism for the consistent finding that older adults show impaired contrast ability in
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comparison to younger adults. However, this finding does also support the notion that the visual system
may not be truly hierarchical. Whilst visual contrast is considered to be a lower-level visual function and
the optic radiations transmit information from the retina to the early visual cortex, it would be anticipated
that visual contrast impairments would be related to primary visual cortex changes. Moreover, if age-related
declines in optic radiation are apparent, it would also be expected that visual acuity would be impaired, due
to a disruption in information transmission from retina to cortex — which is not demonstrated in the present
results. Considering this, it may be that age-related disruptions feedforward and/or feedback connections
along the optic radiation (Alvarez et al.,2015) underlie the relationship seen here between visual contrast
and optic radiation microstructure. This suggests that the visual system does not necessarily process

information in a linear, hierarchical manner and that this may be altered in age.

I also hypothesised that age-related depletions in GABA/H20 and NAA in visual regions may be related to
changes in orientation ability. However, it was Glx in the ACC and FA in SLF that were significant
predictors of older adults’ performance in the current results. FR in SLF1 and Glx in ACC were also
predictors of orientation performance in younger adults, however GABA/ 20 in PPC was also a significant
predictor of performance in younger adults. GABA has been reliably shown to be involved in visual
otientation perception, as it plays a key role in inhibitory processes required to effectively discriminate
different orientation (Song et al., 2017). Moreover, GABA specifically in the PPC suggests that inhibitory
processes in parietal regions responsible for attentional functions supplement frontal and fronto-parietal
predictors in younger adults during visual otientation performance. Although GABA/H,0 in the PPC alone
was not seen to be significantly reduced in older adults, it is possible that these results reflect an age-related
impairment within the inhibitory mechanisms of GABA in the parietal region age-related impairment within
the mechanism between inhibitory GABA in the parietal region, excitatory Glx in the frontal ACC region
and SLF connecting fronto-parietal region. It is possible that as the orientation task required a level of
perceptual decision-making and as the ACC is involved in decision confidence (Stolyarova et al., 2019), and
older adults’ decisions are more cautious (Bossaerts & Murawski, 2016), age-related changes in metabolites
in the ACC (as shown in Chapter 4) may undetlie impaired performance in this task. In addition, reductions
in microstructural integrity in the SLF connecting frontal and parietal regions involved in decision making
which were shown to predict orientation performance in this chapter may also be involved in age-related
impairments in this mechanism. As such, the neural correlates of perceptual decision making in older adults

warrants further investigation and will be explored in the following chapter.

Finally, motion performance showed no significant predictors in younger adults, but increased GABA /H>0
in OCC was a predictor of performance in older adults. Previous findings have also demonstrated that
increased GABA/H:0 in the OCC is related to dectreased spatial suppression in a motion perception task
in older adults (Pitchaimuthu et al. 2017). Primate evidence has shown that increased GABA in the visual

cortex is correlated with decreased noise activity, leading to reduced spatial suppression of motion (Thiele
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etal., 2012). As my results have evidenced both lower-level perceptual impairments and reductions in white
matter microstructural integrity in visual tracts, it is possible that older adults experience reduced efficiency
of perceptual processing, and thus have increased GABA in the OCC in a bid to reduce perceptual noise.

This in turn would result in reductions in spatial suppression during motion perception in older adults.

5.4.4 Neural predictors of strategy shift in performance

I hypothesised that lower-level visual regions underlying bottom-up processing would be significant
predictors of SAT performance in younger adults, but that the ‘shift’ in strategy may be reflected in
predictors being related to top-down processing in older adults. Consistent with my hypothesis, for all tasks
where older adults show longer SATs - due to increased RT but maintained accuracy - predictors in older
adults are GABA/H;0 and NAA in the postetior patietal and anterior cingulate cortices. In contrast,
predictors in younger adults were largely microstructural measurements and metabolites in the occipital
cortex, indicating a potential shift between alterations in sensory visual regions, and fronto-parietal regions

involved in top-down processing.

NAA in the ACC was shown to be a predictor of Mental rotation SAT for older adults, which has been
previously shown in Chapter 4 to show age-related reductions. This relationship indicates that for longer
SATs, NAA in ACC is higher, suggesting that poorer age-related SAT is a product of too much NAA in
ACC. As such, it is possible that an imbalance in ACC NAA — either too much or too little - may underlie
SAT slowing in older adults. In contrast, L1 in optic radiation was shown to be a significant predictor of
mental rotation SAT in younger adults, but not older adults. I posit then, that it is possible that this pattern
of neural predictors represents an over-compensation of top-down processing to account for age-related
short comings in engaging bottom-up mechanisms. These results suggest a compensatory role for the dorsal
stream of processing, conflict monitoring and inhibition via the ACC in older adults, whilst younger adults
may recruit more basic visual functions and object processing to complete the task. Previous results confirm
a slowing of RT in older adults during mental rotation tasks which, coupled with these results, perhaps
suggests a more careful and object-oriented approach to task completion, utilising elements of the stimuli.
These results may indicate that whilst younger adults are able to respond to this visual information in a

more immediate manner, older adults require greater time to recruit the ACC as support in this process.

(Duma et al., 2019).

Embedded figures SAT was predicted by FA in the optic radiations which do show age-related reductions
in Chapter 4. No significant predictors were present in older adults, therefore it is possible that this
combination of microstructural and metabolic predictors in bottom-up processing is key in shorter SATs,
but no clear shift in neural strategy is appatent with the switch to longer SATSs in older adults. Previous
research has indicated that individual cognitive style in adopting greater field dependence or independence

influences the approach to embedded figures task (Hao et al.,, 2013). More successful task completion
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requires field independence, such that individuals can suppress environmental information that is not
relevant. The fronto-patietal network was found to mediate feature identification in those with a more field
independent cognitive style (Hao et al, 2013). However, age-related changes in field dependence-
independence have been reported, in which a general shift in cognitive style toward field dependence is
observed with older age (Chan & Yan, 2018). Older adults show a tendency to relay on environmental
information which is posited to be a result of compensatory mechanisms in reducing top-down control and
relying on bottom-up processing. This may be reflected in the current results, leading to older adults

recruiting ventral processing streams to compensate in successfully completing the task.

For change blindness SAT, FA in optic radiation predicts younger adults’ performance, which is reduced
in older adults, but is compensated by GABA/H,0 in the ACC. Again, this supports the theory that age-
related lengthening in SATs is due to a switch between bottom-up processing in younger adults and more
reliance on processing in top-down mechanisms in older adults. For this task involving object and scene
perception, it would initially be anticipated that adults would recruit ventral processing stream regions.
However, the nature of the task required participants to ‘spot the difference’ which is known to require a
significant level of executive functioning and inhibitory processing. This may explain the presence of
fronto-parietal connectivity governing spatial attention and perception of visual space (SLF 2) as a predictor
in younger adults. In addition, this may also explain the presence of metabolites in the ACC in older adults
in predicting change blindness performance. It may seem counterintuitive that lower NAA concentrations
in the ACC are responsible for inhibition and conflict monitoring aspects of executive functioning in older
adults. However, NAA in the ACC is shown to be related to cognitive interference, with lower NAA being
present in those participants able to process information in higher interference conditions, thus indicating
more effective cognitive control (Grachev et al., 2001). This poses an interesting contrast, with metabolic
ACC processes being greater predictor of task success in older adults than microstructural integrity of SLF
in younger adults. This result clearly highlights the importance of investigating the role of biometabolites

in cognitive ageing, which may present as novel markers of higher-level perception.

Faster contour integration SAT was predicted by greater diffusivity in the fornix younger adults in addition
to greater microstructural integrity in FR in optic radiation and FA in SLF 1. Conversely, older adults’ better
SAT performance was predicted by higher GABA/H:0 in the PPC, suggesting a switch to parietal, top-
down processing mechanisms to better complete the task. GABAergic inhibition in the visual cortex has
also been related to centre surround suppression (Yoon et al., 2010), which is reduced in older adults. The
present results may then represent a switch to more attentional suppression, and less of a response to
orientation of Gabor patches, but a change in strategy from orientation specific suppression usually
conducted in the visual cortex in response to Gabor patch contours (Song et al., 2017), however this is also

speculatory at present.
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In addition, although higher-level tasks showed evidence of a shift in strategy in older adults, it should be
noted that there are functions eatlier in visual processing which have shown some impairment in older age
(i.e. visual contrast). These processes cannot be compensated for and may be impacting the results of higher
order processing. As such, a ‘shift’ in response strategy is still present in older adults but it may be as a

result of earlier visual processing impairment.

5.4.5 Comparison of findings

Where age-related impairment in cognitive performance was apparent, predictors which showed age-related
impairments in microstructural integrity were apparent, indicating that impaired white matter
microstructure may underlie impaired lower-level perceptual performance in age. I also observed that in
impaired tasks, older adults’ performance was predicted by metabolites and white matter microstructure in
connections the same fronto-parietal network as younger adults suggesting that older adults are able to
engage this neural processes in response to the same task, but that it shows some physical age-related
decline leading to impaired performance. More specifically, downregulation in metabolites coupled with
poorer white matter microstructure contributed to impaired cognitive performance, which is consistent
with the results of mediation analyses in the previous chapter. However, as the design of these particular
tasks did not allow for adults to have a longer response time and thus adopt more cautious strategy, it is
possible that older adults attempt to compensate for poor sensory input by recruiting top-down processing,

but that insufficient time is allowed for this processing thus the strategy fails in these instances.

In ‘shift’ tasks where older adults-maintained accuracy but could make a slower response, I also saw
effective recruitment of fronto-parietal predictors, which was in contrast to the occipital bottom-up
predictors underlying faster SAT in younger adults. Interestingly, these predictors were specific to metabolic
changes in the PPC and ACC in older adults and microstructural and/or metabolic measurements in the
OCC in younger adults. In Chapter 4, I investigated the relationship between metabolic declines in the ACC
and PPC and reductions in FR in the SLF. As discussed, I observed a significant decline in NAA in the
ACC and PPC in older adults thought to reflect hampered mitochondrial function. This age-related
reduction in NAA in the ACC and PPC was correlated with a reduction in FR in the SLF. The relationship
between age-related mitochondrial decline and subsequent Wallerian generation was also discussed (Loreto
et al., 2020). My results in this Chapter may show this mechanism to be related to age-related changes in
SAT - or lengthened RTs - in an attempt to respond cautiously and spatre accuracy levels. As shown in
Chapter 4, it is possible that NAA changes in the ACC and PPC may mediate subsequent age-related
microstructural decline in the SLF. Reductions in fronto-parietal white matter has previously been shown
to be related to age-related slowing (Gold et al., 2010), suggesting that slower, more cautious response time
in older adults may be the result of this metabolite and microstructural relationship. This is notable as

lengthened SAT in ageing has been shown to be a ‘voluntary’ choice or strategy (Forstmann et al., 2011),
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suggesting that older adults may voluntarily recruit greater top-down attentional control, but that this may

be impaired by reductions in NAA and subsequent SLF decline in white matter integrity.

GABA/H:0 was seen to be a predictor of two measures of SAT in older adults. This is surprising, as GABA
has been related to the variability of cognitive performance in adults (Simmonite et al., 2019) and also visual
functioning (Edden et al., 2009). However, I do report relationships between other metabolites and
cognitive functioning in older adults which were independent of more general GM thickness reductions
and volume loss. This provides supportt for the study of the role of brain metabolites in cognition in older

age which requires further investigation.

5.4.6 Limitations

There are several limitations to the current study which may have influenced the outcome of results. It
should be noted that some of the predictors correlated with more general measures of ageing such as WMH
and total grey matter volume. The basis for these findings may be two-fold. Firstly, it may be that the initial
predictors may contribute significantly to observed cognitive differences between younger and older adults.
If this is true, the contribution of these predictors to ageing cognition in previous research may then have
been ovetlooked or outweighed by more general age-related changes. As such, it may be that these
predictors are valuable in the explaining age-related differences in perception and attention but require
more sensitive evaluation. In contrast, it may be that these predictors initially appear to undetlie cognitive
and perceptual differences in older adults but are the product of more general differences in ageing, such
as reduced grey matter. Metabolites in these analyses are quantified by correcting for grey, white and CSF
volume in voxels, correcting for this latter interpretation. However, it would be expected that
microstructural measurements would be influenced by total WMH and any loss of grey matter. As such,

this is a potential caveat to the current results.

Moreover, it should also be noted that the current chapter attempted to assess relationships between
metabolites and microstructure, and different aspects of age-related cognitive functioning and/or changes
which are highly complex in nature. As the participants included in the current analysis were originally
recruited as control participants for the study of DLB, it is possible that the analysis has limited power. The
repercussions of this are that the current results may be partly the product of sputious correlations due to
noisy data. If the study were to be replicated, these limitations should be considered, and a larger sample

size recruited.

In addition, the role of brain and cognitive reserve in these results should be noted. Cognitive reserve (as
discussed in chapter 1) refers to the individual differences in how people perform a task, and how some
may be more flexible or efficient with brain resources than others (Stern et al.,2012). In the context of

ageing, those individuals with higher cognitive reserve are more able to engage compensatory mechanisms
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than those with lower cognitive reserve and can maximise performance through recruiting alternative neural
networks or strategies. This may be apparent as I report that most older adults engage a shift in their
response strategy, potentially demonstrating relatively high cognitive reserve. As such, it should be noted
that this shift may not be apparent in all older adults and results may not be generalisable to the older adult

population.

Finally, speed-accuracy trade-off is shown in this chapter to evidence a shift in strategy for older adults
however there are numerous other factors that my influence RT in the context of ageing in addition to the
SAT such as motor speed (Woods et al.,2015). It is possible then that the ‘shift” observed in older adults is
a product of other factors and not primarily a change in SAT behaviour. In addition, motor speed and the
contribution of visual noise in ageing may influence the SAT, in which case a ‘shift’ in strategy may be the
product of faulty perceptual input or limited motor speed as opposed to an alternative neural or cognitive

strategy being adopted.

5.4.7 Future directions

To supportt the potential conclusion that older adults experience a shift in cognitive strategy in response to
visual stimuli, future investigations would benefit from rigorous assessment of executive and inhibitory
cognitive processes. More specifically, tasks associated with ACC functioning such as inhibition, effective
suppression of non-relevant stimuli and task switching would help to establish whether the observed results

are a product of age-related decline in these functions.

Future directions in which greater a sample size was to be recruited, or larger trial numbers collected, may
benefit from employing data dimension reduction methods, such as principal components analysis (PCA),
to clarify the clustering of both cognitive and brain variables and establish a clearer pattern of results. A
PCA was initially conducted for the current analysis, however this did not add further clarity for the

analyses, and therefore was not included in the main analysis.

In addition, as discussed, greater sample size may clarify some relationships and trends which appear at
present. This would be particularly useful, given the dispute in the literature regarding strategies which best
support successful cognitive ageing. It would be pertinent to explore the contrasting relationships between
younger and older adults’ successful RT performance. Indeed, I also sought to investigate this relationship
in the current project, by assessing which neural changes underlie different aspects of RT in older adults.
This was done as several tasks in the present study including RT scores were seen to be predicted by changes
in neurochemistry. Relatively little is known about the cognitive correlates of age-related changes in
neurochemistry in comparison to the far wider literature concerning changes in white matter connectivity

and cortical thickness or volume changes with age. As such, it is recommended that future research
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considers the role of neurochemical fluctuation in cognitive changes with age in addition to other neural

measurements.

5.4.8 Chapter summary

This chapter analysed results from Chapters 3 and 4 in order to determine which neural correlates best
predicted perceptual and attentional performance differences in ageing. My results indicated that where
cognitive performance was poorer in older adults, ACC metabolites and reductions in microstructural
integrity in optic radiation and SLF predicted lowet-level vision, and GABA/H0 in OCC predicted mid-
level vision. Furthermore, my findings indicate that for SATs which show a ‘shift’ in cognitive strategy with
age, lower-level sensory tracts and occipital regions undetrlie faster SAT in younger adults, but anterior and
parietal regions undetlie slower SAT in older adults. This further provides support for both the frontal
ageing hypothesis in that older adults show slower response times related to frontal regions (Dempster,
1992), but also demonstrates the reliance of older adults on top-down processing and a more cautious
strategy as a possible consequence of impaired optic radiation microstructure and reduced occipital
metabolites. Where performance was unimpaired between younger and older adults, no significant
predictors were present suggesting that limitations of the sample may have prevented a clear pattern of

results in this instance.
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Chapter 6 : Relationships between elements of processing speed and
brain differences in ageing: a drift diffusion and MRI analysis

6.1 Introduction

In Chapter 3, I found that older adults had slower response times than younger adults in most visual
perception and attention tasks. These observations were consistent with numerous reports of age-related
slowing in the literature (Haynes, Bunce, et al., 2017; Kerchner et al., 2012). I also observed age-related
shifts in the SATs as older adults tended to make slower decisions to mitigate the likelihood of errors
(Starns & Ratcliff, 2010). In other words, older adults adopt a more cautious approach and tend to
accumulate more information before making a decision (Rabbitt, 1979). This contrasts with younger adults
who attempt to balance speed and accuracy (Starns & Ratcliffe, 2010). In Chapter 5, my results also showed
that age-related lengthening of SATs may be related to a switch between bottom-up and top-down
processing streams and a switch between predominantly microstructural predictors of performance in
lower-level visual regions in younger adults, to metabolite predictors of performance in the fronto-parietal
network of the brain in older adults. As lengthened SAT is a reliable finding in the study of cognition in
older adults, understanding the nature of age-related brain changes and how they may differ depending on
processing strategy is important in clarifying key brain changes in healthy ageing. However, studying SAT
alone presents issues in the comparison of performance between individuals or groups, as this measure
does not distinguish between different decision-making contributions to overall RTs. Thus, while
participants may exhibit comparable SAT levels, it is possible that they may differ in their undetlying trade-
offs in decision making processes. Based on the analyses of raw response speed and accuracies alone it is
not possible to infer about the decision-making components that may lead to the observed shifts in older
adults’ speed-accuracy trade-offs. Similarly, it remains a matter of debate whether age-related RT changes
arise due to a general slowing of cognitive processes (Salthouse, 1979), or due to impairments in specific
elements of the response process (Verhaeghen, 2011). Again, the latter cannot be measured by observing
raw RTs alone (Verhaeghen, 2011) but requires the modelling of response latencies. Drift diffusion models
(DDM,; see below) have been influential in characterising different elements of response processing that

contribute to overall RT, and how they may be differentially affected by age (Noorani & Carpenter, 2011).

In Chapter 5, I demonstrated that the observed perceptual and attentional differences in normal ageing
were related to age-related microstructural and metabolic differences in the brain networks that are known
to mediate these functions. These analyses suggest that older adults adopt different strategies and recruit
different brain regions to mediate SAT performance. Some studies have now also started to investigate the
neural correlates of the elements of response processing using DDMs but these have been primarily limited
to structural and DTI-based microstructural domains (Monge et al., 2017). To the best of my knowledge,
no study has yet focused on linking RT modelling in older adults to their metabolic and advanced

microstructural correlates with the MR methods employed here. As previously discussed, recent work has
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demonstrated the sensitivity of employing advanced diffusion imaging over standard DTI in the estimation
of age-related microstructural changes (Billiet et al., 2015, Toschi et al., 2020). My own research observed
significant relationships between FR in SLF and NAA in ACC and PPC in older adults. Based on these
findings, in this chapter I will apply a DDM to data from a simple choice RT task in younger and older
adults, compare group outcomes and explore relationships between group differences in RT model and

microstructural and metabolic differences.

It has been proposed that despite older adults showing longer RT's and thus ‘cognitive slowing’, there may
be further elements involved in a decision-making process associated with RT that could be subject to
change with age. According to this view, ageing does not lead to a global deficit, or general slowing but to
a switch in domain specific strategies (Hedge et al., 2018). This view assumes that a number of cognitive
processes are encompassed within an RT and that any of these may be subject to age-related changes. This
is important in the context of studying visual perception and attention, as RTs are thought to involve
perceptual, inhibitory and information processing elements which are indistinct when measuring RT alone.
Applying more complex cognitive models to RT, such as the DDM, can help tease apart these processing
elements allowing for a more detailed analyses of the relationship between age, cognitive processing, and
brain measurements. Such cognitive modelling has been applied to data from choice RT tasks in an effort
to examine differences in specific processes between older and younger adults that may underpin the overall

slowing effect that occurs with age (Dutilh et al., 2013; Spaniol et al., 20006; Starns & Ratcliff, 2012).

Traditionally, decision researchers have employed recursive models which focus on performance, as
opposed to feedforward models which incorporate an aspect of learning from experience (Busemeyer &
Johnson, 2004). More specifically, the dominant category for computational models of decision-making is
‘sequential sampling’, in which an ‘evidence accumulation’ approach is adopted in order to explain the speed
accuracy trade-off. This states that the changes in the amount of evidence necessary to form a response
selection underlie overall decision processes (Cassey et al., 2014). Accumulator theories state that a decision
is reached by gradually accumulating evidence which favours one of two choices in the decision; when a
high threshold for evidence is set, the decision process is slower but more cautious, and when a low
threshold for evidence is set, decisions are made quickly, and are often less accurate (Cassey et al., 2014). A
number of sequential sampling models exist, which differ based on whether evidence is assumed to be
sampled at equally spaced time intervals or random intervals; whether evidence is sampled in varying or

fixed amounts, and the rule at which sampling ceases and a decision is eventually reached (Ratcliff & Smith,

2004).
The DDM (Ratcliff, 1978; Ratcliff & Rouder, 1998) is a sequential-sampling model which assumes that

information that drives a decision is accumulated over time, until it reaches one of two response boundaries

and then forms the final response (for example, ‘left’ or ‘right’ would be response boundaries in one model;
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Figure 6.1). According to the DDM, overall processing is segmented into several components which
contribute to ultimate performance: first, components of processing which do not include active decision,
such as perceptual encoding and response execution, represented by ‘non-decision time (t)’, second, a
criteria threshold that information accumulates to, represented by ‘boundary separation (a)’, and third the
rate at which information accumulates towards a decision, represented by ‘drift rate (v)’. The DDM assumes
that the accumulation of information (drift rate) during a decision process is not constant but varies over
time, represented by (s). This variability also contributes to error responses, where the accumulation of
information can reach the incorrect boundary. In the context of a flanker task, for example, in which stimuli
are either congruent, thus ‘easy’, or incongruent thus ‘harder’, drift rates will be more prone to variation in
harder conditions, and therefore response times are slower and have a higher probability of reaching an
incorrect response boundary. In the context of a flanker task, for example, in which stimuli are either
congruent, thus ‘easy’, or incongruent thus ‘harder’, drift rates will tend to be more prone to variation in
harder conditions, and therefore response times are slower and have a higher probability of reaching an
incorrect response boundary (Figure 6.1). DDMs are built on the assumption that total RT is the sum of

non-decision and decision components (Luce, 19806) in accordance with the following equation (6.1)

RT = DT + Ter 6.1)

Response density
(upper boundary)

Upper response boundary

3
threshold (aTIl

time

Figure 6.1 The drift diffusion model (DDM) of response time. Red and blue lines denote different responses in a 2-
choice task (for example, left or right). Reaction times (RT) are fit to the DDM to return an estimate of non-decision
time (t) reflecting perceptual and motor processing time, boundary separation value or threshold (a), representing the
level at which information must reach to trigger a response and drift rate (v), representing the efficiency of the drift
process. Adapted from Zhang & Rowe (2014)

The data required to fit the DDM are error rate and RT distributions for correct and incorrect responses.
The model is fit according to one of several models (Ratcliff & Tuerlinckx, 2002), which vary depending

on the implementation of the DDM.
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The DDM is often selected in the study of older adults due to its’ methodological strengths in comparison
to other models such as the linear ballistic accumulator (LBA) model of decision making (Ratcliff et al.,
2004). LBA is a simple model, based on the concept that independent accumulators of the decision compete
towards a common response threshold (Brown & Heathcote, 2008). The LBA uses linear deterministic
accumulation and also belongs to the family of sequential sampling models. However, in comparison to the
diffusion model the LBA simplifies the decision-making process by omitting within trial variation, and
response competition in the decision process, assuming that evidence is accumulated in a linear manner
towards either response option. In addition, the LBA assumes that evidence is accumulated at discrete,
equally spaced time steps (Ratcliff & Smith, 2004) with an absolute stopping rule. As such, I chose to
employ the DDM in the current chapter based on its” methodological appropriateness and wealth of

literature supporting it as a method of investigating RT in older adults.

One implementation of the DDM is the EZ model (Wagenmakers et al., 2007); a simplified version of the
original diffusion model which is designed to estimate three primary outcome variables (drift rate [v],
boundary separation [a], and non-decision time [t]) from mean RT, accuracy (proportion correct), and

variance of response times for correct decisions (Figure 6.2).

a I'“/ / “word” boundary
N /j = drift rate

T, T e
Variable sample paths illustrate within-trials
variability in drift rate (i.e., s)
0 “nonword” boundary
\_/ﬁme,,
Nondecision Time Decision Time

Response Time = Nondecision Time + Decision Time

Figure 6.2 The EZ-diffusion drift model, using the application of a lexical-based RT task. As above, the decision is
modelled by fitting reaction times to return estimates of non-decision time (perceptual and motor element of decision),
boundary threshold (level or boundary to which information must accrue in order to ‘push’ the choice), and drift rate
(efficiency and quality of the drift or decision process). Where a= boundary separation value, T.: =non-decision time,
and v = drift rate.

The EZ model is a simple model of the DDM, the mathematical basis of which is described in detail in
Wagenmakers et al (2007). As shown in Figure 6.2, on the basis that within the EZ model, z (across trial

variation in starting point) = a/2, the EZ model estimates boundary separation value using equation 6.2
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Where Pc = proportion correct, and where:
logit(P, ) =log L. (6.3)
c 1 — PC
Drift rate (v) is then calculated as follows (equation 6.4)
l'Ple'PPl'PP12
(s ! oglt( c) C oglt( C)— coglt( c)+ <7y (6.4)
V= ——|s
= VRT

Where: VRT = variance of the diffusion process as described in (Wagemakers, Grasman & Molenaar, 2005),

and as calculated by equation 6.5

T:{E}Zyexp(y)—exp(2y)+l (6.5)
2’ l:exp(y)+1]2

Where y = -va/s2 After calculating both v and a, mean decision time (MDT), which refers to the mean

time until reaching a response threshold, is determined using equation 6.6

MDT = (1)1‘6@()’) (6.6)
2v )1+ exp(y) ’

Finally, as it is known that mean RT is equal to the mean decision time + non-decision time, non-decision

time can be derived.

One practical advantage of the EZ model is that it has been shown to outperform comparative models in
the fitting of data from reduced trial numbers (<100; van Ravenzwaaij & Oberauer, 2009). In addition, the
EZ model has also been shown to be sensitive to responses which may arise from sources outside the
diffusion process assumptions (Ratcliff & McKoon, 2008). These advantages do come at the compromise

that EZ does not provide estimation of intertrial variability. However, this is outweighed by the model’s
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appropriateness in smaller sample sizes with lower trial numbers which is beneficial in my study of age- and

DILB-related differences.

DDM evidence in healthy ageing so far suggests that older adults show increased boundary separation
values, and prolonged non-decision time, despite no difference in accuracy between groups (Ratcliff et al.,
20006; Ratcliff, Thapar, Gomez & McKoon, 2004; Spaniol, Madden & Voss, 2006). Non-decision time has
been shown to be slower in older than younger participants across a range of different tasks, including
letter discrimination (Thapar et al., 2003), signal detection (Ratcliff et al., 2001), brightness discrimination
and recognition memory (Ratcliff et al., 2006b). While some studies did not find any age-related differences
in boundary separation (Ben-David et al., 2014), others observed an increase in boundary separation value
that may reflect a more cautious decision process at older age (Ratcliff, Thapar & McKoon, 2003; Ratcliff,
Thapar, Gomez & McKoon, 2004; Ratcliff, Thapar & McKoon, 2006). This would mean that older adults
require more evidence to reach a decision threshold than younger adults, and that older participants try to
minimize errors despite this leading to slower RTs (Starns & Ratcliff, 2010). However, it is important to
note that the boundary separation value can be influenced by instructions to respond either more accurately
or with greater speed. Ratcliff, Thapar & McKoon (2004) reported approximately equal boundary
separation values between older and younger adults when provided with instructions to prioritise accuracy,
suggesting that this measure can be influenced by task instructions and that younger adults adopted a more

cautious response strategy which was similar to older adults.

Findings regarding the drift rate are less consistent. Drift rate does not appear to change much with age
and if so, modest age-related drift rate lengthening were observed only in tasks requiring memory recall
(Ratcliff et al., 2011). For instance, in tasks involving episodic and semantic memory retrieval non-decision
time was found to significantly increase in older adults, while only small age-related increases in drift rate
was reported (Spaniol, Madden & Voss, 2006). This is also true for performance on perceptual tasks, which
show that older adults have longer non-decision elements of processing, and a more conservative decision
boundary separation value (Ratcliff, Thapar & McKoon, 2003; Thapar, Ratcliff & McKoon, 2003) but no
age-related difference in drift rate. Together these findings seem to suggest that drift rate remains relatively
preserved in older adults, and that age-related changes in this measure are more reflective of a shift in
response time strategy, in which perceptual encoding and motor response is increased (Ratcliff, Thapar,

Gomez & McKoon, 2004).

There are only a few studies that have investigated the microstructural correlates of these age-related
changes in DDM parameters. Findings suggest a positive relationship between radial diffusivity in white
matter in the corpus callosum and non-decision time (Yang et al., 2015). Evidence has also suggested that
a more cautious threshold setting with ageing is related to reduced white matter integrity, as indicated by

estimated tract integrity (FA) between the frontal cortex and the corticospinal tract (Forstmann et al., 2011).
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These findings are consistent with work demonstrating that functional connectivity of frontoparietal
activation, as assessed using fMRI and DTI combined is also related to age-related variability in drift rate
(Madden et al., 2010). Moreover, more recent work has also highlighted a relationship between non-decision
time and age which was mediated by BOLD signal changes in the fronto-parietal regions (Madden et al.,
2020). Despite this, to the best of my knowledge no studies so far have examined the microstructural
properties of white matter pathways in brain networks underpinning DDM parameter changes in ageing
using more advanced diffusion weighted imaging techniques such as CHARMED. As I have shown in
Chapter 4, CHARMED FR provides a more sensitive index of white matter microstructure than
conventional DTT indices and hence may be more suitable to study the white matter correlates of age-
related decision making and response speed differences. 1 hypothesised that age-related increases in
boundary separation value may be related to reductions in FR particularly in fronto-patietal connections,

as these tracts are key in higher visual processing.

Furthermore, although there is some evidence suggesting that metabolic changes, particularly in GABA,
are involved in response inhibition and distraction suppression (Kondo et al., 2018; Silveri et al., 2013;
Sumner etal., 2010), but to my knowledge the relationship between DDM parameters and brain metabolites
in ageing has not been investigated yet. As such, it was hypothesised that lower OCC GABA would be
related to lengthened non-decision time respectively, as non-decision time represents the perceptual
element of RT and reductions in OCC GABA has been found to be key in age-related impairments in

perception (Gao et al., 2013).

In summary, previous literature demonstrates that older adults consistently show changes in boundary
separation and non-decision parameters following diffusion modelling, indicating a more cautious approach
in the accumulation of sensory evidence in older age. Older adults tend to make slower decisions which
avoid errors, in comparison to younger adults who attempt to balance speed and accuracy (Starns & Ratcliff,
2010). Despite this, it remains unclear what age-related processes in the brain may undetrlie these changes
in perceptual decision making with age. Some studies have proposed that age-related deterioration in white
matter integrity as well as age-related functional changes in fronto-parietal networks may lead to age-related

changes in the decision-making processes that are captures by the drift diffusion parameters.

In previous empirical chapters, I have shown that older adults had longer response latencies than younger
adults when completing mid to higher level visual tasks. The objective of the current chapter was to further
investigate the nature of this age-related response slowing by applying drift diffusion modelling to assess
which decision-making components were subject to age-related differences. In other words, the aim of this
chapter was to find out whether any - and if so which - of the DDM elements were affected by ageing and
if this could account for the observed response slowing in older people. Importantly, I also aimed to
investigate the neurochemical and microstructural correlates of any such age-related differences in model

parameters. Based on previous evidence summarised above and my observations of age-related changes in
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the speed accuracy trade-off, I anticipated that non-decision time and boundary separation values would
be increased in older compared with younger adults and that they would contribute to the overall longer
RTs. In addition, based on previous findings of non-decision time being related to fronto-parietal activity
in older adults, I hypothesised that age-related reductions in SLF microstructure — notably FR — would
account for a slowing in non-decision time. In addition, as boundary separation values represent the
threshold of evidence accumulation during a trial it was also hypothesised that ACC metabolites, notably
GABA, may be related to boundary separation. This was anticipated as wider boundary separation values
have been related to increased inhibitory process (Rawiji et al., 2020), which are also associated with GABA

in the ACC. It was anticipated that drift rate would be relatively similar between groups.

To investigate these hypotheses, I applied the EZ drift diffusion model to RT data from a modified ANT
task and constructed regression models using microstructural and metabolic predictors to determine which
neural substrates may underlie DDM parameters. A modified version of the Attention Network Task
(ANT) was used to assess attention performance, as has previously been employed in a DDM investigation
(O’Callaghan et al., 2017). The ANT was modified for use in the current experiment for two main reasons.
Firstly, the modified ANT removed the cueing and spatial conditions typically included in the regular ANT.
This was done in order to minimise the potential effect of these conditions (and order of these conditions
presented) on DDM parameters. For example, two more ‘difficult’ cueing conditions presented by chance
may result in longer boundary separation value, where this may not be an accurate reflection of
performance. In addition, as the spatial and cueing conditions were not required in the calculation of DDM
parameters, these were omitted. Secondly, as the ANT used in Chapter 3 was designed for DLB patients’
participation and thus limited the number of trials, the current ANT was modified to present more trials in
order to maximise RT information from each participant and increase validity of DDM parameter
estimation. To establish neural predictors of DDM, metabolite and microstructural measurements were
entered as predictors with each DDM parameter entered as dependent variables to mitigate the risk of
overfitting. As no evidence with regards to the metabolic underpinnings of drift diffusion parameters exists,
I investigated whether metabolic measurements would predict DDM parameters in a linear regression
model. I also ran a separate regression model to test whether the microstructural measurements would also
predict DDM parameters. Finally, to investigate the group specific relationships between DDM parameters,

microstructure, metabolites and SAT performance, individual correlations were conducted.

6.2 Methods

60.2.1 Participants

Participants from younger (n=25) and older (n=25) control groups who had previously had an MRI scan
(Chapter 4) and had taken part in cognitive testing (Chapter 3) were invited back to complete one additional
attentional testing session. Participants from the initial study who declined or were unable to attend were a

total of 1 older and 3 younger participants. These dropouts were replaced by newly recruited participants,

180



who completed both visual and attentional testing, further attentional testing, and scanning according to
the same protocol. Demographic details of the sample are reported in Table 6.1. For those participants who
had previously completed the full cognitive test battery and MRI scanning, only additional informed written
consent was sought for completion of the modified ANT. For those participants who had not, full written
informed consent was obtained in accordance with the Declaration of Helsinki. For those participants who
had not previously been assessed, demographic details and assessments (FRACT, MOCA, ACE, TOPF-
UK) were obtained as previously described (Chapter 3). The ANT was then completed, and MRI scanning

took place following cognitive testing on the same day.

Table 6.1 Participant demographic information for younger and older adult groups for drift diffusion model (DDM)
analysis. F=female

Young (N=25) Old (N=25)
Mean Standard deviation Mean Standard deviation
Age 21.61 2.81 68.36 6.11
Education 21.18 2.45 20.64 4.31
Sex: F (14) F (15)

0.2.2 Materials and procedure

6.2.2.1 Modified Attention Network Task (ANT)

The modified ANT stimuli consisted of five horizontal arrows presented on the screen in which participants
were instructed to attend to the central arrow as the target. Central arrows were flanked by horizontal lines
(neutral condition), arrows facing in different directions to the target (incongruent condition), or arrows
facing in the same direction as the target (congruent condition). During this version of the ANT, stimuli
were presented in the same central position on the screen following the presentation of a fixation cross.
Participants viewed the screen from a seated position, 400mm from the computer screen (details of
equipment as in Chapter 3). Participants were instructed to maintain focus on the central fixation point of
the screen and respond as quickly and accurately as possible. In accordance with the original study (Fan et
al., 2002), these stimuli subtended 3.08° of visual angle. Fixations were presented for a random variable
length of time between 400-1600ms and target stimuli were presented for a maximum of 1700ms.
Participants completed 96 trials (32 trials per condition) in each block, for a duration of 5 blocks. Between
blocks, participants were instructed to rest for 30 seconds, before being given a 5 second count-down into

the following block. The entire task totalled 480 trials and took approximately 12-15 minutes to complete.
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6.2.2.2 Drift Diffusion Model (DDM)

DDM parameters were calculated using an in-house R based custom script provided by Craig Hedge with
consent. Following standard checks for outliers (as described in Chapter 2), raw RT and accuracy data for
each participant for congruent, neutral and incongruent trial conditions were input into the script in R
Studio (v 1.1.463). The script first calculated means and variances of correct RTs. Incorrect trials were not
included in the remainder of the analysis (average retained trials = 469). Following this, the script calculated
DDM parameters using the equation provided in Wagenmakers et al., (2007) described above, under the
assumption that trial-to-trial variability is zero and the starting point of each decision process is equidistant
from the response boundaries (Schmiedek et al., 2007). This resulted in average estimates for non-decision,
boundary separation and drift rate for each participant. Details of the mathematical basis for the EZ model

can be found in Wagenmakers, Van der Maas & Grasman, (2007).

0.2.3 Statistical analyses

Group differences in DDM parameters were assessed using MANOVA. RT, accuracy, RT variance and
SAT outcomes were also entered into this MANOVA. Although group differences in metabolites and
microstructure are reported in Chapter 4, the group assessed in this chapter consisted of some different
participants as described. Therefore, microstructure and metabolites were initially compared between
groups to ensure age-related differences were observed using non-parametric Mann-Whitney U tests. DDM
parameters were entered into separate linear regression models as dependent variables. Mann-Whitney U
tests were used in the assessment of brain measurements as in Chapter 4, due to the non-normal skewed

distribution of these parameters in both younger and older groups.

EZ parameters were entered into three separate linear regression models as dependent variables. In the first
model, DDM parameters were entered as dependent variables and age, sex, education and metabolites were
entered as predictors. The second model followed the same format, however microstructural parameters
were entered as predictors in place of metabolite measurements. Following this, non-parametric
correlations (Spearman’s Rho) were conducted between significant predictors and DDM indices, and DDM

parameters and SAT to confirm the directionality and significance of the relationships.

6.3 Results

6.3.1 Group differences in DDM parameters

A significant omnibus effect of group was present for DDM, RT, accuracy and vatiance, and SAT outcome
measures as listed below in Table 6.2 (F(16,24)=61.45, p=<.001; Wilk’s A = 0.215, partial n2=.785). Mean
non-decision time and mean boundary separation value were significantly longer in older adults in

comparison to younger adults. Significant group differences were present in non-decision time
p to younger adults. Significant group diff p t d t ®

(F(1,49)=4.857, p=.034) and boundary separation (a) (F(1,49)=5.341, p=.0206), with older participants
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having greater values for each parameter. No group difference in drift rate was present (F(1,49)=.001,

p=0.971) (Figure 6.3).
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Figure 6.3 Group comparisons between older and younger adults’ mean RT, RT variance, SAT performance and
DDM parameters. MANOVA results showed mean non-decision time (perceptual and motor processing) and mean
boundary separation values (information threshold for decision making) are significantly greater in older adults than
younger adults. OCO=older control participants (orange), YCO=younger control participants (grey). **p<.001,

*p<.05
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Table 6.2 Mean and standard deviation values for age, education, RT and diffusion parameters, and between-

subjects effects. RT = reaction time, MOCA = Montreal cognitive assessment **p<.001 *p<.05

Young (N=25) Old (N=25)
Mean Standard deviation Mean Standard MANOVA between-
deviation subjects effects

Age 21.61 2.81 68.36 6.11 F(1,49)=124.6, p<.001**
Education 21.18 2.45 20.64 4.31 F(1,49)=.015, p=.903
Visual Acuity 1.85 .239 1.82 .309 F(1,49)=.151, p=.699
MOCA 28.84 1.31 29 1.18 F(1,49)=.298, p=.588
Congruent RT A41 .0468 .537 107 F(1,49)=9.19, p=.004*
Incongrunent KT 455 .0463 .554 .106 F(1,49)=9.21, p=.004*
Neutral RT 436 .0461 .529 112 F(1,49)=8.62, p=.006*
Mean RT 444 .046 541 .108 F(1,49)=12.133, p=<.001*
Congruent RT variance 0112 .009 014 014 F(1,49)=.283, p=.598
Incongruent RT variance 0114 .008 .015 013 F(1,49)=1.45, p=.235
Neutral RT variance .0102 .007 013 .015 F(1,49)=.878, p=.355
Mean variance .0109 .007 014 014 F(1,49)=1.360, p=.249
Congruent accuracy 96.86% .052 96.5% 072 F(1,49)=.001, p=.972
Incongruent accuragy 97.65% .019 99.2% 011 F(1,49)=3.68, p=.052
Neutral accuracy 98.35% .019 99.3% .008 F(1,49)=2.49, p=.122
SAT 2876.98 1627.07 6785.53 1581.57 F(1,49)=40.06, p<.001*
Mean Non-decision (1) .295 .048 342 .091 F(1,49)=4.857, p=.034*
Mean Boundary separation (a) 114 023 162 .090 F(1,49)=5.341, p=.026*
Mean Drift rate (v) 376 .068 375 074 F(1,49)=.001, p=.971

Group differences in brain measurements are described in Table 6.3. Brain measurements are generally

consistent with the group comparisons described eatlier in the thesis (Chapter 4), with age-related declines

in microstructural integrity in many of the selected tracts of interest, and age-related differences in NAA in

ACC and PPC, Glx in ACC and PPC and myoinositol in PPC.
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Table 6.3 Mean and standard deviation values for metabolites and diffusion parameters, and Mann Whitney U
comparisons. Significant group differences are shown in bold text. FA = fractional anisotropy, MD = mean diffusivity,
FR = restricted fraction, RD = radial diffusivity, .1 = axial diffusivity, OCC = occipital cortex, ACC = anterior

cingulate cortex, PPC = posterior parietal cortex *¥p<.001 *p<.05

Young Mean (SD)

Old Mean (SD)

Mann-Whitney

Young Mean (SD)

Old Mean (SD)

Mann-Whitney

Left Right
FA fornix 423(.0175) 371(.02) U=21, p<.001%*
FA optic radiation 470(.037) 450(.043) U=197, p=.096 A74(.027) 453(.037) U=174, p=.031%
FA ILF 442(.019) 425(.025) U=175, p=.020* 446(.018) 424(.023) U=130, p=.001%
FA SLF 1 A470(.047) 425(.031) U=114.5, p<.001%* 448(.040) 426(.042) U=224, p=.190
FA SLF 2 .405(.041) .379(.028) U=173, p=.018* 426(.040) 379(.028) U=195, p=.056
FASLF 3 443(.050) 429(.036) U=206, p=.093 458(.028) 432(.029) U=154, p=.006*
MD fornix .00092(.00003) .0010(.00006) U=60, p<.001%*
MD optic radiation .00069(.00001) .00073(.00005) U=117, p=.001* .00069(.00001) .00072(.00004) U=115, p=.001*
MD ILF .00070(.00001) .00071(.00002) U=211, p=.114 .00070(.00001) .00071(.00002) U=185, p=.034*
MD SLF 1 00067 (.00001) .00068(.00002) U=202, p=.078 .00065 (.00001) .00067(.00002) U=164, p=.011*
MD SLF 2 00066 (.00001) .00067(.00001) U=204, p=.085 .00042(.00004) .00040(.00004) U=195, p=.056
MD SLF 3 .00065(.00001) .00067(.00002) U=194, p=.054 .00065(.00001) .00067(.00002) U=164, p=.011*
FR fornix .248 (.018) .216(.019) U=68, p<.001%*
FR optic radiation  .360(.031) .334(.037) U=179, p=.041% .366(.022) .334(.042) U=127, p=.002*
FRILF 315 (015) 311(.020) U=261, p=.584 .324(.016 .309(.02) U=178, p=.024*
FRSLF 1 .386(.034) .357(.031) U=141, p=.002% 377(.033) 309(.022) U=257, p=.529
FRSLF 2 .396(.024) .376(.022) U=157, p=.007* .403(.020) .375(.046) U=165, p=.011*
FR SLF 3 .400(.031) .378(.029) U=178.5, p=.024* 410(.019) .387(.029) U=154, p=.006*
RD fornix .00068(.00003) .00079(.00006) U=29, p<.001
RD optic radiation .00049(.00002) .00053(.00004) U=117, p=.001* .00049(.00001) .00052(.00003) U=117, p=.001*
RD ILF .00052(.00001) .00053(.00002) U=169, p=.014% .00051(.00001) .00053(.00002) U=126, p=.001%
RD SLF 1 .00048(.00003) .00052(.00002) U=118, p<.001#* .00050(.00002) .00052(.00003) U=167, p=.178
RD SLF 2 .00051(.00002) .00053(.00002) U=140, p=.002* .00049(.00002) .00051(.00002) U=163, p=.010%
RD SLF 3 .00049(.00002) .00051(.00003) U=183.5, p=.032* .00048(.00001) .00051(.00002) U=124, p=.001%
L1 fornix .0014(.00003) .00147(.00009) U=105, p<.001%*
L1 optic radiation .0010(.00005) .0011(.00008) U=174.5, p=.052 .0010(.00004) .0011(.00008) U=183, p=.080
L1ILF .0010(.00003) .0010(.00004) U=262, p=.965 .0010(.00002) .0010(.00003) U=259, p=.921
L1 SLF 1 .0010(.00003) .0010(.00003) U=143, p=.005* .0010(.00003) .0010(.00002) U=123, p<.001%*
L1SLF?2 .00096(.00003) .00095(.00003) U=215, p=.201 .00098(.00004) .00097(.00004) U=251, p=.609
L1SLF3 .00098(.00004) .00098(.00002) U=256, p=.685 .00099(.00002) .00099(.00002) U=231, p=.348
OCC GABA/ H:0  4.70(48) 4.84(.61) U=251.5, p=457
0CC Gix 13.67(87) 13.76(2.1) U=256.5, p=.522
OCCNAA 18.11(1.9) 17.96(2.3) U=260, p=.956
OCC mysinositol 9.89(1.2) 9.08(1.86) U=181, p=.072
OCC choline 1.80(.20) 1.84(.28) U=227, p=434
OCC creatine 10.87(.85) 10.90(1.42) U=235.5, p=.552
ACC GABA/ Ha0  4.14(28) 3.96(.43) U=213, p=.124
ACC GIx 15.37(.90) 14.46(1.78) U=171.5, p=.017*
ACC NAA 14.59(1.07) 12.39(2.4) U=100, p<.001%*
ACC myoinositol 10.32(1.12) 9.27(2.44) U=201, p=.074
ACC choline 2.60(.25) 2.51(442) U=264, p=.628
ACC creatine 10.14(.635) 9.43(1.42) U=214, p=.129
PPC GABA/H:0 423(37) 4.44(.466) U=212.5, p=.183
PPC Gix 14.5(.96) 13.71 (1.5) U=177.5, p=.037*
PPC NAA 17.16(2.07) 15.52 (2.3) U=160, p=.009*
PPC myoinositol 10.19(1.25) 8.97(2.15) U=180.5, p=.027*
PPC choline 2.10(.23) 214 (38) U=254.5, p=.496
PPC creatine 2.10(.22) 10.15 (1.51) U=241, p=.337
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6.3.2 Neural predictors of DDM performance

Three separate linear regression models were conducted that entered age, sex and education and all
metabolite measurements as predictors to assess how much variance they accounted for in the three DDM
parameters of non-decision time, boundary separation and drift rate. Age was also seen to significantly
predict non-decision time, boundary separation and drift rate in linear regression models. Mean non-
decision time (t) was significantly predicted by age in the first linear regression model (adj Rz = 0.254,
beta=0.519, p<.001). NAA in the ACC was also seen to predict mean non-decision time (adj R2=0.058,
beta=-0.278, delta R2=0.09, p=0.048). Age also significantly predicted boundary separation value (a) (adj
R2=0.410, beta=0.246, p=0.008) but no metabolites were significant. Finally, no entered predictors were

shown to significantly predict drift rate.

The same linear regression models as described above were also used to test for microstructural parameters
as predictors together with age, sex and education. Non decision time (t) was seen to be significantly
predicted by MD in the left SLF 3 (adj R2=0.326, beta=0.553, p=.004), MD in the SLF 2 right (adj
R2=0.436, beta=0.484, p<.001), MD in right optic radiation (adj R2=0.529, beta=0.496, p=.002), RD in left
SLF 3 (adj R2=0.297, beta=0.394, p=.004). Boundary separation (a) was significantly predicted by age (adj
R2=0.101, beta=0.437, p=.002), MD in left optic radiation (adj R2=0.070, beta=-0.763, p<.001), FR in the
fornix (adj R2=0.058, beta=-0.836, p<.001), FR in right ILF (adj R2=0.342, beta=0.581, p=.002) and L1 in
left optic radiation (adj R2=0.131, beta=-0.540, p<.001). Drift rate was predicted by FA in the left ILF (adj
R2=0.062, beta=-0.468, p=.005), MD in left SLF 3 (adj R2=0.058, beta=.498, p=.008), L1 in the right ILF
(adj R2=.048, beta=.548, p=.001), and L1 in left ILF (adj R2=.200, beta=-0.314, p=.0206), however drift rate

did not show any age-related differences.

60.3.3 Relationships between DDM parameters, SAT and neural predictors in older and younger
adults
Mean DDM parameters were correlated with SAT to determine how these relationships differed between

younger and older groups (Figure 6.4).
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Relationships between SAT and DDM parameters in younger vs older adults
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Figure 6.4 Spearman’s correlations between mean non-decision time, mean boundary separation, drift rate and speed-
accuracy trade-off (SAT) in both younger and older groups. Younger adults show a significant positive correlation
between mean non-decision time and SAT, and both groups show a significant positive correlation between SAT
and boundary separation **p<.001, *p<.05

In younger adults, SAT was positively correlated with mean boundary (tho=.412, p=.041), and mean non
decision time (tho=.388, p=.049) but not mean drift rate (tho=-.373, p=.067). In older adults, SAT was
significantly correlated with boundary separation (boundary: rho=.322, p=.04) but not drift rate or non-

decision time (drift: tho=.130, p=.535; non-decision: tho=.196, p=.381) (Figure 6.4).
Non-parametric correlations were conducted between predictors which were significant in the linear

regression models above and their corresponding DDM parameter to determine directionality and strength

of relationship in the two separate age groups. Mean non-decision time and NAA in ACC showed a
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significant negative correlation in younger adults (tho=-0.361, p=.009) but no correlations for older adults

(tho=.052, p=.823) (Figure 6.5).

Relationship between Non-decision time and NAA in ACC younger vs older adults
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Figure 6.5 Relationship between non-decision time (perceptual and motor processing time) and NAA in ACC.
Spearman’s correlation between mean non-decision time and NAA in ACC in both younger and older groups. A
significant negative correlation was show between NAA in ACC and mean non-decision time in younger adults only

#4p<.001, *p<.05

Mean non decision time and MD in left SLF 3 (tho=0.492, p=<.001), and RD in left SLF 3 (tho=0.369,

p=.008) were also significantly correlated in older adults, but not younger adults (MD SLF3: rho= .298,

p=.148; RD in SLF3: rho=.010, p=.962) (Figure 6.6).
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Figure 6.6 Relationship between non-decision time (perceptual and motor processing time) and superior
longitudinal fasciculus 3 microstructure. Spearman’s correlations between mean non decision time and
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microstructural tract parameters in both younger and older groups. Significant positive correlations were shown

between mean non-decision time and MD/ RD in SLF3 in the oldet group **p<.001, *p<.05
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Mean boundary separation value and L1 left optic radiation (rho=-0.350, p=0.014) were significantly

negatively correlated in older adults, but not younger adults (tho=-.157, p=.454) (Figure 6.7).

Relationships between Boundary separation and optic radiation microstructure in younger vs older
adults
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Figure 6.7 Relationship between boundary separation time (information decision threshold) and optic radiation
microstructure. Spearman’s correlations between mean boundary separation and optic radiations in both younger
and older groups. A significant negative correlation between L1 in optic radiation and boundary separation was
present in older adults **p<.001, *p<.05.

0.4 Discussion

In the current chapter I further investigated the underpinnings of age-related response slowing following
on from my findings in Chapter 3 which showed age-related lengthening of RT but maintained accuracy. 1
investigated this by applying the EZ DDM and assessing any age-related differences in EZ parameters.
Furthermore, I explored white matter microstructural and grey matter metabolite predictors of these
parameters. Previous DDM research suggested that age-related increases in non-decision time and
boundary separation contributed to the overall slowing in RT with ageing (Ratcliff et al., 2012). In addition,
some evidence suggested that age-related alterations in the frontoparietal attention network may underlie
these changes. However, previous studies primarily adopted standard morphology and DTI based
measurements to assess structural brain-function relationships. Instead, I adopted advanced metabolites
and diffusion weighted imaging measurements to further probe the neural underpinnings of age-related
differences in decision making components that contribute to overall response slowing in ageing (Madden
et al., 2009; Madden et al., 2020). Based on previous research, I anticipated that non-decision time and
boundary separation values would be larger in older adults compared to younger adults. I also hypothesised
that non-decision time would be related to SLF white matter microstructure, as the SLF is the most

prominent intra-hemispheric white matter connection between the frontal and the parietal cortices and is
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involved in perceptual and attentional processing. I also hypothesised that non-decision time would be
related to OCC GABA/H;0, as GABA has been shown to play a key role in visual perceptual abilities
(Pitchaimuthu et al., 2017). Finally, I expected boundary separation to be related to GABA/H0 in the
ACC, due to previous evidence indicating the role of frontal GABA in evidence accumulation (Takacs et

al., 2021).

Consistent with my hypotheses I found greater non-decision time and boundary separation values in older
adults in comparison to younger adults. This pattern of results suggests a slowing of perceptual and/or
motor elements of RT as reflected in larger non-decision time, as well as a higher boundary of information
to be accrued before a decision can be reached as reflected in higher boundary separation values. This
pattern of DDM parameters may also underpin the typical age-related shift in SAT. An emphasis on
accuracy in place of faster speed has previously been shown to result in increased boundary separation in
visual perceptual tasks in younger adults (Zhang & Rowe, 2014) and older adults (Starns & Ratcliff, 2010),
suggesting that longer SAT's are related to increase boundary separation values in both younger and older
adults. However, my results indicate that age-related increases in SAT are due to both impairments in lower-
level perceptual processing, as indicated by longer non-decision time, and greater boundary separation
values. I posited that, as older adults tend to adopt a more cautious approach, this increase in SAT and thus
boundary separation values, which was demonstrated in the significant positive correlation between
boundary separation and SAT. As I have also shown however, older adults have impaired visual perceptual
performance which may then undetlie lengthening of non-decision times, however this was not evident in
correlation analysis. As such, increased SAT in older adults, leading to the adoption of a slower and more
cautious processing strategy, is likely to be the result of by greater boundary separation values, indicating

an increased threshold of information required to allow a decision.

Further to this, I sought to determine which brain measurements predicted DDM parameter performance
in younger and older adults. Consistent with my hypotheses, I showed that non-decision time was predicted
by differences in SLF and optic radiation microstructure in older adults and NAA in ACC in younger adults.
Interestingly and not consistent with my prediction, I also showed that boundary separation was predicted
by ILF and optic radiation microstructural integrity and drift rate was predicted by ILF and SLF
microstructural integrity. Drift rate was significantly predicted by microstructural integrity in ILF and SLF

but showed no age-related differences.

Finally, I showed significant negative correlations between non-decision time and NAA in ACC in younger
adults, and positive correlations between non-decision time and MD and RD in SLF 3 in older adults. A
significant negative correlation was present between boundary separation and L1 in optic radiation in older

adults.
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0.4.1 Age-related differences in non-decision time are predicted by fronto-parietal white matter
integrity and anterior cingulate metabolites

Non-decision time was shown to be predicted by microstructural differences in the optic radiation and
SLF. Significant positive correlations suggested that greater diffusivity in the SLI was associated with longer
non-decision times in older adults. Non-decision time has previously been linked to fronto-parietal fMRI
activity in older adults, therefore these observed findings complement and extend these results (Madden et
al., 2020). Similarly, age-related increases in variability and reductions in visual functions requiring the
suppression of irrelevant perceptual information were associated with individual variability in fronto-
parietal white matter microstructure (Chadick et al., 2014). Thus, age-related deterioration in the SLF - a
white matter pathway crucial for the effective communication within the fronto-patietal attention network
and hence between sensory and motor networks - is likely to contribute to the overall slowing of sensory
and/or motor processing components reflected in the non-decision time. In addition, it has also been
documented that older adults show reduced functional connectivity in fronto-parietal networks and that
this is related to increased distractibility and diminished attentional focus with age (Campbell et al., 2012,
Madden et al., 2020). Thus, the observed pattern of associations between age-related variation in non-
decision time and SLF microstructure may reflect age-related difficulties in perceptual suppression or
inhibition (Chadick et al., 2014) and/or a greater reliance in top-down processing as a response to
diminished low-level sensory input (Lai et al., 2020). As top-down processing is thought to occur in the
dorsal processing stream in frontal and parietal brain regions (Gilbert & Sigman, 2007), non-decision time
may capture elements of both bottom-up and top-down perceptual changes in ageing that are mediated by
the dorsal attention processing networks. My results suggest that older adults attempt to rely on top-down
processing - due to fronto-parietal tracts showing significant relationships with non-decision time - but that
these connections have lower WM integrity and thus result in longer non-decision times. This interpretation
of my findings is in line with previous findings of age-related mediation of the relationship between
frontoparietal activation and impaired top-down attention (Madden et al., 2014). My findings add to the
evidence by demonstrating that such relationships can be identified with a greater sensitivity using advanced
multi-shell diffusion imaging. Moreover, this finding is in line with the frontal ageing hypothesis as they
show microstructural impairments in fronto-parietal white matter connections that were linked to

impairments in non-decision time.

In addition, I found that non-decision time was negatively related to NAA in the ACC in younger adults.
As NAA is thought to be a marker for neuronal health and integrity, and the ACC is linked to inhibitory
functioning as it is thought to be part of the anterior salience network responsible for conflict monitoring
(Dosenbach et al., 2006), it is possible that reductions in neuronal health in the ACC may contribute to
longer non-decision time on the basis of poorer inhibition. The relationship between NAA in the ACC and
cognitive inhibitory processes has been shown (Grachev et al., 2001) suggesting that NAA in the ACC may

play a role in perceptual interference which may be represented by non-decision time. However, as non-
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decision time represents both perceptual and motor aspects of the RT, and NAA in the ACC has also been
linked to motor inhibition processes (Leland et al., 2008; Paus, 2001; Rubia et al., 2001), it is unclear which

element of non-decision time may be predicted by metabolite changes in the ACC.

These findings are also interesting, as in the previous chapter lengthening of SAT in older adults was seen
to be predicted by NAA, however the relationship between non-decision time and SAT was only significant
in younger adults. This indicates that NAA in ACC may play a crucial role in speed of processing, but that
this may not be age group specific. This warrants further investigation to confirm the underlying metabolic

correlates of non-decision time.

Finally, lengthened non-decision time was predicted by increased diffusivity in the SLF 3 and in Chapter 5
I also showed that visual contrast was predicted by increased diffusivity in the SLF 3. The SLF 3 has been
shown to be responsible in part for automatic capture of visuo-spatial attention by visual targets (De
Schotten et al., 2011). Thus, an age-related reduction in microstructural integrity of the SLF may lead to
longer non-decision time due to difficulties in such perceptual processes. In older adults, visual contrast
performance is poorer and this is predicted by MD in the SLF 3, which also predicts lengthened non-
decision time in older adults. To conclude, the relationship between frontal metabolites, fronto-patietal
microstructure and SAT is apparent in Chapter 5, and here these predictors are shown to be specifically

related to the perceptual element of RT processing, which is lengthened in older adults.

0.4.2 Age-related differences in boundary separation are related to temporal, fornix and optic
radiation microstructure

I also showed that boundary separation was significantly predicted by microstructural differences in the
optic radiation, ILF and fornix. Correlations showed that greater boundary separation values in older adults
were related to lower L1 in the optic radiations. No significant correlations were found between boundary
separation and neural substrates in younger adults. In contrast and inconsistent with my hypothesis I did
not observe any relationships between individual differences in GABA/H>0 in the ACC and differences in
boundary separation. The findings may be consistent with previous results which have shown that
differences in boundary separation were related to striatal activity, of which the fornix is connected (Kithn
et al,, 2010). However, there are no clear associations in previous literature between white matter integrity
in optic radiation and boundary separation in younger or older adults. Estimates of white matter
microstructural integrity were also seen to predict SAT performance in younger adults and ANT alerting
performance in younger adults, with better performance being predicted by lower levels of diffusivity and
higher fractional anisotropy. As such, my findings may support the relationship between faster SAT
strategy, boundary separation and optic radiation microstructure, but only in younger adults. It is unclear
the role the optic radiations may play in boundary separation estimates, therefore further replications may

be required to confirm this finding.
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Previous results have identified the role of inferior temporal activity in evidence accumulation during
perceptual tasks (Ploran et al., 2007). It has been shown that the inferior temporal cortex is involved in
consolidation of the decision (Grossberg & Huang, 2009) represented by reaching a boundary of decision.
This may then explain why differences in white matter microstructure in the fornix was shown to be a
predictor of age-related differences in boundary separation in the current results. The ILF is also thought
to play a crucial role in bottom-up visual processing and in the processing of stimulus saliency (Yuki et al.,
2020). Thus, the ILF may be vulnerable to a loss of microstructural integrity with age which may impact
on processing of stimulus saliency and thus requires older adults to spend longer accumulating evidence.

However, these findings warrant further, more detailed investigation.

0.4.3 Drift rate is related to temporal and inferior parietal tract microstructure

Drift rate did not significantly differ between younger and older adults; however, my results showed it to
be predicted by FA and L1 in the ILF and MD in the SLF3. Evidence has previously shown that drift rate
is related to attentional allocation and general functional connectivity, recruiting numerous brain regions
(Madden et al., 2010, 2020). As the SLF 3 has been related to the allocation of visuo-spatial attention (De
Schotten et al., 2011) my findings are in line with the literature. However, MD in the SLF 3 was also seen
to predict non-decision, therefore further investigation of the role of SLF microstructure in DDM
parameters is required to disentangle and clarify these results. As non-decision time is an unspecific
parameter which captures sensory and motor processes and the integration of these processes, it may be
plausible that overlapping brain regions are involved in different DDM parameters. Moreover, information
processing speed, to which drift rate is closely related, is associated with temporal lobe oscillations
(Chauviere, 2020) and stimulus-related attention has been associated with neural activity in the inferior
temporal cortex (Zhang et al., 2011). This may explain why microstructure in the ILF was shown to predict

drift rate in this study.

0.4.4 Limitations

Despite the novel approach in the current study, a number of limitations should be acknowledged. Firstly,
the application of the DDM selected — the EZ model (Wagenmakers, Van Der Maas & Grasman, 2007)—
has been well documented in the literature. The model is designed for application in smaller sample
numbers and also limited trial numbers, and therefore was appropriate for the current experiment.
However, greater trial numbers would also allow for the application of more complex diffusion models,
thus also increasing the validity of parameter estimates. One such model — the hierarchical drift diffusion
model (HDDM) — is a more complex Bayesian implementation of the classic diffusion model which

requires greater trial numbers but uses Bayesian priors to create more accurate parameter estimations.

Moreover, it should be noted that as the EZ-model assumes no variability in the ‘starting point’” of the

decision process, there may be some limitation in it’s application in older adults, as it would be expected
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that older adults are more variable in their response. Intraindividual variability of RT has been observed to
reliably increase in older age (Kochan et al., 2017) and whilst intraindividual variability was not an DDM
outcome measure of interest in the current study, it may be a limitation of the application of EZ model in
the current study. By limited trial-to-trial variability, it is possible that the lengthening of DDM parameters
observed in older age in my results is not a direct measure of lengthened perceptual processing or boundary
separation, but includes a larger degree of intraindividual variability. This also provides further support for
the potential implementation of more complex models as discussed above which allow this variability to be
altered and considered. Despite this, variability in starting point has been shown to have a small impact on
the overall response distribution (Voss et a., 2013), and in some cases models with a variability parameter
fixed to zero can be superior to more complex models (Schuch, 2016). Whilst it is suggested that further
implementations may use greater trial numbers and more complex modelling, the model implemented in

the current experiment was appropriate for the current study in older adults, despite its limitations

Moreover, my results have suggested that microstructural integrity better predicts DDM parameters in older
adults. However, it is possible that these findings are the result of ageing in general, in which a reduction in
microstructural integrity is particularly notable. As such, microstructural changes may be more abundant
and varied in older adults, therefore appearing more readily as predictors in this group. In addition, as has
been previously discussed, the older adult group in the current experiment was substantially more
heterogeneous than the younger adult group, perhaps lending to increased inter-individual variability and

thus presenting different results.

0.4.5 Future directions

The current results have demonstrated that fronto-parietal microstructural integrity is important in DDM
parameters which vary with age. However, the findings that key brain metabolites may be involved in the
prediction of performance in these parameters is novel. More specifically, NAA in the ACC was seen to
predict non-decision time performance in younger adults which, to my knowledge, has not previously been
shown. This is interesting as NAA has been linked to inhibitory and motor functioning and may then
support the concept of non-decision time element — which is composed of perceptual and motor aspects -

to RT neurobiologically. As such, this area of interest should be considered in future research.

0.4.6 Chapter summary

My results showed that non-decision time was predicted by microstructural measures in the optic radiation
and SLF. SLF microstructural integrity was related to non-decision time in older adults. This suggests that
older adults experience a reduction in efficiency in this network, resulting in lengthened non-decision time.
Younger adults showed a relationship between non-decision time and higher NAA in the ACC, suggesting

that metabolites in a region responsible for inhibition also play a role in non-decision processing in younger
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adults. In addition, boundary separation value was predicted by white matter microstructure in ILF, optic
radiation and fornix, indicating that in older adults a lower sensory processing ability has a subsequent effect
on boundary separation, coupled with a decline in stimulus salience ability which is governed by the ILF.
Drift rate did not differ between younger and older adults but was related to ILF and SLF microstructural
integrity. The current results are consistent with previous findings that older adults show slower RTs,
including longer non-decision times and wider decision boundaties. These findings provide insight into the
decline in connectivity underlying information processing in older adults and may warrant further
investigation. Moreover, I found that these behavioural differences were associated with age-related white
matter microstructural and metabolic differences in regions of the fronto-parietal attention network,

notably the ACC and the SLF, the most prominent fronto-patietal white matter connection.
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Chapter 7 : Impairments in perceptual encoding are related to visual
hallucinations in dementia with Lewy bodies: a drift diffusion analysis

7.1 Introduction

As demonstrated in Chapter 6, fitting an EZ DDM RT model provided greater insight into age-related
slowing of performance and allowed the assessment of different elements involved in response time. From
this analysis I showed that greater non-decision time and boundary separation values underlie age-related
slowing of reaction times as part of a more cautious response strategy. In Chapter 3, I also compared this
age-related slowing with RT performance in four individuals with DLB, who showed large RT variations
compared with each other and with the healthy control group. However, this highly varied performance
was not necessarily accompanied by much slower RTs as had been previously reported in the literature
(Ballard et al., 2001; Wesnes et al., 2013). Bearing in mind the caveat that only four individuals with DLB
could be studied, the inferences that could be drawn in Chapter 3 about DLB patients’ vision and attention

deficits were limited.

Here, I therefore extended the investigation of DLB patients’ RT performance by making use of choice RT
data from a larger sample of n = 50 patients from the LewyPro database (Donaghy et al., 2018). More
specifically the aim of the present chapter was to investigate the nature of RT slowing and variability in
DLB by adopting the EZ DDM model to study disease-related differences in the decision-making
components that contribute to highly varied RT performance and hence may potentially underpin clinical

symptoms of visual hallucinations and cognitive fluctuation in DLB.

The Lewy-Pro study was established to clarify the clinical and cognitive presentation of mild cognitive
impairment (MCI) DLB (MCI-DLB) and contribute to diagnostic guidance for clinically identifying MCI-
DLB. Exact details of the full cohort are described in Donaghy et al (2018), however all participants were
recruited from memory clinics and had clinically recognised MCI, in addition to at least one core clinical
symptom of DLB. MCI refers to the stage between normal ageing and dementia, in which cognitive decline
occurs, but activities of daily living are relatively preserved. MCI-DLB specifically refers to individuals
experiencing mild cognitive deficits in processing speed, executive dysfunction and visuospatial functions,

that are likely to progress to DBL (McKeith et al., 2020).

As previously described, DLB is clinically characterized by frequent cognitive fluctuations and complex
visual hallucinations alongside rapid eye movement sleep behaviour disorder (RBD) and Parkinsonism
(McKeith et al., 2017) Cognitively, DLB patients experience disproportionate impairment in attention and
visual perceptual abilities in comparison to both older adults and patients with Alzheimer’s disease (AD)
(McKeith et al., 2017). However, it remains unclear how these cognitive and perceptual impairments relate

to the clinical symptoms in DLB. For instance, visual hallucinations may arise from bottom up
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visuoperceptual and top-down attentional impairments (Collerton et al 2005) and similarly, cognitive

fluctuations may be related to attentional deficits (Ballard et al., 2001).

A greater slowing of RTs in DLB compared with AD patients and healthy older controls, particularly in
tasks with increasing complexity of cognitive processing such as choice RT tasks has been frequently
reported. For instance, as discussed eatlier DLB patients may show disproportional slowing in flanker
performance, but can exhibit the flanker effect when alerted to the trial (Fuentes et al., 2010). Moreover, as
also observed in Chapter 4 of this thesis DLB patients exhibit large intraindividual fluctuation in RT
performance, that may underpin cognitive fluctuation (Ballard et al., 2001). However, not all studies have
found variability in RT performance to be related to visual or attentional performance, thus this link remains
unclear (Elder et al., 2016, Landy et al., 2015). Currently, the nature of RT slowing and variability in DLLB
and their relationship to clinical symptoms is not well understood. To address this, the present chapter
adopted the EZ DDM to gain a better understanding of the nature of RT slowing and response variability

in DLB patients.

As previously described in Chapter 6, the DDM (Ratcliff, 1978; Ratcliff & Rouder, 1998) assumes that
information which drives a decision is accumulated over time until it reaches one of two response
boundaries, which form the ultimate response. Overall processing is segmented into several components
which contribute to ultimate performance: first, components of processing which do not include active
decision, such as perceptual encoding and response execution, represented by ‘non-decision time (t)’,
second, a criteria threshold that information accumulates to represented by ‘boundary separation (a)’, the

rate at which information accumulates towards a decision, represented by ‘drift rate (v)’.

While DDM RT models have not previously been fitted to DLB patient data, they have been applied to
the related disorder of PD (O’Callaghan et al., 2017). O’Callaghan et al. (2017) applied DDM modelling to
CRT performance of PD patients with hallucinations relative to PD without hallucinations and healthy
controls. The authors reported slower drift rates in PD patients with hallucinations, as well as shorter
perceptual encoding times in all PD patients compared to controls. This pattern of results suggested that
the accumulation of sensory evidence was hindered by a perceptual encoding problem. O’Callaghan et al.
(2017) proposed that impaired sensory evidence accumulation may lead to reduced information processing
quality and an over-reliance on top-down processing in PD, which in turn may underpin visual

hallucinations.

Given that both visual and attentional problems are also characteristic of DLB, assessing RT components
in more depth may also aid in illuminating the process deficits that contribute to visual hallucination
incidence in DLB. Visual hallucinations in Lewy body disorders are thought to be the product of

dysfunctional attentional control networks, and a relationship between impaired sensory input, or visual
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processing, and faulty top-down attentional control (Collerton et al., 2005; Shine et al., 2011). According to
the Perceptual Attentional Deficit (PAD) model, DLB patients expetience bottom-up perceptual deficits,
that are then over-compensated by top-down processing (Collerton et al., 2005). Collerton and colleagues
propose that this over-compensation of top-down processing may lead to ‘inputting’ of irrelevant schema
or images into a perceptual scene, leading to visual hallucinations. According to predictive coding, attention
acts as a mechanism to enhance precision of sensory prediction (Spratling, 2008), allowing more detailed
processing of a stimulus. In the instance of visual hallucinations, impaired precision control may be
consistent with attentional deficits where sensory evidence is not effectively selected, resulting in a failure
to update perceptual inferences (O’Callaghan et al., 2017). Support for the PAD model comes from
previous research suggesting that hallucinations may be the result of poorer sensory input resulting in
excessive bias of prior beliefs towards expected stimulus features, resulting in visual hallucinations (Horga
& Dargham, 2019). In addition, hallucinations in DLB have been associated with altered integration of
top-down predictions with sensory evidence, also showing an over-weighting of prior knowledge (Zarkali
et al., 2019). Thus, visual hallucinations in DLB may arise due to a failure of the integration of sensory

input and attentional processes (Collerton et al., 2005; Diederich et al., 2005).

By employing the DDM to assess elements of RT in DLB patients, I may be able to further investigate the
relationship between visual impairments, cognitive slowing and clinical symptoms. More specifically in this
context, drift rate may correspond to the precision or certainty of the evidence accumulated, non-decision
time refers to the sensory accuracy and boundary separation value to the efficiency of sensory evidence

accumulation.

Choice RT data from patients from the Lewy-Pro cohort (Donaghy et al., 2018) who were diagnosed with
prodromal DLB were accessed in the current experiment. As DLB patients are diagnosed according to
consensus guidelines (McKeith et al., 2017), and are categorised into ‘possible’ or ‘probable’ depending on
the number of core and/or supportive symptoms present, the Lewy-Pro cohort also categorises patients
into MCI possible and MCI probable DLB. Due to the severity of disease and different symptom
presentation between possible and probable diagnoses, they were treated as separate groups in the current
chapter. The EZ model of DDM (as previously described in Chapter 6) was applied to RTs as it is
appropriate for smaller trial numbers which occur in clinical contexts. It was hypothesised that modelling
RT performance may result in similar findings as observed in PD patients (O’Callaghan et al., 2017). That
means it was hypothesised that MCI-LB patients would show impaired non-decision time and difficulty in
accumulating sensory information - as represented by boundary separation value - in comparison to healthy
older adults. It was also hypothesised that these parameters would be correlated with the instance of visual

hallucinations, and performance in clinical measures of visual perception, such as the MOCA, ACE and

NEVHI, as detailed in Chapter 3.
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7.2 Methods

7.2.1 Participants

Participants were part of the Lewy-Pro cohort (Donaghy et al., 2018). The cohort was recruited from
memory clinics in the North East of England and Cumbria. Participants were patients with mild cognitive
impairment (MCI) over the age of 60 years and were eligible for the study if they presented with at least
one DLB symptom, including autonomic symptoms, visual disturbances, and any core or supportive
features of DLB. For this investigation, data from a subset of 50 participants described previously by

Donaghy et al., (2018) was accessed, including choice RT task data, and clinical assessments detailed below.

A clinical diagnosis was made by trained psychiatrists categorising patients into one of two groups; patients
were diagnosed with either possible MCI-LB when one core clinical feature or biomarker was present or
with probable MCI-LB when two or more clinical features were present, or one clinical feature plus one
biomarker according to the proposed MCI-LB criteria. For the subset of data analyses in the current
chapter, all participants were diagnosed with either possible or probable MCI-DLB. One participant
(probable DLB) was excluded due to limited RT data for the RT task.

Healthy controls were recruited from the School of Psychology volunteer’s panel at Cardiff University, and
local age interest groups in Cardiff, South Wales. The control group were identical to the older adult group
described in Chapter 6. Healthy control participants had no visual disturbances, no history of psychiatric
illness, no current diagnosis of dementia or cognitive impairment, and were over the age of 60. Table 7.1

shows demographic information of the cohort.

Table 7.1 Demographic information of Lewy Pro cohort and control participants. ACE = Addenbrooke’s Cognitive
Examination, NEVHI = North East Visual Hallucinations Inventory, UPDRS = Unified Parkinson’s disease rating
scale, CAF= clinical assessment of fluctuation

MCI Probable DLB MCI Possible DLB Control (n=25)
(n=37) (n=12)

Age 72.86 (15.51) 75.25 (7.3) 68.36 (6.11)
Sex Female = 13 Female = 3 Female = 13
Education 11.57 (2.85) 10.75 (2.09) 15.12 (2.40)
ACE 78.34 (8.88) 79.33 (14.09) 93.52 (4.18)
NEV'HI 3.667 (4.47) 1 (3.310) 0
UPDRS 25.21 (15.71) 15.36 (7.75) -
CAF 2.70 (3.03) 2.16 (2.48) 0.32 (0.63)
Cholinesterase Inhibitor 18 0 -
Levodopa 8 0 -
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7.2.2 Materials and Methods

Lewy-Pro participants’ general cognitive performance was assessed with the Addenbrooke’s Cognitive
Exam (ACE-R; Mioshi et al., 20006), verbal fluency was assessed using FAS Verbal Fluency and Graded
Naming Tests (Mckenna & Warrington, 1983), executive function assessed using the Trail-making test parts
A and B and verbal memory assessed using Rey Auditory Verbal learning test (Rey, 1958). Results from the
FAS, Trail-making and Rey auditory verbal learning tasks are reported elsewhere, as they were not used in
the current analysis (Donaghy et al., 2018). Participants completed computerised assessments of choice RT,
digit vigilance and visual perceptual assessments, in addition to clinical assessments including; Geriatric
depression scale (Yesavage, 1988), Clinician Assessment of Fluctuations (CAF; Walker et al.,, 2000),
Dementia cognitive fluctuations scale (Lee et al., 2014), Neuropsychiatric Inventory (NPI; Cummings et
al., 1994), North East Visual Hallucinations Interview (NEVHI; Mosimann et al., 2008), Unified
Parkinson’s disease rating scale (UPDRS; Goetz et al., 2008) and Instrumental activities of daily living scale
(ADL; Lawton & Brody et al, 1969). Control participants were also assessed using a computerised

assessment of choice RT (described in Chapter 6), the ACE-R, CAF and NEVHL

7.2.3 Procedure

For the Lewy-Pro cohort, RT data for each participant was collected using a 30-trial choice RT flanker task
(Ballard et al., 2001). The task consisted of five horizontal arrows presented on the screen. Participants
were instructed to attend to the central arrow and respond to the direct of this target, using either left or
right keyboard buttons. Central arrows were flanked by arrows facing in different directions (incongruent
conditions), the same direction as the central arrow (congruent condition) or by lines (neutral condition).
The older control group completed the flanker task, as described in Chapter 6 (section 6.2.2.1). Mean RT,
mean accuracy and mean RT variance was generated for each participant across all completed trials.
Participants were excluded from the analysis if the task was not completed (n=1 in the Lewy-Pro group).
Following this, a simplified version of the original drift diffusion model, the EZ DDM (Wagenmakers, Van
der Mass & Grasman, 2007) was fit to the data using the script and method as described in Chapter 6
(section 6.2.2.2) and average drift diffusion outcome variables were estimated for each participant. The EZ
DDM (Wagenmakers, Van der Maas & Grasman, 2007) estimated three primary outcome variables (drift
rate [v], boundary separation [a], and non-decision time [t]) from mean RT, accuracy (proportion correct),

and variance of response times for correct decisions.

7.2.4 Statistical analyses

RTs which were over or under 2 standard deviations from the group mean were removed as outliers from
the analyses. This led to an exclusion of data from n= 3 participants in the Lewy-Pro group. Following EZ
model fitting, one-way ANOVAs were used to test for group differences in mean RT and mean accuracy.
A MANOVA was used to assess EZ parameters between control, possible and probable Lewy body groups.

For DDM analyses, Tukey post-hoc tests were conducted to assess group comparisons. Following this,
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linear hierarchical stepwise regression models were fit to clinical and cognitive data in order to determine

the best predictors of DDM parameters between groups.

Finally, patient groups were also categorized on the basis of theit NEVHI score, with a high NEVHI
indicating greater incidence of visual disturbances. This allowed me to compare drift parameters between
those patients who experienced symptoms without visual hallucinations INEVHI score = 0; NEVHI—, n
= 29) and those who experienced symptoms with visual hallucinations (NEVHI score > 1; NEVHI+, n =
20), as per classifications in O’Callaghan et al (2017). In addition, these comparisons were also conducted
between patients with clinically rated absence (n = 37) or presence (n = 12) of complex visual hallucinations.

Mann—Whitney U tests were used to assess group differences in DDM parameters.

7.3 Results

7.3.1 Mean RT and accuracy differences between control and Lewy body groups

All analyses were conducted first by comparing control, possible and probable Lewy body groups. Probable
DLB patients were significantly older than healthy control participants (F(2,71)=8.738, p=<.001) and
possible DLB and controls significantly differed in age F(2,71)=8.738, p=0.017). In addition, control
participants had significantly more years of education than possible DLB (F(2,71)=16.9, p=<.001) and
probable DLB (F(2,71)=16.9, p<.001). Mean RT was significantly lower in the older control relative to
probable DLB (F(3,72)=18.72, p=<.001) (Figure 2). Younger participants had significantly lower RT than
older controls (F(2,47)=8.451, p=<.001). Healthy older controls also had higher accuracy scores than
possible (F(3,92)=7.746, p=0.05) and probable DLB patients (F(3,92)=7.746, p=<.001). However only
probable DLB had lower accuracy scores than younger controls (F(3,92)=7.746, p=0.002) (Figure 7.1).
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Figure 7.1 Diagnostic group differences in mean accuracy and mean RT between possible Lewy body patients,
probable Lewy body patients, older adults and young adults. One-way ANOVAs show mean RT in a flanker attention
task was significantly greater in probable DLB compared to older adults. Mean accuracy was significantly lower in
both DLB groups in comparison to older adults. Poss LB = MCI-DLB patients with a possible diagnosis, Prob LB =
MCI-DLB with a probable diagnosis. **p<.001, *p<.05
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7.3.2 Non-decision time differs between control and Lewy body groups

Non-decision time was significantly greater in Lewy body patients (F(2,66)=8.8, p=.002) with post-hoc
analyses revealing a significant difference between probable Lewy body patients and healthy older controls
(p=<.001). No significant difference was detected in non-decision time between possible and probable

Lewy body patients, or possible Lewy body patients and healthy controls (p=0.707) (Figure 7.2).

No significant difference in boundary separation (F(2,71)=1.077, p=0.346) or drift rate were present
between any groups (F(2,71)=0.503, p=0.607) (Figure 7.2). Levene’s tests of variance showed no statistical
significant difference in the variance of mean RT between all groups (F(2,68)=2.191, p=0.119). However,
Levene’s test of variance showed significantly greater variation in non-decision time (F(2,69)=8.41,
p=<.001), boundary separation (F(2,68)=3.26, p=0.041), and drift rate (F(2,71)=9.809, p=<.001) between
control participants and the probable DLB group.
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Figure 7.2 Diagnostic group differences in drift diffusion model (DDM) output metrics between possible Lewy
body patients, probable Lewy body patients, older adults and young adults. MANOVA results indicate that mean
non-decision time (perceptual and motor processing time) was significantly longer in probable LB in comparison to
older adults. Poss LB = MCI-DLB patients with a possible diagnosis, Prob LB = MCI-DLB with a probable
diagnosis. **p<.001, *p<.05
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7.3.3 DDM parameters are predicted by clinical assessments of visual perception
Following group comparisons, DDM parameters were fit to separate linear stepwise regression models as
predictors, along with demographic information including education, gender and age. ACE subscales,

NEVHI, UPDRS and CAF scores were then entered into the model separately as outcome variables.

Non decision time (t) significantly predicted ACE Visuo- spatial subscale score (adj R2=0.198, beta=-0.321,
p=0.004), and NEVHI (adj R2=0.062, beta=4.521, p=0.019) in both possible and probable Lewy body
groups (Figure 7.3).

Table 7.2 All regression parameters for age, gender and cognitive outcomes of interest. ACE = Addenbrooke’s
cognitive examination, NEVHI = North East Visual Hallucination Inventory, CAF = clinical assessment of
fluctuations. Adjusted R?, beta value and significance (p) are shown.

Boundary separation (a)

Drift rate (v)

Adj R2=.710, beta=.845, p<.001

Adj R2=.135, beta=.336, p=.261
Adj R2=.689, beta=.009, p=.083
Adj R2=.747, beta=-.003, p=.241
Adj R2=.701, beta=-.007, p=.092
Adj R2=.642, beta=.005, p=.122
Adj R2=.761, beta=.007, p=.206
Adj R2=.646, beta=-.002, p=.332

Adj R2=.761, beta=.001, p=.831
Adj R2=-102, beta=-.109, p=.470

Adj R2=.718, beta=.850, p<.001

Adj R2=.135, beta=.178, p=.558
Adj R2=.806, beta=.035, p=.089
Adj R2=.803, beta=-.005, p=.470
Adj R2=.822, beta=.003, p=.831
Adj R2=.907, beta=.016, p=.116
Adj R2=.701, beta=.012, p=.452
Adj R2=.822, beta=-.007, p=.363

Adj R2=.907, beta=-.010, p=.251
Adj R2=-112, beta=-.121, p=.424

Predictors Non-decision time (t)
Age Adj R2=.718, beta=.850, p<.001
Gender Adj R2=.304, beta=.336, p=.057
Education Adj R2=.646, beta=.042, p=.062
ACE Memory Adj R2=.701, beta=.042, p=.062
ACE Fluency Adj R2=.701, beta=-.025, p=.052
ACE Language Adj R2=.751, beta=.025, p=.214
ACE Visuospatial Adj R2=.198, beta=.321, p=.004
NEVHI Adj R2=.062, beta=4.521, p=.019
CAF Adj R2=.761, beta=-.015, p=.301
UPDRS Adj R2=.-.017, beta=.112, p=.450
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Figure 7.3 Relationships between drift diffusion model (DDM) metrics and clinical visual-related scores in older adults
and possible and probable Lewy body patient groups. Linear regressions indicate that non-decision time (t) is
negatively related to scores on the Addenbrooke’s Cognitive Exam (ACE) Visuospatial subscale in DLB groups (adj
R2=0.198, beta=-0.321, p=0.004), and NEVHI in DLB groups (adj R?=0.062, beta=4.521, p=0.019)
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7.3.4 Clinical measure of visual hallucinations is related to non-decision time

To further investigate the relationship between visual hallucinations (VH) and drift diffusion parameters,
group comparisons between those patients with a higher NEVHI score NEVHI+), and those with a low
NEVHI score (NEVHI-) were carried out. There was a significant difference in non-decision time between
the NEVHI+ and NEVHI- group (U=183, p=0.024). Boundary separation (p= 0.416) and drift rate
(p=0.476) did not differ between groups. Finally, Spearman’s Rho correlation showed a significant positive
relationship between ACE score and non-decision time in MCI-LB patients in the NEVHI+ (tho=5.412,
p=0.013) (Figure 7.4). However, as the NEVHI score is not a direct indicator of the presence of visual
hallucinations, we also carried out a comparison between those patients with the presence of complex VH
(VH+), as rated by a clinical panel - as per Donaghy et al (2018) - in accordance with DLB criteria (McKeith
et al., 2017), and patients with absence of complex VH (VH-). VH+ and VH- patients did not show any
significant difference in non-decision time (p=0.625) or drift rate (p=0.659), but VH+ patients had
significantly higher boundary separation values (U=90, p=0.002).
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Figure 7.4 Group comparisons between drift diffusion model (DDM) metrics and North East Visual Hallucinations
(NEVH]I) in patients demonstrating or not presenting with visual hallucinations A) Non-decision time (t) comparisons
between NEVHI+ and NEVHI- MCI-LB patients. B) Relationship between visual hallucinations score (NEVHI) and
non-decision time in VH group. C) Boundary separation (a) compatisons between VH+ and VH- MCI-LB patients.
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7.4 Discussion

In the current chapter, I employed the EZ DDM to assess different components of RT in DLB patients in
order to study the nature of their slowed and more varied RT performance as well as to observe the
relationship between sensory and attentional impairments and visual hallucinations. RT data from MCI-
DLB patients were fit to the EZ model of DDM and it was hypothesised that DLB patients would show
impaired non-decision time and difficulty accumulating information as evidenced by wider boundary

separation values, based on previous findings in PD patients.

7.4.1 Non-decision time differs between healthy older adults and prodromal DB patients

Mean RT was longer in the DLB than in controls, however RT did not differ between possible and probable
Lewy body groups. Moreover, accuracy was lower in both Lewy body groups in comparison to controls.
These findings are consistent with previous reports of lengthened RTs and reduced accuracy cognitive RT
in Lewy body patients (Firbank et al., 2016, 2018). My results showed that older adults had longer non-
decision times and greater boundary separation values in compatison to younger adults, which is consistent
with previous findings (Ratcliff et al., 2007). Partially consistent with my hypotheses, in MCI-DLB groups
compared with the older control group non-decision time values were significantly longer, suggesting that
these patients took greater time in the perceptual encoding and/or motor stage of processing during task
completion than healthy older controls. Despite this, and not consistent with my hypotheses, drift rates
and boundary separation values did not differ between control and patient groups, suggesting that all

participants accumulated evidence for a decision at the same rate with the same level of certainty.

It is possible that Lewy body patients experience difficulties at perceptual encoding (non-decision) element
of decision making, causing them to take longer in this processing stage. Consistent with previous findings
in patients with visual hallucinations (O’Callaghan et at., 2017), DLB patients may struggle to perceptually
process information. This may result in a threshold for correct information that is not significantly altered
in comparison to older adults but is not sufficiently altered to account for the impairment in non-decision
time. As such, it is possible that this pattern of response process results in a potentially incorrect response,
in comparison to a more considered yet accurate approach in healthy older controls. Moreover, previous
findings have suggested that RT performance in DLB patients is unrelated to clinical motor performance
(Ballard et al., 2001) and visual search performance (Cormack et al., 2004). Taken together, these results
may then support the role of a primary lower-level perceptual deficit in elongated RTs in DLB patients.
These findings are consistent with my results in Chapter 3, which showed patients experienced impairments
in lower to mid-level vision, thus suggest a primary perceptual impairment underlies impaired non-decision

time in the present results.

However, these results are also not consistent with my hypotheses that boundary separation value would

be impaired in DLB patients. I posit that if DLB patients are experiencing longer non-decision times and

205



they also show lower levels of accuracy, it is possible that their overall evidence accumulation is not
significantly altered but is of an overall poorer quality due to impaired perceptual processing. Thus, whereas
in healthy older adults RTs are longer due to a deficit in perceptual processing which is rectified by
elongating both non-decision time and boundary separation, RTs in DLB may be the product of faulty
perceptual processing, leading to longer non-decision times, which is then not rectified by longer time spent
accumulating evidence, hence greater levels of inaccuracy. This is also plausible in the context of visual
hallucinations, where impaired perceptual processing is not mitigated by any greater time spent
accumulating evidence, leading to the incorrect processing of a percept. Consistent with the PAD model
(Collerton et al., 2005), this would then lead to an incorrect percept being inserted into the scene, thus
forming a visual hallucination. As such, it would be pertinent for future research to examine the underlying
mechanisms which may help explain why healthy older adults are able to rectify poorer perceptual
processing with increased evidence accumulation, but DLB patients are not. I posit that this is due to the
severity of initial perceptual impairment, leading to an inability to accumulate further evidence, in

comparison to healthy older adults.

7.4.2 Non-decision time is related to clinical visual scores

This may also be supported by the results from the hierarchical stepwise regression fitting in which non-
decision values predicted performance in visual clinical tasks. As non-decision time may broadly include
aspects of motor response, it should be noted that motor impairment (as measured by UPDRS score) was
not a significant predictor of DDM stage differences, further suggesting that differences in DLB patients
were of a perceptual nature. The relationship between non-decision time and both ACE visuospatial scores,
and NEVHI scores provides further evidence for the hypothesis that DLB patients experience perceptual
processing impairments. These findings are also consistent with the results of DDM fitting in PD patients
(O’Callaghan et al., 2017) as NEVHI score was seen to predict perceptual encoding ability. The results from
hierarchical stepwise regression fitting revealed that mean non-decision values predicted visuo-spatial
performance but not NEVHI score. However, further analyses showed that patients in the NEVHI+ had
longer non-decision times than NEVHI— and non-decision time correlated positively with higher NEVHI
score in this group. As a positive NEVHI score does not necessarily reflect the incidence of visual
hallucinations but can be due to other visual problems, I also classified patients on the basis of clinical
ratings into those with a history of visual hallucinations and those without. This comparison revealed that
individuals with visual hallucinations showed wider boundary separation than those without. The finding
of significantly longer non-decision times in the NEVHI+ versus the NEVHI— group suggests that patients
who experience visual difficulties including visual hallucinations are prone to difficulties in perceptual
encoding and that these encoding problems may contribute to their experience of visual hallucinations. The
additional finding that individuals with a history of visual hallucinations showed larger boundary separation
than those without, suggests that these individuals experience additional decision-making problems and

adopt a more cautious response strategy in light of noisy perceptual input, that may contribute to and/or
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reflect the experience of visual hallucinations. Thus, perceptual encoding difficulties appear to be a

necessary but not a sufficient condition for the occurrence of visual hallucinations.

The present results would suggest that a primary bottom-up sensory impairment may drive the aetiology
of visual hallucinations in DLB. That is, that non-decision time appears to be selectively impaired in DLB
patients in comparison to other DDM parameters, and this primary perceptual impairment may lead to
incorrect processing and evidence accumulation as indicated by greater levels of inaccuracy in DLB patients.
Moreover, impairments in non-decision time are also related to both clinical visuospatial ability and the
incidence of visual hallucinations. Previous research has reported a state of underactivity in the visual cortex
which is consistent with several aetiological theories of visual hallucination occurrence in DLB patients
(Collerton et al., 2005; Fosse et al., 2001). From this, it can be considered that perceptual impairments may
lead to an over-reliance on top-down processing, thus leading to visual hallucinations in Lewy body disease,

consistent with the PAD model (Collerton et al., 2005).

Another theory of hallucinations in PD patients suggest that perceptual errors arise in the context of
impaired signalling between both a task-negative dorsal attention network (DAN) and a stimulus driven
ventral attentional network. Usually, perceptual errors would be corrected by the dorsal attention network
however in PD it is proposed that a breakdown in frontostriatal circuits may not activate the filtering
mechanism necessary to make these corrections (Shine et al., 2011). This may also be reflected in DLB, in
which improvement of top-down control and modulation of cortical excitability has been shown in DLB
following transcranial direct current stimulation (tDCS) on frontal regions, resulting in improved RT
performance (Elder et al., 2016). Moreover, DLB patients also have reduced functional connectivity of the
ventral and dorsal attention networks, resulting in longer RTs than control participants (Kobeleva et al.,
2017), suggesting that RT performance in DLB may arise as a result of dysfunctional attention network
activity. As such, the present results provide some evidence that a primary perceptual deficit in DLB, which
is consistent with theories of hallucination in DLB, suggesting that they may atise due to over-activation or
compensation of top-down mechanisms (which also experience decline) resulting in both longer RTs and

the incidence of abnormal visual experiences.

In addition, visual hallucinations in schizophrenia are considered the occur as a product of disruption to
the feedback mechanisms within the visual system, often driven by interruptions in GABAergic inhibition
or excitatory processes (Adams et al., 2013). These disruptions in schizophrenia have also been shown to
impair predictive coding abilities (Horga et al., 2014). Whilst the clinical presentation and nature of visual
hallucinations can differ between schizophrenia and DLB, this does provide some suggestion that
disruption to GABAergic processing may be important in the aetiology of visual hallucinations in both
disorders. In addition, whilst it was not possible to assess the neural mechanisms underlying DDM

performance of DLB patients in the current chapter, my results in Chapter 4 showed patietal GABA to be
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raised in all patients. These findings together may suggest that the relationship between parietal GABA and
DDM performance could be an important avenue of inquiry in the investigation of visual hallucinations

and perceptual impairments in DLB.

7.4.3 Limitations

There were also some limitations of the present study. Due to healthy control participants being recruited
on an opportunistic basis, the older healthy control participant group were significantly younger on average
than probable and possible Lewy body patients, which may have affected some drift diffusion results. Most
notably, RT lengthening has been related to increased age, which may underlie average RT differences
between groups, as opposed to diagnostic group membership. However, it should be noted that age was
not a significant predictor in the linear regression analyses, therefore this may not influence DDM measures
significantly. Moreover, a large proportion of the patients within the study were medicated, predominantely
with dopaminergic drugs which may significantly impact both movement-related and cognitive outcome
measures of the DDM. This may mean that results are both less generalisable to patients with different
clinical presentations who are medicated with alternative treatments, but also more generalisable to the
Lewy body population more generally as most patients are likely to be medicated with a pharmacological

intervention of some form.

In addition, due to recruitment from a University panel, control participants had significantly more years
of education than Lewy body groups which may also have influenced performance in some cognitive tests,

however these were also not significant in hierarchical linear regressions.

Finally, as data from the Lewy-Pro cohort were accessed it should be noted that patients and healthy
controls completed slightly different tasks, however these were as closely matched as possible and followed
very similar procedures. It should be noted that healthy older controls completed more trials in the task

than DLB patients, which may influence RT's and subsequent calculation of DDM parameters.

7.4.4 Chapter summary

The work in this chapter provided a novel approach to studying visual impairment in DLB by applying a
drift diffusion model of RT to DLB patients’ performance and comparing the outcome parameters with
clinical visual scales. My findings showed that DLB patients have longer non-decision times than healthy
older adults. I also showed that non-decision time was negatively related to clinical visuospatial performance
and visual hallucinations ratings. Taken together, my results suggest that visual hallucinations are related
predominantly to impairments in perceptual encoding inabilities in DLB patients. In comparison to my
previous results which demonstrate that healthy older adults are able to mitigate impaired perceptual
processing with increased evidence accumulation, I show in this chapter than DLB patients do not do so,

leading to increased errors. This suggests that a bottom-up sensory impairment is a key element in both the
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slowing of RT's and the occurrence of poor perceptual processing possibly leading to visual hallucinations
in possible or probable DLB, which is consistent with findings in similar disorders (Dierderich et al., 2005;

O’Callaghan et al., 2017).
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Chapter 8 : General Discussion

This chapter will highlight key findings from each experimental chapter in the thesis, discuss the
implications of these results in the context of the wider ageing and dementia literature and identify

important future directions.

8.1 General overview of results

The work in this thesis examined the neural mechanisms underlying visual perception and attention in
healthy and pathological ageing. This work investigated cognitive differences between young and older
healthy control participants, and between healthy older control participants and DLB patients.
Furthermore, the research attempted to link age- and disease-related cognitive differences to neural
predictors of white matter microstructural integrity and metabolites in regions associated with visual
perception and attention. To achieve this, Chapter 3 characterised the pattern of younger and older adults’
visual perceptual and attentional performance and DLB patients’ performance using a task battery designed
to assess different elements of functioning within the perception and attention hierarchy. Chapter 4
characterised brain differences between younger and older adults in structural, microstructural and
neurochemical modalities and compared DLB patients’ brain measurements with healthy older adults.
Chapter 5 linked cognitive and brain differences in younger and older adults by determining significant
neural predictors of cognitive performance between groups across different tasks. Chapter 6 applied a
DDM of perceptual decision making in order to determine differences in elements underlying age-related
RT slowing and associated brain changes. Finally, Chapter 7 applied this model of perceptual decision
making to RT data from MCI-DLB patients from the LewyPro database (Donaghy et al., 2018) to establish

potential relationships between changes in DDM parameters and clinical visual impairments.

This thesis identified structural, microstructural and neurochemical correlates of perceptual and attentional
differences in older adults. The work in this thesis also found correlations between age-related changes in
microstructure and metabolites which have not previously been shown. In addition, neural correlates of
age-related compensation, strategy shift and maintenance of cognitive performance were identified. In line
with previous literature the empirical work within this thesis also showed slowing of RT in older adults
leading to age-related increases in SAT and both replicated and extended findings from decision making
modelling in older adults. I also found novel results suggesting that neurochemical differences were related
to these RT elements. Finally, my results showed highly varied perceptual and attentional performance in
DLB patients with a novel relationship being identified between elements of RT performance in DLB
patients and visual hallucinations. My findings provided an insight into the biological basis for perceptual
impairment and response slowing in older adults and DLB patients and I suggest a potential mechanism

for these changes.
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8.2 Main findings of the thesis

8.2.1 Perception and attention performance differs between younger and older adults, and in

DLB patients

Chapter 3 aimed to characterise perceptual and attentional processes in younger and older adults, in addition
to assessing these functions in four cases of DLB patients. By developing and employing a bespoke battery
of cognitive tasks I was able to assess observers’ performance at different stages of the visual processing
hierarchy and different elements of the attention network. These tasks were designed to maximise sensitivity
to performance by employing psychophysical methodology where appropriate within the constraint that
tasks needed to be suitable for individuals with DLB. It was expected that lower-level vision would be
maintained in older adults, while age-related decline would become apparent with increasing task
complexity, i.e. the increasing requirement to recruit executive and attentional processes. In addition, it was
hypothesised that older adults would exhibit slower RT and greater SAT as they adopted a more cautious
response strategy in order to maintain accuracy. My results showed that no significant differences in visual
acuity were present between younger and older adults, but some low-level age-related visual impairments
were observed as visual contrast and visual orientation showed decline in older adults. Findings were mixed
at mid-level vision as motion perception was also poorer in older adults, but contour integration ability
showed no significant group differences. In higher-level tasks, no group differences were shown in
accuracy, but longer RTs and increased SATs were shown demonstrating a shift to a slower but equally
accurate response strategy in older adults consistent with my hypothesis. Moreover, no age-related

differences were shown in attention network activations.

On the surface, this pattern of results does seem to be consistent with the hypothesis that age-related
slowing becomes more apparent in more complex tasks. I found that higher-level tasks and attention tasks
do not show poorer accuracy outcomes in older adults, but they did show age-related lengthening of RTs.
These results reflect well established work that older adults have longer SATs particularly in non-lexical
tasks (Hale et al., 1991). In this way my results support the ageing complexity theory, in that older adults’
RT and subsequent SAT was greater in tasks requiring greater cognitive demand and executive control.
However, taken together with my findings that show evidence of age-related impairments in lower-level
visual functions, these results suggest that age-related slowing in more complex tasks may be a strategy to
mitigate impaired bottom-up perceptual processing with age. Previous findings have indicated that where
older adults have noisier sensory processing, they sacrifice response speed to preserve performance (Jones
et al., 2019). This may suggest that impaired lower-level perceptual processing - as opposed to a specific

decline in executive functioning — may underlie age-related slowing.

However, an exception to this pattern of my results was older adults’ SAT performance in the motion task
which did not show significant age-related differences. I posit that this was most likely due to task-related

features of the stimuli duration, meaning that when forced older adults can adopt a faster approach which
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is comparable with younger adults, albeit at the expense of lower perceptual thresholds. These findings also
demonstrate that where older adults are not able to apply a more cautious, slower strategy they can perform
at the same speed as younger adults at the expense of efficient perceptual discrimination. I propose that a
decline in effective sensory processing with age may lead to a higher ‘load” on top-down cognitive processes,
and that a trade-off occurs between compensating this perceptual impairment with a slower response

strategy or engaging a faster response strategy but foregoing effective perceptual performance (Roberts &

Allen, 2010).

My results also showed no apparent group difference in any ANT network functions as measured by
difference scores between alerting, orienting and executive conditions and their respective control
conditions. These observations were inconsistent with previous findings that revealed poorer executive
network activation in older adults compared to younger adults (Mahoney et al., 2010; Zhou et al., 2011).
This again appears to suggest that more complex executive processes are not necessarily impaired with age.
However, network effects from the ANT were calculated as a relative difference between two RTs in
different task conditions. As such, it needs to be considered that a ‘difference’ score may not be a reliable
measure of the true performance within the context of slower and/or more varied RT in older adults. This
is a potential explanation for the absence of group effects in network functioning which have also been

previously observed by others and would be anticipated in ageing (Fan et al., 2010).

Four DLB patients were also assessed on this task battery, allowing me to explore visual function in
pathological ageing. Previous findings have indicated that very low-level vision is unaffected in DLB, but
that visual impairments occur around mid-level of the visual hierarchy (Metzler-Baddeley et al., 2010).
Therefore, it was hypothesised that DLB patients would show impairment from contour integration level
to higher vision functions. My results from Chapter 3 suggest that visual acuity and orientation were
relatively preserved in DLB, with only contour integration ability showing impairments in all participants.
Motion coherence performance varied between the DLB patients while all individuals showed greater
impairment at higher level performance. As DLB patients showed impairments in functions - particularly
in contour integration — which did not differ between younger and older adults, these observations suggest
a qualitatively different performance pattern in DLB than healthy ageing. This is of interest as performance
in these tasks could aid early diagnosis of DLB. Higher-level visual functions were also impaired in DLB
patients, however most patients showed ANT network activation. With regards to RT and SAT in DLB
patients, I observed no clear pattern and high variability. Given that only four individuals with DLB could
be studied it is difficult to infer any consistent pattern associated with DLB in these tasks. It may also be
possible that mean RT may not be a reliable performance measurement in the context of highly variable
and slowed and hence noisy RT data. I posit that highly varied RT in DLB may be due to varied individual
deposition of pathology throughout the cortex and visual system (Schneider et al., 2012) which can be

reflected in the heterogeneity of symptom presentation and disease progtression in the individuals included
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in this study. Thus, the pattern observed across the four individuals studied here should be interpreted with

caution.

In summary, my results suggest that older adults show intact visual acuity but a decline in other lower-level
visual functions. My results are somewhat consistent with previous findings showing a complexity effect in
ageing, as slowing was apparent in tasks requiring greater processing. However, where older adults were
given the chance to be slower and more cautious they were able to perform at the same level as younger
adults, thus mitigating lower-level perceptual decline. DLB patients showed a similar level of lower-level
visual performance as older adults, but impairments were present predominantly in mid- to higher- level
vision although large individual variations were observed. This could perhaps suggest that although DLB
patients have the same level of perceptual impairment as older adults, they are not able to consistently

compensate their performance by engaging a more cautious strategy as healthy older adults do.

8.2.2 Metabolites, microstructure and cortical morphology differ between younger and older

adults, and DLB patients

In Chapter 4, I characterised the structural, microstructural and metabolic profile of age-related differences
in the brain by firstly assessing regions of interest in an a-priori manner, and then conducting exploratory
whole brain analysis of white matter microstructure and grey matter structure. I anticipated that cortical
thickness would be reduced in older adults in regions associated with perceptual and attentional functioning,
particularly in frontal regions. My results from the a priori analyses showed reduced frontal, temporal and
parietal cortical thickness in older adults relative to younger adults. This was supported by my results from
the exploratory analysis which also showed widespread reductions in thickness throughout the cortex, in
addition to decreased subcortical volume in age. In addition, I predicted that for a priori analysis white
matter microstructure in tracts of interest would show age-related decline particularly in the fornix, SLF
and ILF. This was supported by my results which showed reductions in FR in the fornix, SLF and optic
radiations in older adults. With regards to DT metrics almost all tracts showed decreased FA and increased
MD and RD in older adults. This was apart from L1 which only showed increases in fornix and SLF 1 in
older adults. Although FR in the ILF showed high effect sizes (Cohen’s 4 = 0.84), FR was found to be
more variable in older and younger groups than DTT indices in the current sample. It is unclear why this
may occur but may again be due to low sample size and higher intra-individual variability in addition to
diffusion model fitting resulting in unexpected outcomes. This finding has also been reported previously
(Zhong et al., 2012) in which age-related reductions in RD were prominent in all regions except for the
occipital lobe, but no significant reduction in L1 was present. Thus, my results are consistent with both
age-related myelin loss and/or axonal degeneration particulatly in the fornix and SLF, suggesting these

tracts are particularly vulnerable to age-relate degeneration (Cox et al., 2016; Metzler-Baddeley et al., 2019).

My results from exploratory TBSS analyses were consistent with the findings from the a priori analysis, and

demonstrated that age-related reductions in microstructural integrity were not limited to anterior brain
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regions but were present in posterior brain regions in older adults, particulatly in measurements of FR. This
suggests that - consistent with the theory of frontal ageing (Dempster, 1992) - microstructural differences
are present in anterior regions in ageing, but differences are not limited to the frontal lobes and occur more
globally in the ageing brain. Thus, older adults may be subject to a decline in white matter integrity in early
visual cortices, which may potentially underlie the observed decline in lower and mid-level vision, as

reported in older adults in Chapter 3.

Based on the preliminary evidence available on metabolic changes in ageing (Haga et al., 2009; Lind et al.,
2020), I expected that frontal metabolites would be elevated but that posterior metabolites would show a
decline in older adults. I also hypothesised that OCC GABA/H20 would be reduced with age. My results
indicated that lower Glx was present in the ACC, and lower NAA was shown in the ACC and PPC with
older age. No significant differences in GABA/H,0 were reported between groups, with only a trend
towards lower GABA/H:0 in the ACC in older adults. As Glx and NAA mark mitochondtial functioning
and glial health, this suggests that neuronal activity is reduced in more anterior and parietal regions with
ageing but that neuronal functioning may be relatively preserved in posterior regions, consistent with my
microstructural results. It was anticipated that GABA/H:0 in the OCC would be reduced with age as has
been previously shown (Gao et al., 2013; Simmonite et al., 2019), but this was not the case in the current
results. Methodologically, my study design is consistent with these investigations in older adults including
acquisition and post-processing model, however these investigations have assessed GABA as a ratio to
creatine, due to its relatively stable concentration in the brain. As discussed in Chapter 2, due to the
instability of creatine in pathological ageing raw concentrations were analysed and reported in the current
study to ensure comparability with DLB patients. However, it is possible that this may have influenced the
present results. Metabolite ratios can aid in the regional susceptibility to variations in concentration and
partial volume effects and thus mitigate the influence of individual variation on the conclusions of group

comparisons (Li, Wang & Gonen, 2003).

My results indicated that FR had higher effect sizes in comparison to other DTT indices (Cohen’s 4 fornix
= 1.72, optic radiation = 1.01, ILF = 0.84, SLF1 = 0.95, SLF2 = 0.84, SLF 3 = 0.98), indicating that it may
be a highly sensitive estimate of white matter microstructure (De Santis et al., 2014). On this basis, 1
examined the relationships between FR and metabolites. My results showed that Glx, myoinositol and NAA
in more anterior brain regions were related to FR in the SLF in ageing. Further to this, my results indicated
that these metabolites fully mediated the relationship between age and FR, pointing to the potential
direction of this relationship. As NAA is a marker of neuronal health and specifically mitochondrial
function, these findings further suggest that age-related reductions in neuronal activity may drive age-related
white matter microstructural decline, likely activating the Wallerian pathway and potentially leading to
axonal and/or myelin degeneration (Lotreto et al., 2020). Previous findings have shown relationships

between prefrontal glucose and FA in the postetior temporal region in ageing (Kuczynski et al., 2010)
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indicating that frontal cortex metabolite concentration may be related to posterior white matter
microstructure. The relationship between NAA and intra-axonal compartment parameters from diffusion
kurtosis imaging has been previously shown in patients with brain injury, particularly in the corpus callosum
(Grossman et al., 2015). However, this relationship has not previously been characterised in healthy ageing
and is therefore highly informative with regards to deconstructing the potential mechanisms by which white
matter microstructure declines with ageing. Future work should consider observing changes in these
regions across several different age groups cross-sectionally or in a longitudinal manner to determine the

order of changes within the lifespan.

Finally, in DLB patients my results showed widespread reductions in cortical thickness and impairments in
white matter microstructural measures. With regards to metabolites, no clear pattern was present for most
measurements between the three patient cases. This is with the exception of consistently raised levels of
GABA/H:0 in the PPC in all cases. To my knowledge, no previous research has assessed GABA in vivo
in DLB patients despite indications from post-mortem studies showing reductions in occipital GABA
(Khundakar et al., 2016). The role of the PPC and GABA in inhibitory processes of attention and top-
down processing may be of relevance to theories of visual hallucinations. Visual hallucinations in DLB are
thought to occur due to overcompensation of top-down processing in response to poor sensory processing
(Collerton et al., 2005). My results suggest that GABA/H20 concentrations in the patietal regions involved
in the top-down attentional processing stream were raised in DLB. This suggests that greater levels of
inhibitory neurotransmitter were present in regions responsible for direction of attention and visual
integration. It is possible that this may contribute to the instance of visual hallucinations, as ineffective
integration of information in a scene in addition to poor attentional focus and/or orientation would lead
to missing or incorrectly processed information. According to the study of visual hallucinations in other
disorders, poor or incomplete visual processing may lead to over-reliance on schemata contributing to
incorrect objects being inserted into the visual scene (Diederich et al., 2004; Koerts et al., 2010; Onoftj et

al,, 2013)

In summary, widespread age-related reductions in cortical thickness were present in my results. A-priori
analysis showed declines in frontal white matter microstructure in older adults however, exploratory analysis
also showed comparable declines in posterior microstructure, thus questioning disproportional age effects
on anterior brain regions as proposed by the frontal ageing hypothesis. In older adults, NAA and Glx in
the ACC and PPC were significantly reduced, indicating alterations in frontal and parietal neuronal and
mitochondrial functioning. These metabolites also mediated the relationship between age and reduced
fronto-parietal white matter microstructure. This suggests that brain changes are not solely limited to
anterior regions in ageing, and thus it may not be just frontal executive cognitive functions that show
predominant decline with age. It also suggests that age-related alterations in frontal and patietal metabolites

may underlie age-related reductions in white matter microstructure in frontal-parietal connections,
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suggesting that where reduced mitochondrial activity occurs this impacts connective axonal white matter
microstructure. DLB patients show widespread reductions in white matter microstructure and cortical
thickness as anticipated. Interestingly, all patients showed elevated GABA/H>0 in PPC which may play a

role in visual or attentional symptoms.

8.2.3 Age-related differences in perception and attention are predicted by changes in metabolites
and microstructural integtity

The work in this thesis then examined which neural correlates best predicted both age-related differences
and age-related maintenance in cognitive performance. In Chapter 5, I used regression models to determine
which brain microstructural and metabolic metric from Chapter 4 best predicted the cognitive performance

described in Chapter 3 in older and younger adults.

My results revealed that for tasks where no significant group differences in performance were identified
(visual acuity, contour threshold, and all ANT network effects), I reported no significant neural predictors.
However, for tasks in which older adults’ performance was impaired in comparison to younger adults (visual
contrast, visual orientation, motion threshold) my results showed that lower-level vision was predicted by
declines in optic radiation and SLF microstructure, frontal and parietal metabolites in younger adults, while
mid-level vision was predicted by GABA/H:0 in the occipital cortex in older adults. Finally, predictors of
a ‘shift’ in performance to a slower SAT in older adults were GABA/H;0 and NAA in the PPC and ACC.
In contrast, predictors of a faster SAT in younger adults were largely microstructural measurements in the

optic radiations and fornix — regions which show decline in older adults.

For tasks where adults showed unimpaired performance, my results showing no significant predictors for
either group were unexpected. It was anticipated that optic radiation microstructure may underlie visual
acuity performance, GABA may underlie contour integration performance and frontal, temporal and
subcortical predictors may underlie ANT performance as previously demonstrated (Fan et al., 2010). I posit
that my results may be the product of noise within a small sample — it is possible that larger variability in
the older group coupled with limited data may have prevented a clear pattern of neural predictors emerging.
This was also reflected in cognitive outcomes of the ANT groups, in which I unexpectedly did not find any
age-related group differences thus is likely to be due to methodological limitations such as limited trial

numbers to accommodate patients.

With regards to impaired task predictors poorer optic radiation microstructure predicted poorer visual
contrast performance in older adults, suggesting that lower-level age-related perceptual processing
impairments ate in part related to a physical decline of the integrity of white matter in sensory processing
tracts. Further to this, predictors of orientation were shown to be frontal and parietal metabolites and SLF

microstructure in both younger and older adults. This demonstrates the importance of this fronto-parietal
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system in supporting perceptual processing in both older and younger adults. However, my results from
Chapter 4 indicated that metabolic differences in older adults mediate the relationship between age and
microstructure in the SLF. As such, it is apparent that in older adults the fronto-parietal network (including
ACC and PPC metabolites and SLF microstructural parameters) is susceptible to age-related decline. The
parietal cortex in particular plays an integral role in the spatial processing element of attentional orientation
(Gottlieb & Snyder, 2010), thus impairments to functions within this region may contribute to age-related

impairments in orientation ability.

Finally, I observed the neural correlates for the SAT scores which were lengthened in the older adult group.
As SAT differences in older adults cleatly reflected a slowing in response time but maintenance of accuracy
thus highlighting a change in response strategy with age, these outcomes were categorised as being reflective
of a ‘shift’ in performance. A clear distinction was present in my results as in young people, performance
was linked to microstructural differences in sensory tract and fornix white matter, which is consistent with
the vast literature highlighting the importance of healthy white matter for effective cognitive function. This
contrasted with predictors in older adults (where these white matter connections show decline), where
longer SAT was related to metabolic markers of neuronal activity in the frontal patietal attention network,
suggesting age-related engagement in top-down compensation for the decline in perceptual processing and
associated networks. Taken together with my findings from Chapter 4 which indicate that metabolites
related to neuronal and mitochondrial functioning mediate the relationship between age and FR in SLF,
this suggests that decreased neuronal activity in the frontal and parietal lobes also weaken transmission
along the SLF. As such, although older adults recruit this system as a compensatory mechanism in response
to the decline in integrity in predictors undetlying faster SAT in younger adults, the fronto-parietal system
is also impaired which is marked by declines in metabolites. Therefore, processing using this compensatory

system may be slowed resulting in longer SAT.

In summary, my results demonstrate that older adults show declines in the biological mechanisms that
underlie effective perceptual processing leading to lower and mid-level visual impairments. However, where
older adults are able to recruit more cautious strategies, they are able to use the fronto-parietal network and
thus increased top-down processing as a mechanism to compensate for impaired low-level perception (i.e.
where the task allows longer processing). This is supported by predictors of SAT performance showing
that older adults successfully recruit fronto-parietal ‘top-down’ predictors to maintain accuracy whilst
lengthening response time. In contrast, younger adults have faster SAT but use ‘bottom-up’ predictors with
greater microstructural integrity, which are shown to decline with age. In addition, although older adults
can recruit this compensatory system it is marked by reductions in neuronal activity, suggesting reduced
processing capacity potentially translating to slower response times. This highlights the key neural

mechanisms which may undetlie the age-related switch to a slower more cautious response strategy.
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8.2.4 Age-related differences in RT elements are predicted by microstructural changes in older
adults and metabolites in younger adults

The neural predictors found in Chapter 5 were seen to indicate a compensatory age-related shift to greater
top-down processing systems with increased task complexity, but this warranted further investigation to
establish why this switch in strategy may occur. Chapter 6 addressed this by applying a DDM to observers’
RTs to investigate model parameters and their undetlying neural correlates in ageing. My findings were
consistent with previous literature; non-decision time (thus combined perceptual and motor processing
time) was found to be longer, and boundary separation values wider in older adults compared to younger
adults (Ratcliff et al., 2012). Increased non-decision time was related to reduced SLF microstructural
integrity in older adults and NAA in the ACC in younger adults, which supports previous findings that
report non-decision time to be related to fronto-parietal functional connectivity (Madden et al., 2020). My
results also showed that greater boundary separation in older adults was related to microstructure of the

ILF and optic radiation.

These findings are consistent with my interpretation of a compensatory role of the fronto-parietal system
in older adults in response to impaired perceptual processing. As the SLF is a key tract involved in top-
down processing (D’Andrea, 2019), my results suggest a relationship between the lengthening of the non-
decision component of RT and reliance on top-down processing in older adults. Taken together, my results
suggest older adults have less efficient non-decision time - thus perceptual processing - which is in line with
my findings from Chapter 3 indicating that older adults show some lower-level visual impairments.
Consistent with my results from Chapter 5, this poorer perceptual processing - as indicated by lengthened
non decision time — may be compensated for by top-down systems in ageing. To my knowledge, no
previous research has applied multi-shell DWI to these questions. Hence, my research adds to the existing
DTI-based literature of white matter microstructural contributions to perception and attention deficits in
ageing showing that novel multi-shell DWI indices can provide more sensitive microstructural estimates

than standard DTI measurements (De Santis et al., 2014).

Further, my results also indicated that NAA in the ACC predicted non-decision time in younger adults
which, to my knowledge has not previously been shown. These results suggest that in younger adults,
effective perceptual-motor mapping within the decision-making process was marked by effective neuronal
functioning in the frontal lobe consistent with the literature (Collins & Koechlin, 2012; Domenech &
Koechlin, 2015; Rouault, Drugowitsch & Koechlin, 2019). This observation complements my findings in
older adults that suggest a contributing role of fronto-parietal networks in perceptual and motor processing.
This included the results in Chapter 5 which suggest that longer SAT was marked by reduced neuronal
functioning in the ACC in older adults and my results in Chapter 4, demonstrating that individual
differences in NAA in ACC mediated the relationship between age and SLF FR. The latter suggests that

age-related declines in NAA in ACC may drive a reduction in FR in the SLF, which then contribute to age-
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related fronto-parietal impairments. Thus, younger adults may be more efficient in perceptually and motor
processing as a result of effective neuronal functioning in the ACC. As the ACC plays an important role in
conflict monitoring and guidance of attention (Weissman et al., 2013) it may be that younger adults
demonstrate faster non-decision time as a result of intact bottom-up processing and efficient conflict
monitoring. In contrast, where older adults attempt to use the fronto-parietal network to compensate for
impaired sensory processing - and a reduction in NAA in ACC reducing the efficiency of attentional
guidance - a greater level of top-down processing is required to mitigate these age-related impairments,
leading to increased non-decision time. However, it should also be noted that non-decision time is also
thought to incorporate a motor component, thus these findings cannot be concluded to be related to

perceptual processing alone.

My results also indicated a relationship between wider boundary separation and occipital and temporal
microstructure. Boundary separation is thought to represent the criterion of evidence accumulation
required before a decision is made, and was lengthened in older adults (Ratcliff et al., 2012). As sensory
evidence accumulation has been related to temporal integration (Kelly & O’Connell, 2013) and sensory
evidence accumulation and integration also require longer processing time in older adults (Jones et al.,
2019), this may have underpinned my results. As occipital regions mediate sensory processing and evidence
accumulation, key elements of perceptual decision making may happen in these networks in parallel (Koziol

etal., 2012).

In summary, my results indicate that older adults adopt more cautious processing strategies as a response
to poorer lower-level perceptual processing (as indicated by longer non-decision times). Where younger
adults have effective perceptual processing, this is marked by efficient neuronal processing in the ACC,
whereas older adults’ poorer perceptual processing was related to reduced integrity in the SLF, which I have
also shown to be related to age-related declines in neuronal processing in the ACC. The combination of
this impaired perceptual processing (non-decision time) and switch to top-down processing may then result
in a more cautious response strategy, as indicated by longer boundary separation values (and longer SAT')

thus greater evidence accumulation periods in older adults.

8.2.5 Non-decision time is altered in DLB patients, and is related to visual hallucinations

Finally, in Chapter 7 I applied the same DDM model of perceptual decision making to RT's in a cohort of
MCI-DLB patients. Previous work has applied the DDM to RT in PD patients (O’Callaghan et al., 2017)
in which impaired sensory evidence accumulation was found to be related to the incidence of visual
hallucinations. It was therefore hypothesised that the DDM model may also provide informative insight
into the cognitive basis for visual hallucinations in DLB. Consistent with previous reports of slowed
response speed in DLB (Ballard et al., 2001, I found that DLB patients have highly varied and lengthened

RTs. Importantly though in this thesis - for the first time - I also found that non-decision time was longer
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in DLB patients and that this was related to ACE visuospatial and North East Visual hallucination

Inventory NEVHI) score. However, boundary separation was not found to be any greater in DLB patients.

This pattern of results suggests a primary deficit in perceptual and motor processing, as opposed to a
difficulty in accumulating sensory evidence or quality of information processing in DLB. These findings
appear consistent with previous findings which have suggested that DLB patients are impaired in initial
processing of stimuli, but when attention is re-directed by the researcher to the stimuli the task can be
completed with little impairment (Fuentes et al., 2010). My results complement these observations as they
suggest that initial perceptual processing is more severely impaired in DLB in comparison to healthy
controls. However, unlike in older adults where perceptual impairments are mitigated by longer boundary
separation values to result in a more cautious response strategy, DLB patients are unable to do this which
leads to greater inaccuracies. Furthermore, as I found that differences in non-decision time were related to
differences in the NEVHI scores I posit that this may be a mechanism for the occurrence of visual
hallucinations, as poorer accurate processing may subsequently result in an incorrect percept being inserted

into the scene consistent with the PAD (Collerton et al., 2005).

Moreover, my findings from the DDM in healthy ageing in Chapter 6 showed that non-decision time was
predicted by frontal and parietal brain regions, however the most consistent finding in DLB patients in
Chapter 4 was raised GABA/H20 in the PPC. Theories considering the cognitive basis of visual
hallucinations in DLB suggest that a primary perceptual deficit results in an over-compensation of top-
down processing (Collerton et al., 2001), located in the frontal and parietal brain regions. Therefore, my
results may indicate that the relationship between GABA/H,0 in the PPC and non-decision time is
important as these differences could underlie an inability to engage effective compensatory mechanisms to
mitigate perceptual impairment in pathological ageing. Furthermore, due to its inhibitory role it is possible
that raised GABA in the PPC acts as a ‘gate’ in DLB patients, preventing the recruitment of effective
compensatory top-down processing. Reduced occipital GABA has been reported to undetlie visual
hallucinations in Parkinson’s disease patients (Firbank et al., 2018), and this has been supported by post-
mortem findings in DLB patients (Khundakar et al., 2016) indicating the importance of GABA in visual
hallucinations in Lewy body disease. However, the mechanism by which GABA may contribute to
hallucinations is yet to be confirmed and the role of GABA/Hz0 in PPC is speculatory thus requires further

investigation to consolidate these results.

8.2.6 Summary of main findings

Based on my current results, I propose that the following mechanisms contribute to the neural and cognitive
basis for performance in healthy ageing and DLB (Figure 8.1). Taken together, my findings suggest that
older adults experience low-level visual impairments independent of visual acuity which is also reflected in

longer non-decision times, suggesting a low-level perceptual impairment with age. This is compensated by
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both the switch to a more cautious and slower response style, reflected in lengthened SATs and greater
boundary separation values. It is possible that older adults may take longer to accumulate information as
they do not ‘trust’ lower-level sensory input, thus a more cautious strategy is engaged voluntarily
(Forstmann et al., 2011) or a more cautious strategy is engaged automatically as a response to greater noise
in perceptual input. This switch is seen to be mitigated by NAA in the ACC and white matter microstructure
in the SLF, suggesting a greater reliance on compensatory top-down processing systems with age. I have
also shown that age-related reductions in NAA in the ACC may be the driving factor in age-related
reductions in white matter microstructure in connective fibres associated with top-down processing (SLF),
meaning this compensatory shift may require greater processing power and/or time, possibly contributing

to lengthening of SATs and response times.

DLB patients also experience an impairment in lower-level perceptual processing and may also experience
a ‘distrust’ in sensory processing ability, as indicated by non-decision time changes. However, it is possible
that they do not recruit the top-down compensatory mechanism that older adults do (as indicated by no
compensatory widening of boundary separation values), leading to more impaired and varied cognitive
outcomes. Alternatively, consistent with the Perception Attention Deficit model (PAD; Collerton et al.,
2004), DLB patients may be able to over-recruit top-down mechanisms - as older adults do - but the
feedback process of this may be altered in DLB. I suggest that this may be the product of altered
GABA/H:0 in the PPC (as shown in Chapter 4). The activation of the GABAergic system plays a key role
in the prevention of mitochondrial oxidative stress (Surmeier & Schumacker, 2013) and deficits in GABA
have been attributed to neuronal loss in PD via this mechanism (Hutley et al., 2013). Moreover, GABA
release in the striatum in a mouse model of PD has been shown to mediate a-synuclein — the major
aggregated component of the pathological Lewy body (Emmanouilidou et al., 2016) and a decline in GABA
control has been seen to initiate pathological processes including weakening of the blood-brain barrier
(Blaszczyk, 2016). However, findings have typically suggested that reductions in GABA contribute to these
events, therefore further investigation is required to establish whether over-accumulation or faulty
regulation of GABA may also contribute to aggregation of Lewy bodies, as per the current results, and then

how this may occut.
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Figure 8.1 Mechanisms of visual perceptual processing in younger and older adults, and dementia with Lewy bodies.
(A) Normal visual processing, light information enters the retina, passes through the LGN to primary visual cortex
(V1). Visual processing occuts hierarchically following this through V2, V3, V4, V5/MT and dotsal/ ventral
processing pathways. (B) Visual processing in younger adults follows this, where bottom-up sensory processing and
top-down processing work in synergy to allow accurate and timely responses. (C) Visual processing in older adults is
hindered in bottom-up processing pathway and overcompensates with greater top-down processing. This over-
compensation is marked by alterations in ACC and PPC metabolites. (D) Visual processing in DLB, where bottom-
up processing is impaired, but patients ate unable to recruit adequate top-down compensation and/or expetience a
faulty feedback system, potentially mediated by GABA/H>0 in PPC.

8.3 Methodological considerations and limitations

8.3.1 Statistical analysis and sample

One limitation of the thesis is the statistical approach to regression modelling that was taken due to the
high number of variables being assessed. This was done by limiting the number of predictors entered into
individual regression models, meaning that predictors were assessed by modality (Chapter 5). This may
have had an influence on the predictors appearing as significant, potentially leading to some neural
substrates appearing that may be not as strong in the predictive relationship if entered into a model with
other variables. To address this, predictors were considered significant at a 1% level with FDR correction
across all models to ensure only those with the strongest predictive relationship were found. Moreover, as
regression models were conducted for age groups separately, it was possible that predictors which appeared

in one age group were also predictors in the other age group. To account for this, Z-score correlation co-
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efficient comparisons were conducted to determine the significance of the predictor between the groups
(i.e. if the predictor was unique to one age group), in addition to partial correlation in the older group to

controlling for the influence of generalised atrophy or white matter damage.

It should also be noted that the sample sizes were relatively small in the thesis in both younger, older and
DLB patient groups. Sample size was limited due to rigorous screening for MRI contraindications,
recruitment opportunities, feasibility of taking patt for both older and patient participants and limitations
on scanning hours. As the study was initially designed to assess DLB patients, this impacted the wider
recruitment of older, healthier participants due to matching procedures for age and sex, and if the current
study were to be replicated or extended a larger sample should be recruited. Despite a power calculation
indicating that sample would be adequate for the study, this calculation was based on limited relevant
literature which also recruited low sample sizes, thus power is limited for the current study. Both the
presence of suitable patients in clinic (in terms of MRI suitability and cognitive ability to partake) and overall
number of DLB patients was lacking, highlighting the difficulty of recruiting DLB patients this nature of
research study. In addition, a few cases who were suitable to take part and agreed to contact were
disheartened by length of the testing session(s) and travel to CUBRIC for MRI scanning. This led to a very
limited number of DLB patients recruited over a 2.5-year period. In Chapter 5 particulatly, this limitation
in sample size may have contributed to the lack of clear pattern in neural predictors for tasks which showed

an unimpaired cognitive outcome.

Finally, as has previously been discussed the impact of cognitive and/or brain reserve should be considered
within the current sample. Cognitive reserve refers to the ability of individuals to be more flexible or
efficient with brain resources than others (Stern et al.,2012). Brain reserve refers to the ability to switch or
engage compensatory neural mechanisms to complete a task. In the context of ageing, those individuals
with higher cognitive and/or brain reserve are more able to engage compensatory cognitive and neural
mechanisms than those with lower cognitive reserve. It is possible that, given the ability of the current older
sample to engage readily in a shift in their response strategy, that the older adults recruited have higher
cognitive reserve. This therefore would provide them with an advantage in cognitive performance in that
they are able to maintain performance, or make a switch to maintain accuracy, where other older adults
with lower reserve may not be able to do so as readily. In addition, those tasks in which no performance
differences were reported may demonstrate this cognitive reserve and thus may not be representative of
petformance in the rest of the ageing population. As cognitive and/or brain reserve was not assessed in the
present study this cannot be confirmed however it should be noted, and results interpreted with this

consideration.

8.3.2 MR imaging
Although using advanced MRI techniques has many advantages over traditional clinical MRI or even other

methods of measuring brain function such as electroencephalography as discussed in Chapter 2, there are
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some limitations that should be discussed. First, there are several limitations associated with MR
Spectroscopy in general relating to the human metabolome. MRS is influenced by physiological and external
factors such as diet, stress, medications, alcohol or caffeine consumption and menstrual cycle (Tognarelli
et al., 2015). Furthermore, sex differences have also been noted in MRS imaging both with regards to the
influence of hormones but also levels of creatine in relation to skeletal mass which differs between males
and females (Grachev & Apkarian, 2000). Although the sample in the current study was well balanced for
gender, it is possible that this may have resulted in over-exaggeration or masking of metabolic patterns.
However, due to limitations in the recruitment of suitable participants, dietary and menstrual factors were
not controlled for which may have influenced my results in younger adults. Whilst younger and older adult
groups were balanced for sex, this was not possible in DLB patients. As metabolic results were found to

be particularly important in the current study, future replications or extensions should account for this.

Secondly, there is great potential for contamination during the MRS acquisition. This can be in part due to
voxel placement and individual differences in brain structure but also the efficiency of shimming in
eliminating field inhomogeneities, as previously discussed. As older adults have relatively reduced cortical
thickness and grey matter volume, I accounted for this limitation by controlling for CSF volume within
voxels in post-processing and adhering to anatomically guided voxel placement. Moreover, manual

shimming was employed to reduce field inhomogeneities.

In addition, GABA contamination and spectral fitting can also be limited depending on the selected model
and the method of quality controlling for outliers or pootly fitting data. I addressed this by employing a
sensitive post-processing model specific to GABA signal. Quality control was also employed post

acquisition as described in Chapter 4.

Finally, as discussed in Chapter 2, the GABA signal also contains concentrations of macromolecules. The
editing pulse used to acquire the GABA signal co-edits a macromolecule peak at 1.7ppm meaning that the
GABA peak can be contaminated with a macromolecule signal by up to 50% (Bell et al., 2021). Findings
have suggested that the relationship between age and GABA+ in 20-50 year olds disappears when
macromolecules are suppressed, suggesting that they may be a significant driver in the apparent role of
‘GABA’ in the brain (Aufhaus et al., 2013). Whilst further editing can be applied in the acquisition of the
GABA signal to suppress these macromolecules, this was not introduced in the current study due to time
constraints. This should be noted as a limitation in the current results, however GABA+ levels are known

to decrease later in life, therefore this effect may not be as apparent in the current cohort.

As previously discussed, typical tractography methods which are based on the tensor model can fail to
account for crossing or bending fibres, as only the principal diffusion direction is accounted for (Jones,
2010). In this thesis I acquited HARDI data and applied a spherical deconvolution-based algorithm - the

dRL algorithm - to allow for improved fibre tracking in areas with complex fibre architecture and affected
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by partial volume. However, while these methods can improve fibre tracking (Jeurissen et al., 2017), it is
worth remembering that current shortcomings of diffusion MRI tractography also include an inability to
determine the direction of white matter (afferent or efferent) as well as the presence of false positives with

CSD approaches.

It should also be noted that there are other advanced imaging techniques which can return indices that are
highly sensitive to the biological properties of myelin, which were not accounted for in the current work.
Other methods such as quantitative magnetization transfer (qMT) or T1 and T2 relaxometry methods
(mcDESPOT; Deoni et al.,, 2008) could be employed in subsequent work as they are highly sensitive,
allowing the characterisation of pathophysiology in the white matter (Makovac et al., 2018). This may be
particularly pertinent to consider, as my results suggest that fronto-parietal myelin loss may play a key role
in age related slowing and myelin loss in the optic radiation may be related to age related worsening of
perceptual processing. However, within this thesis MR acquisition time was limited due to both older adults’
and DLB patients’ capacity to be in the MR scanner for a prolonged period, and also due to the collection
of multiple voxels of MEGA-PRESS data. As such, there was a trade-off between acquiring more advanced
imaging and acquiring all the modalities of interest which resulted in the acquisition of multi-shell diffusion

data as a measure of white matter microstructure.

8.3.3 Cognitive Task limitations

The perceptual and attentional task battery was compiled using tasks which had been shown to assess
certain visual functions that were associated with a neuroanatomical region within the visual hierarchy. The
task battery was compiled to address the limited literature which has assessed DLB patients’ perceptual
impairments in a sensitive manner using psychophysical methods. As such, the battery was designed to be
accessible to patients. It has been discussed previously in this thesis that this may then have limited the
complexity and thus sensitivity of the tasks when assessing control participants. However, arguably some
tasks still show group differences between younger and older participants, therefore appeared sufficiently

sensitive to detect age-related differences in performance.

Furthermore, the task battery aimed to incorporate psychophysical methods including adjusting stimuli
signal using a staircase procedure. This was done to obtain a more sensitive measure of perceptual sensitivity
in observers. However, it should be noted that an up-down staircase was employed in this thesis in tasks
from low to mid-level. Whilst this can narrow down an estimate of perceptual sensitivity for participants,
there are more complex staircases which employ prior knowledge, working on Bayesian inference which
may have been employed to return more accurate estimates of perceptual sensitivity (Kontsevich & Tyler,
1999). However, with this comes the need for a greater number of trials therefore a trade-off between the
sensitivity of the psychophysical method employed and the number of trials patients and older adults were

able to complete (within a larger task battery) lead to a compromise in which the current staircase was used.
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Across all tasks trial numbers were also limited to ensure suitability for patients. In addition, trial numbers
were limited due to the number of tasks included in the battery, number of assessments used within the

testing session and practicality of completing the testing session in both patient and older adult groups.

Finally, motion perception was measured using a random dot kinetogram which assessed coherence
sensitivity in participants. However, it should be noted that there are several different elements within
motion perception such as biological motion of walking bodies, which are separate to motion coherence
perception. These were not assessed within this study, as motion perception alone was not the focus of the
task battery and therefore conclusions about motion perception ability are limited to this sub-function only.
Moreover, there are some issues with the random dot kinetogram stimuli parameters which in turn influence
the function being measured. For example, using dots which are animated in different directions at too
slow a speed can be problematic, in that the observer can fixate and use one dot as a reference for motion,
as opposed to viewing the stimuli as a whole. Moreover, there have been some age-related differences
concerning the direction of motion (Pilz et al., 2017) in that horizontal motion perception is more subject
to age-related impairment. To mitigate these limitations, this thesis replicated the stimuli used in Landy et

al (2015) which showed reliable age-related changes and was successfully completed by all participants.

8.3.4 Issues in investigating cognitive ageing

Given the time constraints of the PhD project, the current study was designed in a cross-sectional manner.
However, cross-sectional studies are not ideal in the study of ageing and it has been suggested that they
may be misleading, as other factors aside from age may contribute to cognitive performance (Salthouse,
2014). One of the major limitations in the cross-sectional study of ageing is that average trends across
individuals regardless of age may upwardly bias certain estimates and thus lead to assumptions that trends
with ageing are present (Hofer et al., 2002). Moreover, covariances can result from several sources such as
random individual differences, but also cohort effects such as differences in education level between
younger and older adults (Hofer et al., 2002). It has been highlighted that the gold standard approach to
studying ageing is longitudinal investigation (Huppert et al., 2000), however this was not feasible in the time

frame of this thesis and considering concurrent patient recruitment.

In addition, due to the initial design of the study recruiting DLB patients, participants were required to be
of capacity to consent and partake in cognitive testing. Therefore, longitudinal design was not possible in
this instance, as patients would likely progress in their disease and be unable to partake in the study. The
current design was therefore cross-sectional as it was a practical approach but adults from a wider range of
ages in both groups were recruited and age was included as a predictor in analyses to mitigate the limitations
of the design. As such, my results are limited to the conclusion that they represent group differences
between young and old as opposed to age-related changes over time. However, the cross-sectional

approach in this thesis was appropriate considering the research questions and practicalities of testing.
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8.4 Thesis conclusions and future directions
Despite the limitations of the study, this thesis has shown some interesting and novel results which have

wider implications in the study of vision and attention in healthy ageing and DLB.

This thesis characterised visual perception and attention in older adults and investigated the age-related
brain differences in regions associated with visual and attentional function using MRS and advanced
diffusion methods. This thesis also characterised visual perception and attention in DLB patients and
related this to associated brain networks, to establish which stage in the visual processing hierarchy
processes become impaired in comparison to older adults. Finally, elements of RT and SAT were assessed

in both healthy ageing and DLB and associated neural differences were investigated in healthy older adults.

My results show that visual and attentional decline in ageing follow a pattern of maintained visual acuity
but a decline in lower-level and mid-level visual abilities. Moreover, older adults did not show impairments
in accuracy in tasks requiring greater executive processing, but longer RTs and SATs were required to
maintain performance highlighting an age-related ‘shift’ in strategy. Most notably, the results from this
thesis demonstrate the presence of age-related relationships between metabolites in the ACC and
microstructural integrity in the SLF and highlight that impairments in these mechanisms may be related to
impaired perceptual functions in older adults. Unimpaired performance on mid-level visual tasks were
maintained by the same neural predictors in both groups. Furthermore, this thesis demonstrated that
metabolites in fronto-patietal regions predicted older adults’ shift in strategy to a slower and more cautious
response style, highlighting a greater reliance on the top-down network. As older adults also showed
reductions in microstructural integrity in lower-level sensory brain regions, it is possible that this reliance
on top-down mechanisms occurs as a response to a distrust in lower-level sensory processing. This
contrasts with younger adults who showed a faster response style and predictors which were largely related
to the microstructural integrity of optic radiations.

To explore this further a DDM was applied to RT in younger and older adults. My findings indicated that
longer non-decision time and boundary separation values were related to SLF microstructure in older adults
and NAA in ACC in younger adults, further supporting an age-related switch to top-down processing with
a more cautious cognitive strategy in response to perceptual processing impairments. Although it has been
well established that DDM elements are altered in older adults and reductions in white matter integrity have
been linked to this, investigations have not established metabolic or advanced diffusion markers of these

changes previously.

These findings have implications in the further study of RT elements in older age but also link brain changes
with age to reliable changes in processing speed and decision-making elements. Furthermore, these findings
also clarify the biological basis for the abstract elements of RT within the diffusion drift model and confirm

the neural processes which underlie this. More generally, these findings have implications for the further
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study of cognitive ageing as they do not support the traditional views of generalised cognitive slowing or
impaired executive functions with ageing, but show that perceptual elements and the neural mechanisms
engaged to support these processes in older adults may be more informative of overall cognitive

performance.

The work in this thesis also revealed important novel results with regards to vision, attention and decision-
making elements in pathological ageing and their relationship to clinical symptoms in DLB. DLB patients
showed some low-level visual impairments and more marked impairments from mid-level visual function
to high level vision, but varied RT in comparison to healthy older adults. When examining brain differences,
widespread reductions in white matter microstructural integrity were found, but notably all DLB patients

also showed consistently raised GABA/H,0 levels in the PPC.

Whilst the DDM elements of RT have been investigated in PD patients in relation to visual hallucinations
(O’Callaghan et al., 2017), it has not been applied to DLB patients. As visual hallucinations and RT slowing
are key features in DLB, my investigation of differences in DDM elements in these patients may provide
an indication of the cognitive basis for clinical cognitive symptoms and perceptual decline. My results
revealed longer non-decision time only in comparison to older adults suggesting a primary perceptual
problem which can’t be mitigated by greater evidence accumulation. Moreover, these findings were found
to be related to visual performance and the incidence of visual hallucinations. In addition, firstly
characterising the neural basis of RT elements in older adults and then showing the profile of these elements
in DLB allows some inference to be made on key brain regions which may be important in cognitive decline

in these patients.

My results highlight the importance of investigating neural metabolite changes in older age when studying
cognition. I demonstrated important relationships between FR and metabolites related to mitochondrial
function in the frontal lobe, highlighting potential cellular mechanisms for age-related differences in the
brain. Studies which have assessed metabolic changes in relation to cognitive differences in ageing are
limited but are starting to become more abundant. The work in this thesis supports the usefulness and
importance of this direction of enquiry in the cognitive ageing literature. The results from this thesis also
have implications for further study of neural impairments in DLB. My results indicate potential markers of
decline in this group which are linked to the incidence of clinical symptoms, which may be useful in the

prediction of visual hallucinations.

These results provide the basis for understanding neural processes related to vision, attention and
processing speed that change with age. When this research was initially designed, a thorough
characterisation of vision and perception in healthy ageing and neural correlates was not available. As this
study was initially designed to assess DLB patients’ performance, this was problematic, as no comparative

in healthy ageing existed from which pathological changes could be measured. Therefore, this work is
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important as it provides a platform from which pathological age-related changes in vision and perception
and their corresponding brain regions can be explored. As this thesis also assessed the feasibility of adopting
a multimodal design in pathological ageing to examining the brain and cognition in a small sample of DLB
patients, subsequent work could launch this framework in a larger sample of DLB patients. Moreover, my
research has highlighted some important clinical findings such as altered patrietal GABA/H,0, impaired
mid-level vision in DLB patients and poor perceptual processing as a basis for visual hallucinations in DLB.
One of the most important future directions of this work would be to investigate the neural correlates of
lengthened non-decision time in DLB and the role of patietal GABA in clinical and cognitive presentation.
This would help to clarify, with some physiological evidence, the neural mechanisms of perceptual

impairment and visual hallucinations in DLB.
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Appendices

Appendix 1 : Pilot study of visual and attentional tasks in healthy younger and older adults

Methods

Participants and Design

To ensure the battery was effective and accessible, participants from ages 18-30 (n=31) and 50-90 (n=10)
were recruited. Younger participants were undergraduates or postgraduates at Cardiff University recruited
through the School of Psychology, Cardiff University Experimental Management System (EMS) in
exchange for course credits, or via word of mouth. Older participants were recruited through the
Community Panel at Cardiff University, which is a database of members of the public interested in partaking
in research. Participants were invited to take part if they had normal or normal corrected vision and were
fluent English speakers. All participants provided written informed consent. All tasks designed for the
project were coded using PsychoPy v 1.85.6 (Pierce 2007; Pierce, 2009) with the exception of the FrACT
(Bach, 1996) which was downloaded in its original form, and the TOPF-UK (Weschler, 2011) and Doors

and People standardised tasks.

Materials: VVisual Task Battery Development
A visual task battery was designed in order to assess functions at each stage of visual processing in order to

determine a specific level at which visual perception becomes impaired in DLB patients.

Lower-level vision

V1, involved in the lowest levels of visual processing was assessed using measures of visual acuity, visual
contrast and orientation. Two tasks were used to determine the functioning of this region, the FrACT
(Bach, 1996) which determines level of visual acuity and contrast using a classic Landolt C test. Participants
viewed the ‘C’ shape on the screen and were asked to respond to the ‘gap’ in the C, which was rotated at
random between trials. For the visual acuity paradigm, shapes were reduced in size in response to

performance, and for the contrast paradigm the ‘faintness’ of the shapes was manipulated.

Orientation detection was measured using a Gabor patch paradigm (Peirce, 2007; Peirce, 2009) in which
two shapes were presented on the screen with vertical lines down the centre of each shape. The vertical
‘line” in the centre of the shape was manipulated in degrees of orientation in one of the shapes on each trial,
and participants were asked to identify which shape was oriented exactly vertical. The location of the
‘correct’ answer was randomly determined for each trial. Each trial increased in difficulty via the level of
degrees oriented to find a threshold of contour detection.

Mid-level vision
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Mid-level visual perception involves contour detection which was assessed using a Gabor patch paradigm

in which participants were asked to detect the outline of a shape within the dot pattern (Metzler-Baddeley

et al., 2010). Otientation of the contour Gabor patches was manipulated between 0° and 40° in order to
increase difficulty of detection in a 4-forced choice paradigm. Participants responded to the location of the
contour which was randomly determined for each trial. A linear staircase selected the difficulty of trials
depending on performance on a 3 up 1 down basis. Motion perception was also assessed using a random
dot kinetogram, in which participants were asked to determine the direction of the moving dots whilst
‘distractor” moved randomly through the animation. Direction of dots was determined at random, and the
same linear 3 up 1 down staircase and 4-forced choice task design was employed to manipulate the ratio of

uniform to random dots.

Higher-level vision

Figure ground-segregation, the ability to discriminate objects from background The embedded figures test
(EFT) involves perceiving information which is integrated into a background, requiring parieto-occipital
and frontal cortical regions (Ring et al., 1999; Withkin et al., 1971). The participant is required to separate
the figure from the ground in order to perceive the embedded target (de-Wit et al., 2017). The EFT uses
stimuli from the Leuven Embedded figures test (L-EFT). Participants view one target line shape at the top
of the screen (e.g. triangle), and three line drawings at the bottom of the screen (see Figure 4D). Participants
are asked to identify which of the three-line drawings contains the target, embedded into the lines. Number
of lines in the target shape, number of lines in the line drawing options, and symmetry of the target shape

are manipulated to make the trials more difficult. Trials were presented until response (trials = 62).

Seemingly large changes in a scene, such as the removal of an object, can be missed due to absence of
attentional processing to the particular element of the scene. This phenomenon is referred to as ‘change
blindness’. Objects and elements of the scene are processed by the ventral visual pathway; however,
conscious detection of change also relies on dorsal stream activation, thus dorsal-ventral interaction is
important in effective visual perception (Beck et al., 2001). Change blindness was assessed in the present
study by presenting participants with coloured photographs of houschold scenes (see Figure 4C), accessed
from the SCEGRAM image database (Ohlschliger & V3, 2017) with permission. Each trial consisted of
the presentation of one photograph on the screen (6000ms), followed by a blank screen interval, with a
central fixation cross (1000ms), and the subsequent presentation of a second photograph. The second
photograph shown was identical to the first, however an element of the image was altered from the first
photograph. Following the presentation of images, participants were shown three choices on screen (for
example ‘plant’, ‘chair’, ‘newspaper’), and were prompted to select which of the items they believed had
changed (either appeared or disappeared) between the images. Images and items were altered for difficulty

by manipulating the size and location of the target in the scene (trials = 20).
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Object based visual perception is also considered to be a higher-level visual perceptual process, which
involves the ventral stream, including the temporal lobe (Reddy & Kanwisher, 2006). The effective
recognition of objects has been assessed by multiple tasks, such as the chimeric non-object task (Lloyd-
Jones & Humphreys, 1997). The stimuli used in the task are line-drawings of figures (animals, natural
objects, birds, household items) which are either chimeric non-objects or real objects. Chimeric non-objects
are formed by parts of 2 objects (Figure B), and real objects are true to form (replicated from Lloyd-Jones
and Humphreys (1997) by Getlach (2017) used with permission). In the present study, participants are
presented with 4 line-drawings, at the top, bottom, left and right of the screen, on a white background.
Images presented included 3 objects, and 1 chimeric non-object, which was presented at a different position
on each trial. Each trial was displayed until a response was made using the corresponding arrows (trials =

20).

Visual attention and executive tasks

Visual attention refers to the process in which visual information is located and attended to within a scene
(Derrington, 1996). Impairments in visual search tasks can be observed following damage to the occipito-
parietal cortex (Atkinson & Braddick, 1989) and have also been observed in DLB patients (Cormack, Gray,
et al., 2004). The present task used simple green and red ‘I’ stimuli in varying rotations, which were
presented to participants on a grey background. Participants were presented with the target “I” prior to the
task, which remained the same throughout all trials. Stimuli were presented in two blocks: block one
contained 12 trials, each containing 8 stimuli, in which 4 of these trials contained no target, and block two
contained 12 trials, each containing 16 stimuli, in which 4 trials contained no target. Trials which contained
the target were balanced by location of the target (in four screen quadrants). Trials were altered in difficulty

by manipulating the eccentricity of target on the screen from foveation (trials = 52).

Executive function refers to a set of cognitive processes such as judgement, inhibition and cognitive
flexibility (Diamond, 2013). The Stroop Colour and Word Test has been extensively used for the assessment
of inhibition of cognitive interference (Stroop, 1935) and DLB patients are seen to have poorer
performance than AD on this task (Park et al., 2011). As in the classic Stroop task, in the present study
participants viewed colour words (‘red’, ‘blue’, ‘green’, ‘yellow’, ‘pink’) presented individually at the centre
of the screen on a grey background, for 5000ms. Participants were instructed to respond as quickly as
possible to the word itself, ignoring the colour ink. Responses were made using colour coded keys (trial

=50).

In addition to visual tasks, the Attention Network Task (ANT; Fan et al., 2002), a flanker task integrated
with the Posner cueing task (Posner, 1980) was adapted for use in the battery. The task was employed in
order to ascertain more detail about the nature of attentional impairments in patient groups and how these

may contribute to performance in visual perception tasks. The ANT presents participants with four cue
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conditions (spatial, double, centre or no cue) and three flanker conditions (neutral, congruent or
incongruent), scores from which can be calculated for individual network performance (orienting, altering

and executive). Stimuli consist of a horizontal row of 5 horizontal black lines with arrow heads against a
grey background. In accordance with the original study, these stimuli subtended 3.08° of visual angle and,

in order to introduce the otienting component, these stimuli were presented variably at 1.06° above or
below a central fixation point. Each trial consisted of five events, firstly a fixation period of 400ms.
Secondly, in order to introduce an alerting component, one of four ‘warning’ conditions (stat cue; spatial,
double, no or centre) were presented at random for 100ms. Next, the stimuli (either congruent, neutral or
incongruent) in one of three positions (above, below or on fixation) were presented for response, and
disappeared after 1700ms. Excluding two practice trials, the session consisted of 144 trials (4 cue conditions
x 3 target locations x 3 flanker conditions x 2 repetitions) which look approximately 10-12 minutes to

complete in healthy control subjects.

In order to determine the efficacy and validity of the tasks designed, a pilot study was conducted to assess
both younger and older healthy controls’ task performance, as well as ease of use and accessibility of tasks
for all ages. In addition to the experimental tasks, measures of executive function, intellect, verbal fluency,

visual and verbal memory and general visual attention were also included in the task battery.

Procednre

Participants were tested individually in cognitive testing rooms in Cardiff University Brain Imaging
Research Centre (CUBRIC). Participant information, details and consent forms were completed prior to
testing with full consent being obtained from each participant. Computerised tasks were executed using a
15” MacBook Pro 2012 (macOS Sierra v 10.12.6, 2.3 GHz, Intel Core i7, Apple Inc., CA) and projected
onto a 24” monitor with a Full HD LED 1920 x 1080 resolution (liyama Prolite P11283h, Mouse Computer
Corporation, Tokyo). Participant’s responses were recorded using a Bluetooth wireless numeric keypad for
Mac OS (BKB-Apple-PM, Cateck Inc., Tokyo) coded and adapted for the study by creating colour and
arrow response buttons. Prior to each computerised task, the researcher gave a verbal introduction and
explanation to each task procedure and how to respond. Participants were then shown the instructions
provided on screen before each task and given practice trials. The researcher ensured that participants were

confident in completing the task before proceeding.

Domains of general cognitive functioning were assessed using standardised and validation measures of
memory, visual attention and executive function to supplement clinical assessments of cognition from
medical information. Memory, specifically visual and verbal recall and recognition was measured using the

‘Doors and People Test’ (Baddeley, Emslie & Nimmo-Smith, 1994). The test involves memory and delayed
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memory recall for names, shapes and images and has been widely used in the dementia population and
returned valid results (Green, Baddeley & Hodges, 1996; Clare et al., 2001; Nestor, Fryer & Hodges, 2000).

Computerised tasks were completed as described above.

Results

Demographic characteristics

Participants in the younger adult group (n=31) had a mean age of 20.89, and in the older group (n=10),
mean age was 67.2. Participants did not significantly differ in years of education (F(1,37)=0.127, p=.072),
TOPF-UK intelligence score (F(1,37)=0.195, p=.66) or visual acuity (F(1,37)=2.418,p=.0142)

Younger M (SD) Older M (SD)
Age 20.89 (3.37) 67.2 (8.59)
Gender Male (10) Female (21) Male (3) Female (7)
Handedness Left (3) Right (28) Left (0) Right (10)
Years of education 20.55 (3.12) 21 (4.24)
TOPF-UK score 49.64 (11.83) 51.88 (15.32)
Visual acuity (Snellen fraction) 1.31 (0.37) 1.77 (0.31)
Visual contrast (LogMAR) 1.01 (0.31) 1.74 (0.59)

General cognitive assessments

Average lexical fluency performance on the FAS task was 15.01 words per minute (SD=4.23). Doors and
People task age scaled verbal forgetting (M=8, SD=2.26) showed no significant group difference
(F(1)=0.853, p=0.39), or visual forgetting (M=10.14, SD=2.53) (F(1)=0.47, p=0.52).

Stroop task results demonstrated high accuracy of performance (M=95.48%, SD=9.86) and reaction time
(M=323 msec, SD=30.5). No significant difference in group performance was present for accuracy
(F(1)=0.608, p=0.45) or speed (F(1)=3.06, p=0.10). Visual search task accuracy (M=89.81, SD=3.46) and
speed of reaction time (M=168.1 msec, SD=61) demonstrated consistent performance between
participants, which did not significantly differ between age groups (accuracy: F(1)=0.003, p=0.95, RT:
F1)=2.77, p=0.117).

Low-level visnal perceptual tasks

No significant differences were found between younger and older groups in orientation threshold. No

significant group differences in visual acuity or visual contrast were observed
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Mid-level visual perceptual tasks
No significant differences were found between younger and older groups in contour detection threshold.

No significant difference in motion coherence threshold between younger and older groups was present.
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High-level visual perceptual tasks

A significant effect of rotation condition was found in the mental rotation task (F=75.643, p=<.001) on
reaction time (RT). The effect of rotation condition on RT was also found to be significant within the
younger group (F=4.741, p=.003), however this was not present in the older group following correction

for multiple comparisons (F=2.93, p=.037). No significant effect of number of cubes per stimuli on RT

was detected.
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In the change blindness task, a significant effect of object size on reaction time was found in the younger
group (r=.201, p=.002). Object location (distance from centre of screen) was also seen to have a significant

effect on reaction time in the younger group only (r=-.187, p=.004) (Figure 13).
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In the embedded figures task, a significant effect of the number of lines in the target shape on reaction time
was found, with increasing numbers of lines (2,4,6, 8) resulting in longer RT (F=32.352, p<.001).
Interestingly, RT was longer in 6-line condition, and became shorter in the 8-line condition in older groups
only. A significant effect of group was found on reaction time (F=12.45, p<.001). No effect of line number

in the target patterns on reaction time was found (Figure 14, 15).
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The classic Stroop effect was found to be present in the Stroop task, with a significant effect of trial congruency on
RT (F=22.311, p<.001). A significant Stroop effect was found in each group (Younger = F=26.147, p=<.001; Older
=F=7.098, p=.008). Group differences in overall RT were not significant. In the visual search task, a significant effect
of the number of distractor stimuli presented (8, 16) on RT was present (F=12.33, p<.001). A significant group effect
on RT was also observed (F=6.771, p<.001).
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A significant effect of cue condition on reaction time was present in the ANT (F=3.737, p=<.001). Post hoc tests
revealed a significant effect of spatial cue vs centre cue on reaction time (p=.004) and approached significance in no

cue vs double cue (p=.035). A significant effect of flanker condition on reaction time (F=5.216, p=.000).
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Preliminary results have demonstrated results consistent with previous findings in the majority of tasks.
General cognitive assessments demonstrated no differences in performance between older and younger

participants, with relatively low variation in both accuracy of performance and speed of reaction time.

Stroop task performance in the present project is consistent with previous investigations which have
demonstrated no significant difference in performance on a computerised Stroop task in older and younger
healthier groups (Shilling, Chetwynd & Rabbitt, 2002). Data for visual search task indicates vatiable
performance, which are very evident in previous research, and as such, group similarities or differences may
not be as clear as in alternative tasks (Ball, Roenker & Bruni, 1990). Tasks assessing lexical fluency are
generally predicted by vocabulary size, and lexical access speed (Bolla, Lindgren, Bonaccorsy & Bleecker,
1990), and observation of lexical fluency scores in the present project suggest relationship with TOPF-UK
scores, indicating the task may be valid. Previous ANT performance in older adults has demonstrated no
difference in performance in orienting or executive networks, and some slight difference in alerting
performance (Jennings et al., 2004). The task demonstrated no group differences at present, however the
results are consistent with the original ANT experiment (Fan et al., 2002). Performance on tasks of visual
orientation have demonstrated results consistent with the current findings (Faust & Balota, 1997), however
there is no normative data previously determined for the exact task which was adapted for use from

PsychoPy original psychophysics tasks (Peirce, 2007; Peirce, 2009). The task assessing contour integration
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was computerised from Metzler-Baddeley et al., (2010), and demonstrated a slightly lower level of difficulty
reached in healthy controls. However, this may be due to the computerisation of the task and screen
viewing, or co-ordination of viewing and response on keypad. The motion perception task returned little
usable data due to an error in the code, which has since been amended for future use. Results which have
been returned have indicated that sensitivity of the task may need to be edited in order to provide a more
accurate measure of threshold. Embedded figure task was based on stimuli and parameters used in the
Leuven Perceptual organisation screening test (L-POST; Vancleef et al, 2014) and L-EFT. Reliability and
validity for these measures are high in sensitivity in a large healthy control cohort. Older adults
demonstrated longer reaction times yet more variable performance in accuracy, which has been previously
demonstrated in cognitive functioning in older adults (Hultsch, MacDonald & Dixon, 2002). Normative
scores for the database images used in the object in scene task did appear to be higher in reaction time,

however task designs differed significantly between the previous published task and the task at present.

Participants gave some unprompted feedback that they felt they may be ‘guessing” on the object recognition
task, however mean performance was above average. Some amendments may need to be made to this task
to increase ease of completion. From observation and feedback during task participation, all task
instructions and use of response keypad were clear to all participants. No participants experienced difficulty

in completing tasks and needed minimal reminders in performance on computerised tasks.

It was concluded that amendments to the task battery were required, including the omission of visual search,
Stroop, object decision and lexical fluency tasks in the interests of time, and the removal of the doors and
people task from the main study. Psychophysical staircases in contour integration task and difficulty level
in object recognition task need some revision in order to return more accurate results. Generally,

performance on other tasks is consistent with previous literature.
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Appendix 2 : Metabolite median (SD), variance and range in older and younger adults

Younger Older
occ Median (SD)  Variance Range Median (SD)  Variance Range
GABA 4.69 (48) .24 2.00 4.66 (.01) 367 2.22
Glx 13.9 (.87) .76 3.1 13.1 (2.01) 4.05 8.4
NAA 17.8 (2.0) 4.01 7.84 17.88 (2.28) 5.23 9.55
Myoinositol 10.07 (1.32) 1.76 5.3 9.07 (1.91) 3.66 8.21
Choline 1.79 (19) .039 .901 1.88 (.28) .084 1.02
Creatine 11.04 (.95) 914 4.82 11.38 (1.45) 213 5.27
ACC
GABA 4.07 (.29) .086 1.36 3.86 (.43) 19 1.95
Glx 15.4 (.87) .75 4.1 13.9 (1.75) 3.1 7.6
NAA 14.27 (1.06) 1.13 431 12.14 (2.42) 5.88 10.98
Myoinositol 10.28 (1.25) 1.57 5.14 8.95 (2.35) 5.54 10.77
Choline 2.59 (.255) .066 97 2.56 (44) 194 1.75
Creatine 10.08 (.65) 429 2.75 9.40 (1.44) 2.07 4.99
PPC
GABA 4.24 (.35) 126 1.75 4.41 (45) 202 1.68
Glx 14.25 (94) .89 3.8 13.9 (1.49) 2.24 6.4
NAA 16.9 (2.01) 4.04 8.84 15.86 (2.34) 5.5 9.77
Myoinositol 10.45 (1.23) 1.51 5.31 9.76 (2.25) 5.06 10.21
Choline 2.03 (.23) .054 .926 2.17 (.37) 14 1.56
Creatine 10.72 (.94) .89 3.83 10.6 (1.57) 2.48 6.74
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Appendix 3 : Tractography metrics median (SD), variance and range in younger and older
adults. Fractional anisotropy (FA), mean diffusivity (MD), restricted fraction (FR), radial

diffusivity (RD), axial diffusivity (L.1)

Younger Older

Median (SD) Variance Range Median (SD) Variance Range
FA in fornix 420 (.02) .00 .064 .374 (.026) .001 114
FA in optic radiation left 471 (.035) .001 A7 460 (.041) .002 187
FA in optic radiation 478 (.028) .001 d112 461 (.0306) .001 155
right
FAn ILF kft 442 (.021) .00 .084 425 (.025) .001 .099
FA in ILF right 450 (.018) .00 .068 423 (.023) .001 109
FAin SLET left 478 (.046) .002 218 425 (.03) .010 127
FAin SLET right 448 (.039) .002 A7 441 (.041) .002 .160
FA in SLEF2 left 406 (.04) .002 176 .382 (.028) .001 .106
FA in SLEF2 right 424 (.039) .002 185 .399 (.047) .002 237
FAin SLE3 left 451 (.049) .002 257 427 (.036) .001 120
FA in SLEF3 right 459 (.027) .001 125 435 (.028) .001 109
MD in fornix .00092 (.000035) .000 .000145 .0010 (.000071) .000 .00024
MD in optic radiation 00068 (.000027) .000 .000011 .00071 (.000048) .000 .00017
bt
MD in optic radiation 00068 (.000017) .000 .000084 .00071 (.000046) .000 .00021
right
MD in ILF left .00070 (.000014) .000 .000070 .00072 (.000019) .000 .000074
MD in ILF right .00070 (.000013) .000 .000069 .00071 (.000021) .000 .000098
MD in SLET lft .00067 (.000012) .000 .000042 .00067 (.000020) .000 .000089
MD in SLET right .00065 (.000010) .000 .000045 .00066 (.000021) .000 .000079
MD in SLE2 lft .00066(.000012) .000 .000050 .00067 (.000018) .000 .000061
MD in SLE2 right 424 (.039) .002 185 .3997 (.047) .002 2376
MD in SLE3 lft .00065 (.000011) .000 .000049 .00066 (.000021) .009 .000084
MD in SLE3 right .00065 (.000010) .000 .000045 .00069 (.000021) .000 .000079
FR in fornix .243 (.017) .000 .062 213 (.018) .000 .087
FR in optic radiation left 357 (.03) .001 116 .338 (.040) .002 175
FR in optic radiation 369 (.02) .000 .098 .339 (.036) .001 144
right
FR in ILF left .317 (.016) .000 .060 312 (.02) .000 072
FR in ILF right .325 (.016) .000 .064 314 (.021) .000 103
FRin SLET left .395 (.034) .001 146 .356 (.03) .001 128
FR in SLET right .378 (.032) .001 156 .376 (.033) .001 122
FRin SLE2 left .397 (.023) .001 .095 372 (.022) .001 .083
FR in SLE2 right 403 (.020) .000 .082 .381 (.045) .002 229
FRin SLE3 left .398 (.031) .001 124 .375 (.029) .001 107
FR in SLE3 right 415 (.019) .000 .076 .00077 (.029) .001 120
RD in the fornix .00068 (.000034) .000 .00013 .00074 (.000066) .000 .00022
RD in optic radiation left 00049 (.000026) .000 .00012 .00052 (.000035) .000 .00020
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RD in optic radiation

right

RD in ILF left
RD in ILF right
RD in SLEF1 left
RD in SLFT right

RD in the SLE2 left
RD in the SLE2 right

RD in SLEF3 left
RD in SLEF3 right
L7 in the fornix

L1 in optic radiation left

L7 in optic radiation

right

L7 in ILF kft
L7 in ILF right
L1 in SLF1 left
L1 in SLF1 right
L1 in SLF2 left
L1 in SLF2 right
L1 in SLEF3 left
L1 in SLEF3 right

.00048 (.000018)

000052 (.000016)
000051 (.000015)
000048 (.000029)
.00050 (.000028)
00051 (.000024)
00049 (.000023)
00048 (.000028)
00048 (.000018)
0014 (.000043)
0010 (.00006)
0011 (.000047)

0011 (:000032)
0011 (:000028)
0010 (.000037)
.001 (.000030)
00096 (.000033)
00098 (.000042)
00099 (.000041)
0010 (:000019)

.000

.000
.000
.000
.000
.000
.000
.006
.000
.000
.000
.000

.000
.000
.000
.000
.000
.000
.000
.000

.000068

.000064
.000067
.00013
.00011
.000097
.000098
.00014
.000078
.00017
.00028
.00019

.00013
.00014
.00017
.00011
.00014
.00021
.00097
.000076

.000514 (.000035)

000538 (.000021)
000529 (.000021)
000518 (.000027)
00051 (.000034)
00053 (.000020)
00051 (.000025)
100052 (.000030)
00051 (.000025)
0015 (.000089)
0011 (.000084)
0011 (:000086)

0011 (:000042)
0010 (.000038)
.0010 (.000030)
0010 (.000025)
00095 (.000037)
00097 (.000046)
100099 (.000026)
00099 (.000026)

.000

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

.000
.000
.000
.000
.000
.000
.000
.000

.00012

.000075
.000077
.00011
.00012
.000072
.000086
.00011
.00010
.000424
.000367
.0000405

.00014
.000015
.000132
.000096
.000168
.00022
.00010
.000095
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Appendix 4 : Correlations between microstructure and metabolites

Summary tables for correlation matrix assessing relationships between all microstructural measurements and metabolites. Tables show p-values for correlation
matrix (yellow highlighted = p<.001) and are presented by microstructural measurement separately. Cohen’s d for group comparison effect size for each
microstructural measurement are also show. High Cohen’s D (>0.8) are highlighted in green.

fa_fornix fa_opradleft fa_opradright fa_ilfleft fa_ilfright fa_slflleft fa_slf1right fa_slf2left fa_slf2right fa_slf3left fa_slf3right
occ_gaba 0.476450844 0.51326082 0.40888279 0.11355798 0.60270634 0.33617971 0.88595548 0.70594825 0.85792615 0.5369486 0.50299503
occ_glx 0.646961271 0.97609033 0.64779383 0.06710934 0.64672737 0.83459006 0.66278103 0.91300727 0.87861661 0.33502288 0.73824500
occ_naa 0.017512843 0.04592118 0.04207143 0.04322817 0.01202102 0.5963253 0.31467601 0.8302054 0.09125682 0.66530923 0.01868965
occ_ins 0.006646422 0.55040496 0.48800326 0.59311615 0.26770162 0.27339989 0.63070065 0.41640423 0.88660458 0.74370209 0.67650153
occ_cho 0.169967932 0.1782835 0.24156725 0.75817809 0.10590821 0.75479709 0.59246087 0.74112814 0.8292856 0.42471247 0.59342593
occ_cr 0.007664018 0.13349186 0.06318129 0.20426975 0.02679409 0.83954776 0.13025756 0.92380289 0.94099342 0.6259285 0.72516151
acc_gaba 0.196585949 0.58956167 0.51438363 0.11401159 0.54740381 0.47682449 0.75908265 0.05380281 0.6649962 0.17694007 0.75978759
acc_glx 0.008495729 0.45295765 0.51661174 0.70814969 0.71513142 0.1400697 0.34355981 0.30316367 0.5432505 0.9677311 0.23175769
acc_naa 0.000203239 0.18332386 0.87764541 0.74210637 0.20511925 0.00954413 0.07800078 0.02708926 0.72880717 0.24199114 0.24484117
acc_ins 0.065124326 0.59083863 0.71820785 0.69564262 0.93973858 0.02126835 0.00369699 0.44218537 0.32442501 0.4421295 0.98767733
acc_cho 0.013700034 0.83059133 0.77336794 0.33244077 0.93955644 0.24608808 0.06785869 0.80610595 0.53539004 0.61067572 0.481992
acc_cr 0.000254623 0.5856093 0.55646652 0.3781283 0.47661655 0.08050484 0.05941842 0.22849535 0.48225537 0.80703612 0.90657657
ppc_gaba 0.45614706 0.07345773 0.52420834 0.00081792 0.26476745 0.40938591 0.21890115 0.1370424 0.04119919 0.06745217 0.00417074
ppe_glx 0.05078095 0.3374423 0.26622124 0.53890549 0.47241427 0.1242116 0.28942445 0.32993514 0.63839357 0.28564769 0.77188815
ppc_naa 0.007380141 0.03007923 0.70496739 0.49751334 0.09159021 0.06206169 0.31507823 0.11236415 0.02723691 0.59053422 0.08753372
ppc_ins 0.130511621 0.95534121 0.43604297 0.94019424 0.33027904 0.06433416 0.07303054 0.54791837 0.66094631 0.76859413 0.60806988
ppc_cho 0.287398622 0.28302248 0.90222699 0.41734936 0.64664435 0.5563791 0.71878915 0.94511652 0.327987 0.15391756 0.63147035
ppe_cr 0.05023945 0.12727704 0.87461463 0.97957239 0.15612309 0.24489413 0.11257302 0.28513583 0.301658 0.55724826 0.74910712

Cohens D
(groups) 0.47237854 0.58786615 0.73264091 0.5254282 0.62804434 0.41353288
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md_fornix md_opradleft md_opradright md_ilfleft md_ilfright md_slflleft md_slfIright md_slf2left md_slf2right md_slf3left md_slf3right

occ_gaba 0.2330095 0.89652619 0.94376359 0.59308424 0.66604028 0.34021975 0.99375962 0.50872663 0.85792615 0.68430236 0.99375962
occ_glx 0.223638724 0.87529822 0.4826847 0.88734245 0.27465394 0.64959936 0.72476145 0.89165273 0.87861661 0.24377567 0.72476145
occ_naa 0.406600704 0.84505807 0.28058832 0.1506031 0.13137946 0.2714609 0.24314949 0.94248102 0.09125682 0.52662654 0.24314949
occ_ins 0.000931608 0.45716281 0.11946297 0.25039885 0.29006258 0.15665271 0.82509632 0.32579845 0.88660458 0.60804195 0.82509632
occ_cho 0.196974347 0.04196536 0.10304585 0.79129728 0.85284893 0.73365434 0.52580997 0.4314451 0.8292856 0.5736463 0.52580997
occ_cr 0.00234858 0.97579762 0.73414197 0.16133933 0.31057976 0.41539876 0.45137032 0.55174503 0.94099342 0.79719369 0.45137032
acc_gaba 0.002597338 0.34716275 0.03412316 0.27770126 0.53350365 0.99801623 0.83996819 0.27266894 0.6649962 0.8721047 0.83996819
acc_glx <.001 0.12684641 0.07470999 0.12688663 0.49137202 0.10947627 0.05277431 0.04171314 0.5432505 0.31059528 0.05277431
acc_naa <.001 0.01119641 <.001 0.00803583 0.02700928 0.02335938 0.00507655 0.00148302 0.72880717 0.00789525 0.00507655
acc_ins 0.003248751 0.01669909 0.00342526 0.16935571 0.26037911 0.22403428 0.17543681 0.02483509 0.32442501 0.07395418 0.17543681
acc_cho <.001 0.0893619 0.01862187 0.12628494 0.45780879 0.22263998 0.13140215 0.07383907 0.53539004 0.08110772 0.13140215
acc_cr <.001 0.01180274 0.00147519 0.00723127 0.2283108 0.07122531 0.03287715 0.00481118 0.48225537 0.05840479 0.03287715
ppc_gaba 0.619179367 0.56022976 0.545589 0.124223006 0.0238933 0.29061278 0.0458358 0.35925725 0.04119919 0.1061944 0.0458358
ppe_glx 0.006196597 0.30545899 0.41650659 0.57376287 0.63251791 0.18244314 0.63823962 0.34817631 0.63839357 0.54399992 0.63823962
ppc_naa 0.003707494 0.06227752 0.06650875 0.78502016 0.24132508 0.01818512 0.10726462 0.04416878 0.02723691 0.08930572 0.10726462
ppc_ins 0.032801274 0.06720421 0.00167226 0.53420864 0.70390182 0.2975535 0.84698625 0.15504649 0.66094631 0.49071941 0.84698625
ppc_cho 0.161053977 0.85749407 0.81089396 0.40542244 0.73507127 0.33182323 0.59042724 0.85600902 0.327987 0.93636713 0.59042724
ppe_cr 0.002796033 0.60693472 0.24953975 0.80145684 0.75813052 0.18373126 0.87003865 0.34939715 0.301658 0.758338065 0.87003865

cohens d
ML_ 0.69840069 0.63912175 0.61398136 0.74728956 0.72565208 _ 0.76074132 0.62804434 0.7955152 -
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fr_fornix fr_opradleft fr_opradright fr_ilfleft fr_ilfright fr_slflleft fr_slflright fr_slf2left fr_slf2right fr_slf3left fr_slf3right

occ_gaba 0.595964101 0.62817732 0.8732707 0.93812309 0.54556094 0.33341643 0.58748557 0.09544905 0.46808135 0.70297937 0.78293
occ_glx 0.305337129 0.58875486 0.60792534 0.38249223 0.4039074 0.91390475 0.78396479 0.86147934 0.5700742 0.43483332 0.93300866
occ_naa 0.018391074 0.12864853 0.06649088 0.00129327 0.0007996 0.09549993 0.23036503 0.08406071 0.0091961 0.03638907 0.00210819
occ_ins 0.002979774 0.38944437 0.40554874 0.51785803 0.14098316 0.22805911 0.39792951 0.21849841 0.42405101 0.26225729 0.19783479
occ_cho 0.152640333 0.75903943 0.74005193 0.0547979 0.31788924 0.76256503 0.25623845 0.32118847 0.53130932 0.56812313 0.34103309
occ_cr 0.007986591 0.3519029 0.12011738 0.00094525 0.059262 0.42924183 0.06348074 0.05952902 0.24718135 0.43166578 0.11646562
acc_gaba 0.262163292 0.96245309 0.54158427 0.81970458 0.82790096 0.83859747 0.88969809 0.25988408 0.94149369 0.35561061 0.66848934
acc_glx 0.004383229 0.69837801 0.73475579 0.31789554 0.54032994 0.31049753 0.49037649 0.22222392 0.6816295 0.57987649 0.13050097
acc_naa 0.000352816 0.02852236 0.0197969 0.21187146 0.05177788 0.00041197 0.08169641 0.00043792 0.15340498 0.0261495 0.01143976
acc_ins 0.05556035 0.06747451 0.28045781 0.43532232 0.57359223 0.03407516 0.00107949 0.00157592 0.56441457 0.03643936 0.1284691
acc_cho 0.011891387 0.20269781 0.27157492 0.25819146 0.53472538 0.11823247 0.02282459 0.0311628 0.58282516 0.0616461 0.06582765
acc_cr 0.000472317 0.08479629 0.09697333 0.24823465 0.28324837 0.08086012 0.03649333 0.01165314 0.50482812 0.1565195 0.07450509
ppc_gaba 0.534675413 0.13398652 0.48226833 0.13869177 0.35783987 0.28389587 0.23648618 0.66513312 0.04348394 0.40625263 0.02035184
ppe_glx 0.033399745 0.94419139 0.51083171 0.84497031 0.66302836 0.33663163 0.39458521 0.40791442 0.70927646 0.56797029 0.55230878
ppc_naa 0.010478175 0.03561071 0.13483678 0.14941562 0.02152425 0.00060264 0.15381478 0.00041541 0.31278037 0.21959556 0.14130874
ppc_ins 0.161469848 0.19906448 0.21390172 0.79623313 0.35642761 0.19414926 0.00060096 0.0805174 0.67314568 0.25559743 0.86084616
ppc_cho 0.36457375 0.5299742 0.92478863 0.91462155 0.44322547 0.52583147 0.28865739 0.70888618 0.88685765 0.74508592 0.81857768
ppe_cr 0.166619592 0.30070716 0.36410027 0.98641961 0.43210387 0.54759304 0.06768787 0.34161731 0.78905366 0.83531986 0.98501811

cohens d
groups 0.6723105 0.7857896 0.34325197 0.91861324
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rd_fornix rd_opradleft rd_opradright rd_ilflefe rd_ilfright rd_sIflleft rd_sIflright rd_slf2left rd_slf2right rd_slf3left rd_sIf3right
occ_gaba 0.229856167 0.60719599 0.64318401 0.402021 0.53148504 0.2692682 0.67239003 0.57034733 0.65265504 0.49446365 0.58783858
oce_glx 0.27932318 0.81227042 0.61653793 0.22381977 0.30198042 0.70124007 0.50231133 0.78869529 0.55825165 0.30200754 0.63062812
occ_naa 0.14481492 0.1264395 0.88097071 0.03237273 0.02305226 0.55876923 0.13294968 0.97841067 0.40183601 0.62273647 0.0697143
occ_ins 0.000628512 0.31258755 0.43073532 0.29670483 0.19956412 0.15220124 0.26882511 0.13529146 0.47343317 0.74326247 0.78351568
oce_cho 0.133997091 0.5146873 0.39160242 0.8845229 0.30089426 0.73708378 0.28463369 0.67588619 0.31562293 0.44967172 0.94137589
occ_cr 0.001051394 0.30795584 0.56060356 0.10224174 0.04818502 0.63925936 0.09192669 0.74103537 0.90789694 0.94872416 0.59753281
acc_gaba 0.009056299 0.59341483 0.12193535 0.61173093 0.95669285 0.48394771 0.69585188 0.07490515 0.28016241 0.57218983 0.87803785
acc_gl 4.3023E-05 0.07301776 0.02945346 0.52184269 0.52025245 0.05185893 0.34168301 0.04820095 0.50656333 0.42393238 0.0520301
acc_naa 7.4546E-07 0.00590976 0.00019 0.07265448 0.04695544 0.00404722 0.06670056 0.00068923 0.02262125 0.01504445 0.01362768
acc_ins 0.005235459 0.14209581 0.00732346 0.4638651 0.41996086 0.02053893 0.0021552 0.04738349 0.27271759 0.12776877 0.32392444
acc_cho 0.002098304 0.14763496 0.01258941 0.72835842 0.6026061 0.1286813 0.00645844 0.20705082 0.19124327 0.1608433 0.16147386
acc_cr 1.54632E-09 0.02177674 0.00080083 0.30082698 0.21675066 0.02601979 0.03046448 0.01758223 0.18014892 0.28126974 0.14564074
ppe_gaba 0.819993838 0.17702089 0.87902802 0.00144999 0.04933586 0.32535288 0.57302228 0.11768239 0.08719645 0.10311793 0.01327492
ppe_glx 0.007008281 0.14418543 0.1710456 0.88577203 0.90675236 0.08098376 0.17357096 0.18258633 0.55511779 0.51088077 0.53011916
ppe_naa 0.00225877 0.00818769 0.06674626 0.55287069 0.07426082 0.02531911 0.02572119 0.01957961 0.00037861 0.17004867 0.0328495
ppe_ins 0.042357575 0.18988349 0.02104984 0.89607155 0.33779633 0.07208565 0.00809438 0.13282344 0.30463953 0.46002496 0.88324006
ppe_cho 0.151400965 0.46985557 0.91803392 0.29305185 0.95720461 0.39607299 0.08373372 0.81019761 0.20949155 0.40190253 0.63723758
ppe_cr 0.003863835 0.21348101 0.24563627 0.85805027 0.44210594 0.13467298 0.02016948 0.14516935 0.05730818 0.95328305 0.89061687
cohens d (groups) 0.541926262 0.58797599 0.32644822 0.86592905 0.6714299 0.77566175 0.72263315 1.17840852
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L1_fornix L1_opradleft L1_opradright L1_ilfleft L1_ilfright L1_slflleft L1_slflright L1_slf2left L1_slf2right L1_slf3left L1_slf3right

occ_gaba 0.322856092 0.72121596 0.62337596 0.25624807 0.9952084 0.57952039 0.87976474 0.91843326 0.61747414 0.56181642 0.187441
occ_glx 0.23218017 0.86184561 0.38976928 0.09791287 0.63631482 0.67141303 0.54450048 0.87251797 0.27126131 0.90471017 0.86346489
occ_naa 0.222689514 0.31172056 0.08641003 0.77011372 0.92145116 0.30475259 0.61992414 0.68451212 0.09381943 0.82407704 0.42004859
occ_ins 0.035084756 0.65485582 0.05711188 0.24276331 0.42633034 0.75982673 0.21604696 0.85227115 0.23507148 0.68161944 0.58717813
occ_cho 0.907800462 0.01069977 0.0580139 0.99996338 0.49373291 0.46483957 0.41770469 0.92350916 0.92329466 0.61250001 0.49341209
occ_ct 0.079953464 0.34958323 0.29126663 0.82595013 0.68620787 0.4243308 0.79590699 0.45741688 0.72405945 0.5746189 0.27283396
acc_gaba 0.004006335 0.23052379 0.03472288 0.04041298 0.17734592 0.54243802 0.57881066 0.5743846 0.90967226 0.38754564 0.49421215
acc_glx 0.000173372 0.33963959 0.37756833 0.04604551 0.44475389 0.761212 0.14608031 0.50744338 0.64526005 0.69025501 0.47505061
acc_naa 0.000108695 0.14454684 0.00104541 0.01216362 0.08885939 0.23759748 0.43817704 0.99275536 0.15168653 0.95853788 0.07793777
acc_ins 0.016383162 0.00881473 0.01840935 0.05578881 0.21380528 0.0687082 0.28710988 0.53483171 0.00934699 0.84538522 0.12360522
acc_cho 0.003610694 0.15891914 0.09565603 0.01361395 0.29734964 0.71478793 0.27129526 0.2963518 0.02496243 0.75652429 0.23217976
acc_cr 1.83565E-07 0.05356055 0.0248658 0.00153539 0.2674596 0.52589944 0.28899227 0.34148431 0.01740248 0.2543909 0.00701472
ppc_gaba 0.485323007 0.60036719 0.41678827 0.41452955 0.19527945 0.57570928 0.37183887 0.23034259 0.18325837 0.70240175 0.4291193
ppec_glx 0.016403829 0.61022269 0.86720395 0.27159292 0.38088671 0.64067086 0.60683613 0.98664809 0.09941976 0.63988419 0.66618063
ppc_naa 0.053507648 0.57633247 0.22465723 0.97294202 0.94792214 0.92186152 0.49177531 0.90447718 0.20661744 0.68403149 0.36790688
ppc_ins 0.112607485 0.05950844 0.00290026 0.94322907 0.72410626 0.23401655 0.78525599 0.83338068 0.10711529 0.91407519 0.71059076
ppc_cho 0.419661577 0.68192219 0.74574295 0.77430107 0.58995682 0.82027713 0.58866385 0.894465 0.53261933 0.1556616 0.96264979
ppc_cr 0.021150795 0.76117262 0.46416458 0.83028808 0.18525984 0.8707021 0.97527242 0.73781023 0.58129881 0.58936467 0.82541629
cohens d

roups 0.486229363 0.52772958 0.50996743 0.11566688 0.07126419 0.78177356 0.60921009 0.28792327 0.23981538 0.58288214 0.17037902
(groups)

280



Appendix 5 : Grey matter and cortical thickness values for healthy adults

Grey matter volume median (SD), variance and range for younger and older adults

Younger Older

Median (SD) Variance Range Median (SD) Variance Range
Left lateral ~ 6121.65(2562.55) 6566680 8866 12430.2(8229.57) 67725838.7 32131.9
ventricle
Left inferior lateral ~ 339.9(179.52) 32229.14 841.4 438.4 (297.05) 297.05 88239.78
ventricle
Left cerebellum  15555.1(1171.62) 1372697.5 6385.5 14543.2 (2891.01) 2891.09 8357935.3
WM
Left cerebellum 57427.5 (4975.4) 24754612.8 21460 50210.2 (5431.05) 29496345.6 20941.3
Left thalamus 7547.2 (766.28) 587191.87 2925.6 6641.3 (573.87) 329335.11 2504.3
Left candate 3702.9 (383.900) 147383.89 1698.9 3450.9 (486.69) 236868.97 23323
Left putamen 5264.25 (501.38) 251385.76 2074.3 4472.8 (822.13) 675903.65 4252.9
Left pallidum 2025.9 (218.497) 47741.23 911 2049.6 (273.17) 74622.13 1803.6
Left hippocampns ~ 1738.85(211.514) 44738.34 1452.9 38206.5 (334.33) 111776.28 1439.4
Left amygdala 1738.85 (211.51) 44738.34 974.9 1548.5 (166.58) 27744.69 633.7
Left accumbens 537.8 (103.39) 10689.55 510 466.7 (66.73) 4453.86 259.5
Left choroid plexns — 377.65 (138.79) 19265.11 546.5 682.2 (264.006) 69725.88 1077.4
Right lateral ~ 4752.05 (2674.69) 7153990.88 9603.9 12020.6 (6762.24) 45728001.9 25945.3
ventricle
Right inferior  295.65 (136.48) 18626.89 622.9 391.9 (334.19) 111687.43 1531
lateral ventricle
Right  cerebellum  14800.95 (1299.26) 1688081.89 7130.3 13481.7 (2075.95) 4309578.42 9174.1
WM
Right cerebellum 58028 (4913.61) 24143515.6 21814 51590.5 (5600.07) 31360823.4 19879.9
Right thalanus 7483.05 (792.56) 628154.97 3251.3 6525.1 (573.69) 329124.92 2459.2
Right candate 3855.25 (409.49) 167687.5 1959.4 3489.7 (553.85) 306755.35 2300.8
Right putamen 5158.7 (587.26) 344876.56 2219.5 4636 (805.19) (648343.32 4216.2
Right pallidum 1905.8 (196.35) 38554.09 931.1 1948.2 (290.32) 84286.79 1405
Right hippocampns -~ 4131.35 (395.55) 156459.6 1309.4 3956 (341.07) 116331.91 1277.9
Right amygdala 1765 (187.61) 35199.25 654.2 1704.3 (165.44) 27370.881 670.6
Right accumbens 611.150(119.49) 14277.82 520.8 524.9 (72.01) 5186.05 291.4
Right choroid ~ 433.65(151.72) 23017.86 537.9 649.8 (189.04) 35737.33 670.8
plexcus
WM 640.95 (343.08) 117708.44 1408.3 2211 (6253.46) 39105869.9 27942.2
bypointensities
Optic chiasm 182.35 (44.32) 1964.32 172.8 196.8 (36.71) 1347.71 150.5
Posterior cortexc vo! ~ 912.5 (99.77) 9953.83 399.6 1015.9 (152.02) 23110.13 617.4
Mid posterior 5219 (73.88) 5458.93 276.4 499 (92.09) 8480.87 340.6
cortex vol
Central cortex ol 633.05 (115.05) 13237.89 5232 433.6 (105.44) 11119.2 397.3
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Mid anterior cortex 529.4 (147.72) 21821.68 538.3 448.1 (127.44) 16239.82 516.7

vol

Abnterior cortex-vol ~ 929.15 (123.96) 15367.02 502.2 851.2 (146.26) 21392.43 495.5

Total Gray vol 680829.56(63334.9) 401180.9 242316.11 624623.04 28714.99 176868.15

(53582.12)
Cortical thickness median (SD), variance and range for younger and older adults
Younger Older
Median (SD) Variance Range Median (SD) Variance Range

Left bank  superior temporal  2.65 (13) .02 516 2.46 (.11) 011 461
sulens
Left candal anterior cingulate 2.8 (:21) .04 914 2.6 (.23) .053 968
Left candal middle frontal 2.7 (17) .029 1.01 2.52 (.12 014 A57
Left cunens 2.08 31 2.01 1.95 (.12) .015 491
Left entorhinal 3.38 (:23) .05 1.08 3.28 (34 116 1.66
Left fusiform 2.79 (.12 .015 .642 2.67 (11) .010 A74
Left inferior parietal 2.56 (.11) 011 .530 2.39 (.08) .007 .305
Left inferior temporal 2.77 (14) .02 75 2.66 (.14) .021 74
Left isthmunscingulate 2.43 (11) .013 .507 2.18 (21) .04 .79
Left lateral occipital 2.28 (.11) .013 .595 2.20 (.11) .01 A7
Left lateral orbitofrontal 2.72 (.14) .02 .697 2.56 (.14) .02 75
Left lingnal 2.21 (11) .012 466 2.06 (.11) .01 A1
Left medial orbitofrontal 2.53 (.12 .016 .646 2.38 (.09) .01 46
Left middle temporal 2.93 (.11) .013 403 2.75 (.14) .02 .78
Left parabippocanspal 3.01 (21) .043 .86 2.75(.27) .07 1.26
Left paracentral 2.53 (.12 .016 AT75 2.45 (0.9) .008 .38
Left parsopercutaris 2.70 (.09) .008 393 2.53(.09) .009 245
Left parsorbitalis 2.81 (.15 .024 573 2.60(.17) .029 .68
Left pericalcarine 1.88 (.13) .018 .569 2.41 (.09) 016 .528
Left postcentral thickness 2.27 (11) .013 .569 2.14 (.09) .009 335
Left posterior cingulate 2.62 (.11) 011 443 2.36 (.12) .015 .53
Left precentral 2.74 (12) .015 618 2.56 (.12) .015 .59
Left precunens 2.52(.12) .015 .624 2.38 (.07) .07 .01
Left rostral ACC 2.87 (17) .031 747 2.68 (.18) .03 .81
Left rostral middle frontal 2.52 (.11) .012 453 2.36 (.06) .004 .28
Left superior frontal 2.81 (.15) .025 .875 2.61 (11) 011 424
Left superior parietal 2.35(.16) .025 .909 2.25 (.07) .005 287
Left superior temporal 2.93 (.12 .015 .592 2.67 (.14) .021 71
Left supramarginal 2.68(.12) 014 426 2.5 (.09) .01 43
Left frontal pole 2.88 (24 .059 1.28 2.64 (.17) .03 .846
Left temporal pole 3.48 (37) 141 1.81 3.36 (.48) 23 2.25
Left transverse temporal 2.59 (.17) .031 719 2.43 (.16) .028 75
Left insula 2.98 (.15) .025 .68 2.82 (.17) .028 .69
Left Mean thickness 2.60 (.07) .006 31 2.44(.06) .004 34
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Right bank superior temporal ~ 2.67 (11)

sulens

Right caudal anterior cingulate

Right caudal middle frontal
Right cunens

Right entorhinal

Right fusiform

Right inferior parietal
Right inferior temporal
Right isthmuscingulate
Right lateral occipital
Right lateral orbitofrontal
Right lingnal

Right medial orbitofrontal
Right middle temporal
Right parabippocampal
Right paracentral

Right parsopercularis
Right parsorbitalis

Right pericalcarine

Right posteentral thickness
Right posterior cingulate
Right precentral

Right precunens

Right rostral ACC

Right rostral middle frontal
Right superior frontal
Right superior parietal
Right superior temporal
Right supramarginal
Right frontal pole

Right temporal pole

Right transverse temporal
Right insula

Right Mean thickness

2.55 (.18)
2.61 (11)
2.09 (12)
3.5 (31)

2.82 (.09)
2.58 (11)
2.82(12)
2.48 (14)
2.36 (0.7)
2.63 (12)
221 (11)
2.53 (0.8)
2.90 (.19)
2.91 (.19)
2.58 (.10)
2.64 (11)
2.75 (.18)
1.90 (.11)
2.21 (13)
252 (11)
2.65 (11)
2.56 (.09)
2.89 (17)
2.41 (.09)
2.79 (12)
2.36 (.09)
2.92 (0.9)
2.63 (12)
2.72 (.26)
3.67 (31)
2.58 (17)
3.02 (11)
2,57 (.08)

.014

.032
.013
.016
.098
.010
011
.016
.021
.006
.017
.012
.007
.015
.036
.010
.014
.033
.013
.016
.013
011
.008
.032
.010
.015
.009
.009
.014
.071
.096
.029
011
.007

.389

736
469
456
1.29
349
415
487
.552
338
.500
479
419
488
811
433
541
.802
412
.610
454
474
401
918
418
.552
.33
480
A48
1.104
1.206
.857
.380
.35

251 (11)

2.37 (201)
2.49 (109)
1.98 (.12)
3.4 (34)
2.71 (.08)
2.45 (10)
2.63 (.10)
2.30 (21)
2.29 (.10)
253 (11)
2.09 (.08)
237 (11)
2.76 (11)
2.67 (22)
246 (12)
2.48 (.10)
2.58 (14)
2.41 (07)
1.809(11)
211 (11)
232 (15)
2.39(.10)
2.77 (19)
2.31 (.06)
2,57 (0.9)
2.25 (07)
2.66 (1)
2,51 (.09)
2.66 (.24)
3.58 (33)
241 (12)
2.85 (1)
2.46 (.05)

.013

.041
.012
.013
121
.008
.01

.10

.042
011
.012
.007
.01

.01

.053
.014
.010
.021
.005
014
014
.023
.012
.039
.004
.009
.006
.012
.009
.05

11

.015
014
.004

445

.879
404
46

1.27
334
41

.36

.96

462
478
31

.39

49

.827
.506
423
.534
.245
.532
416
.615
401
.644
298
411
357
394
403
1.02
1.53
425
41

24
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Appendix 6 : DLB patients’ metabolites, microstructure, cortical thickness and GM volume and

ClIs for healthy older controls

Microstructure in DILB and Older adults

Left Right

CI DLB1 DLB 2 DLB 3 Upper control CI DLB1 DLB 2 DLB 3
FA fornix 0.361-0.382 0.36 0.455 0.435
FA optic radiations 0.434-0.467 0.455 0.353 0.383 0.439-0.467 0.435 0.438 0.438
FAILF 0.440-0.419 0.416 0.410 0.405 0.437-0.425 0.376 0.400 0.402
FASLF 1 0.413-0.437 0.464 0.401 0.431 0.412-0.444 0.421 0.354 0.422
FASLF 2 0.366-0.388 0.391 0.343 0.328 0.379-0.416 0.426 0.342 0.334
FASLF 3 0.414-0.442 0.468 0.377 0.375 0.421-0.443 0.444 0.418 0.316
MD fornix 0.00099-0.00105 0.00115 0.00112 0.00114
MD optic radiations 0.00071-0.00075 0.00082 0.00073 0.00068 0.00070-0.00074 0.00082 0.00075 0.00071
MD ILF 0.00071-0.00072 0.00075 0.00073 0.00069 0.00070-0.00072 0.00073 0.00074 0.00069
MD SLF 1 0.00067-0.00069 0.00066 0.00068 0.00066 0.00066-0.00068 0.00068 0.00070 0.00067
MD SLF 2 0.00066-0.00068 0.00066 0.00067 0.00066 0.00063-0.00064 0.00063 0.00063 0.00064
MD SLF 3 0.00066-0.00068 0.00067 0.00068 0.00065 0.00066-0.00068 0.00068 0.00066 0.00069
FR fornix 0.20-0.223 0.190 0.191 0.212
FR optic radiation 0.319-0.351 0.309 0.288 0.367 0.321-0.350 0.290 0.295 0.339
FRILF 0.302-0.318 0.277 0.283 0.331 0.301-0.318 0.271 0.284 0.318
FRSLF 1 0.345-0.369 0.406 0.340 0.360 0.352-0.378 0.365 0.308 0.360
FR SLF 2 0.366-0.384 0.372 0.377 0.378 0.357-0.392 0.386 0.316 0.402
FR SLF 3 0.364-0.387 0.389 0.322 0.247 0.376-0.398 0.368 0.377 0.247
RD fornix 0.00076-0.00081 0.00090 0.00088 0.00088
RD optic radiation 0.00051-0.00055 0.00061 0.00054 0.00050 0.00051-0.00053 0.00060 0.00056 0.00053
RDILF 0.00052-0.00054 0.00057 0.00055 0.00052 0.00052-0.00054 0.00057 0.00057 0.00053
RD SLF 1 0.00051-0.00053 0.00049 0.00053 0.00050 0.00050-0.00053 0.00052 0.00057 0.00051
RD SLF 2 0.00052-0.00054 0.00052 0.00055 0.00054 0.00050-0.00052 0.00050 0.00054 0.00051
RD SLF 3 0.00050-0.00052 0.00048 0.00055 0.00052 0.00050-0.00052 0.00050 0.00051 0.00057
L1 fornix 0.000144-0.000151  0.000165 0.000161 0.000168
L1 optic radiation 0.00110-0.00116 0.00126 0.00111 0.00103 0.00108-0.00115 0.00124 0.00113 0.00109
L1ILF 0.00107-0.00110 0.00112 0.00109 0.00101 0.00106-0.00109 0.00104 0.00109 0.00100
L1SLF1 0.0009-0.00102 0.00100 0.00097 0.00098 0.00099-0.00101 0.00100 0.00096 0.00097
L1SLF2 0.00094-0.00097 0.00094 0.00092 0.00088 0.00095-0.00099 0.00099 0.00092 0.00090
L1 SLF3 0.00097-0.00099 0.00104 0.00096 0.00091 0.00098-0.0010 0.0010 0.00096 0.00093
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Metabolites in DLB and Older adults

Lower control  Upper DLB 1 DLB 2 DLB 3
CI control CI

occ

GABA 4.562 5.0371 4.25 4.329 5.5

Gix 12.930 14.509 12.4 13.2 16

NAA 17.076 18.869 12.24 13.46 15.21

Myoinositol 8.412 9.911 2.287 2.11 9.242

Choline 1.724 1.951 1.719 1.33 1.978

Creatine 10.345 11.489 9.439 9.974 9.949

ACC

GABA 3.751 4.095 3.87 3.48 4.77

Glx 13.68 15.054 14.2 14.8 16

NAA 11.235 13.136 9.89 11.24 11.17

Myoinositol 8.277 10.123 2.042 3.574 9.925

Choline 2.303 2.649 2.258 2.315 2.7

Creatine 8.77 9.907 8.59 10.14 8.749

PPC

GABA 4.261 4.614 4.9 5.06 5.02

Gix 13.176 14.348 14.2 12.4 18

NAA 14.651 16.49 16.78 11.3 12.72

Myoinositol 8.253 10.018 2.645 6.25 9.139

Choline 2.007 2.301 2.541 1.76 2.224

Creatine 9.649 10.886 12.41 8.127 9.86

Cortical thickness CI for healthy older adults and DLB patients
Left Right
Lower CI Upper CI DLB1 DLB 2 DLB 3 Lower CI Upper CI DLB1 DLB 2 DLB 3

Bank STSS 2.416 5.12342403 2.484 2.731 2.532 2.474 2.563 2.407 2.52 2.649
Candal ACC 2.434 453501549 | 2.341 2.652 2.87 2.278 2.436 2.564 2.64 2.257
Candal — middle
Sfrontal 2.497 4.69753558 2.455 2.651 2.346 2.455 2.541 2.406 2.726 2.242
Cunens 1.896 3.90988242 1.93 2.039 1.908 1.943 2.034 1.895 2.036 1.966
Entorhinal 3.174 7.3613534 3.395 3.569 3.003 3.228 3.500 3.534 3.397 4.133
Fusiform 2.644 5.4188194 2.714 2.867 2.805 2.679 2.747 2.691 2.878 2.739
Inferior parietal 2.371 4.85597274 2.21 2.59 2.353 2.424 2.503 2.356 2.474 2.431
Inferior temporal | 2.610 5.52216429 2.473 2.829 2.678 2.633 2.712 2.579 2.716 2.889
Ithmus cingnlate 2.151 4.36754747 2.322 2.401 2.183 2.223 2.385 2.333 2.283 2.144
Lateral occipital | 2.180 4.47593286 2.036 2.32 2.188 2.252 2.3349 2.033 2.322 2.223
Lateral
orbitofrontal 2.477 5.06238925 2.37 2.599 2.58 2.497 2.582 2.689 2.564 2.565
Lingual gyrus 2.050 4.09978302 2.036 2.163 2.057 2.062 2.128 2.126 2.138 2.037
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Medial

orbitofrontal 2.347 5.00440761 2.514 2.707 2.474 2.347 2.435 2.588 2.65 2.657
Middle temporal 2.680 5.51361954 2.749 2.953 2.81 2.725 2.815 2.692 2.987 2.788
Parabippocampus | 2.644 5.5399182 2.961 2.657 3.114 2.618 2.798 2.923 2.962 2.921
Paracentral 2.405 496518708 2.339 2.594 2.281 2.429 2.523 2.45 2.626 2.536
Parsopercularis 2.496 4.9379576 2.496 2,712 2.535 2.468 2.548 2.517 2.572 2.469
Parsorbitalis 2520 521535179 | 2.507 2.624 2.63 2520 2.633 2328 2.612 2.695
Pars triangularis 2.382 4.75699151 2.405 2.618 2.301 2.386 2.443 2.338 2.383 2.37
Pericalcarine 1.711 3.52211435 1.657 1.854 1.667 1.754 1.846 1.755 1.87 1.768
Post central 2.123 418517778 2.114 2.239 2.067 2.107 2.198 2.217 2.216 2.078
Posterior
cingulate 2.311 4.7353088 2.298 2.636 2.495 2.274 2.392 2.355 2.554 2.461
Precentral 2.515 490380733 2.591 2.626 2.533 2.472 2.566 2.532 2.553 2.431
Precunens 2.350 4.76350608 2.285 2.439 2.282 2.373 2.457 2.322 2.417 2.39
Rostral ACC 2.640 5.69323881 2.698 3,133 3.115 2.696 2.850 3.01 2.882 2.997
Rostral — middle
Sfrontal 2.335 4.55251996 2411 2.599 2.289 2.299 2.350 2.311 2.499 2.253
Superior frontal 2.576 5.16292762 2.625 2.883 2.522 2.544 2.619 2.67 2.842 2.618
Superior parietal 2.233 4.30240286 2.128 2.404 2.203 2.213 2.274 2.106 2.271 2.089
Superior temporal | 2.641 5.64898277 2.735 2.84 2.845 2.658 2.746 2.797 2.752 2.99
Supramarginal 2.463 4.94892853 2.415 2.643 2.534 2.481 2.555 2.53 2.67 2.467
Frontal pole 2.586 5.07232206 2.813 2.677 2.619 2.603 2.792 2.621 2.807 2.469
Temporal pole 3.184 7.12445747 3.497 3.94 3.612 3.442 3,704 3.57 4,282 3.682
Transverse
temporal 2.343 491749383 2.322 2.54 2.225 2.388 2.484 2.34 2.419 2.529
Insula 2.710 5.51453522 2973 3.011 2.931 2.809 2.900 3.061 2.9 2.705
Mean thickness 2.427 4.87835676 2.40228 2.60418 2.43627 2.431 2.478 243141 2.53886 2.44725
Volume values and Cls for healthy older adults and DLB patients

Left Right

Lower CI Upper CI DLB1 DLB 2 DLB 3 Lower CI Upper CI DLB1 DLB 2 DLB 3
Lateral Ventrice — 12314.17 18766.03 11066.2 13299.2 13301.1 11377.98 16679.49 11569.5 95903 112303
Inferior  Lateral
Ventricle 389.05 621.93 632.8 599.5 717.2 381.74 643.75 731.4 704.3 729.2
Cerebellum  White
Matter 14029.83 16296.34 11975.6 10505.2 10796.7 13176.07 14803.59 11664.5 10256.3 17328.8
Cerebellum Cortexe 48619.31 52877.18 49729.2 48353.9 426338 | 50137.29 54527.66 513222 49109.8  39360.1
Thalamus 6490.92 6940.83 5708.3 5463.9 6073.9 6399.92 6849.69 5817.8 5916.7 6241.7
Candate 3220.44 3602.01 2879.3 2816.8 2527 3339.56 3773.77 3134.7 2814 3038.8
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Putamen

Pallidum

3rd Ventricle

4 Ventricle

Brain Stem

Hippocampus

Amygdala

CSF

Accumbens area

Ventral

diencephalon

Vessel

Choroid plexus

Optic chiasm

Cortex vol

Subcortical — grey

matter
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1935.83

1315.86

1547.69

19359.73

3691.39

1510.88

1070.99

442.03

3788.57

31.27

612.81

183.10

452050

52746

4923.89

2149.99

1786.13

1951.32

21576.90

3953.50

1641.46

1297.06

494.35

4110.59

56.44

819.83

211.88

487387

56587

3918

1946.7

2073.4

2590.8

18178.6

3804.4

1509.1

1220.3

368.2

3698.3

64.5

944.9

152.8

416251

49187

3750.1

1539.4

1791.7

1224.1

17421.4

3198.2

1258.2

877

3256.5

21.2

879.4

194.8

448395

46023

4063.4

1691.2

1804.1

1763.9

14677.5

3537.1

1350.7

1203.1

329.5

3494.7

63.3

717.4

181.5

434204

48407

4319.46

1841.19

3813.44

1613.03

486.09

371272

27.67

616.06

11377.98

381.74

13176.07

50137.29

4950.72

2068.80

4080.83

1742.73

542.55

3997.80

59.61

764.26

16679.49

643.75

14803.59

54527.66

3892.9

1816.7

3502.6

1685.2

471.9

3588.1

27

1094.7

11569.5

731.4

11664.5

51322.2

3298.4

1842.9

3403

1450.7

618.1

3440.2

705.6

9590.3

704.3

10256.3

49109.8

4154.1

1556

3656.3

1708.3

358.4

3416.3

23

546.4

11230.3

729.2

17328.8

39360.1
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Appendix 7: Regression model values for each cognitive task for analysis in Chapter 5

Models are presented by cognitive task category (either unimpaired, impaired or shift). Red text indicates predictors which were significant in hierarchical regression
models for respective groups. Values in bold text are those predictors which showed significant z-comparisons (i.e. they were unique predictors in that group).
Values in black are corresponding regression outcomes for predictors within the other group as a comparison. *=p<.05, **=p<.001

Unimpaired cognitive performance

Visnal acuity """ ol

Modality Predictor R? AdjR?  Beta Sig Z test (group) Predictor R? Adj R? Beta Sig Z test (group)
Tractography 112 .035 -.076 706 Llin optic radiation  .633 572 463 .003 7=1.36, p=.017
Metabolites 121 .001 .095 .641 Choline in ACC 426 .382 739 .001 7=1.68, p=.009
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Yo Old
Contour threshold R
Modality Predictor R? AdjR?  Beta Sig z test Predictor R? Adj R? Beta Sig Z test (group)
(group)
Tractography FA in ILF (right) .225 186 -474 <.001 7=1.88, .0004 -0.019 .001 0.88
p=0.04
0.002 -0.017 1.31 0.752 RD in SLF 2 (right) 296 249 925 <.001 7=0.13, p=0.9
Metabolites - - - - - Glx in PPC .292 422 -.575 .001 7=1.54, p=.005
GABA in OCC 654 575 -.391 004 7=1.87, p=.012
; Yo Old
ANT alerting "™
Modality Predictor R? Adj R? Beta Sig Z test (group) Predictor R? Adj R? Beta Sig Z test (group)
Tractography RD in optic  .230 191 .480 .002 7=217, p=.01 .028 -.021 -.167 458
radiation (left)
Metabolites - - - - - - - - - -
. . Yo Old
ANT orienting "™
Modality Predictor R? Adj R? Beta Sig Z test (group) Predictor R? Adj R? Beta Sig Z test (group)
Tractography L1 in optic .274 237 -.626 <.001 7=1.9,p=.018 129 .092 -.359 .072
radiation (left)
Metabolites .029 -.013 A71 413 Glx in OCC 412 372 -.642 .005 Z2=2.75, p<.001**
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. Y. Old
ANT executive "
Modality Predictor R2 Adj R2 Beta Sig Z test (group) Predictor R2 Adj R2 Beta Sig Z test (group)
Tractography MD ILF (right) .202 162 .643 .002 Z7=1.24, p=0.02 .003 -.045 .054 .808
L1 in optic  .446 .388 -.530 .009 Z7=1.88, p=.03
radiation (right)
.008 -.034 -.088 .669 FR in SLF2 (right) .810 782 -.419 .004 Z7=1.81, p=0.03
Metabolites - - - - - - - - - -
Shift in Performance
Yo Old
Embedded e
fagures SAT
Modality Predictor R2 Adj R2 Beta Sig Z test (group) Predictor R2 Adj R2 Beta Sig Z test (group)
Tractography FA optic radiation .367 .337 -.606 .002 Z=-2.106, p=.018 .042 -.018 -.206 413
(left)
.003 -.038 .056 .785 FR in SLF 1 (left) 199 157 446 .003
Metabolites - - - - -
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. “onn, Old
Rotation SAT ¢
Modality Predictor R2 Adj R2 Beta Sig Z test (group) Predictor R2 Adj R2 Beta Sig Z test (group)
Tractography L1 in optic radiation .028 -.013 166 417 .039 -.007 197 .368
(left)
FR in SLF 2 (left) 491 465 -.244 .004 194 159 -441 .028
.036 -.003 .189 .346 L1in SLF 1 (right) 206 -.164 -478 003
072 .034 .268 177 FA in optic radiation (right) 391 323 -.883 <.001
.008 -.031 .091 .653 IR in SLF 3 (right) .668 .609 .695 .002
Metabolites .041 .003 .203 310 NAA in ACC 364 330 .603 .004 7=1.67, p=.046
.036 -.002 .190 343 Choline in ACC .806 785 -.859 <.001 7=0.87, p=.19
. Youn, Old
Change  blindness """
Modality Predictor R2 Adj R2 Beta Sig Z test (group) Predictor R2 Adj R2 Beta Sig Z test (group)
Tractography FA in optic 299 .265 -.547 .007 7=1.826, p=.034 - .000 -.045 -.002 994
radiation (left)
Metabolites NAA in OCC 193 160 -.440 .025 7=1.269, p=.102
110 .075 331 .085 GABA in ACC .284 -.246 -.533 .002 Z7=2.91, p=.002
Youn, Old
Contour ¢
Modality Predictor R2 Adj R2 Beta Sig Z test (group) Predictor R2 Adj R2 Beta Sig Z test (group)
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Tractography MD in fornix .267 230 -.517 .009 Z=-2.44, p=.007 112 -.037 132 578
FR in optic radiation 224 185 473 .002 Z=1.77, p=.04 422 361 .396 .036
(right)
FA in SLF1 (right) .881 .830 -1.24 .003 7=1.87, p=.032 314 103 .286 264
.026 -.021 161 464 GABA in PPC 253 .204 -.503 .009 Z7.=2.40, p=.008
Impaired performance
- Youn, Old
Visual contrast """
Modality Predictor R2 Adj R2 Beta Sig Z test (group) Predictor R2 Adj R2 Beta Sig Z test (group)
Tractography .028 -013 166 417 FA in optic radiation 557 509 .509 .001 7=2.49, p=.01*
(right)
Metabolites - - - - - - - - -

292



. . . Yo Old
Visual orientation "™
Modality Predictor R? Adj Beta  Sig Z test (group) Predictor R2 Adj R? Beta Sig Z test (group)
R2
Tractography FR in SLF1 (right) .261 .225 -510  .013* 7=2.1, p=0.02 277 .229 -.547 011 7=1.14,p=.13
034 -046  -124 555 FA in SLF 2 916 .890 -.641 <.001 7=1.10, p=.03
(right)
.094 .018 .290 155 RD in  optic .778 738 303 <.001 7=0.09, p=.47
radiation (left)
Metabolites Glx in ACC 442 .383 .661 <.001 7=1.8, p=.03 .552 .515 417 .03
GABA in PPC .629 .567 .204 .009 7=1.5,p=.04 343 .266 .396 .060
; Yo Old
Motion threshold onng
Modality Predictor R? Adj R? Beta  Sig Z test (group) Predictor R? Adj R? Beta Sig Z test (group)
Tratography L1 in optic radiation (right) 415 342 436 .037* 7=0.63, p=0.26
Metabolites - - - - - - GABA in OCC .344 .294 777 <.001 7=1.85, p=0.03*
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