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Summary

Investigating the complexities surrounding the  aging brain is of vital im portance if w/e 

are to  fully understand the mechanisms of aging. A greater understanding of aging may 

perhaps pave the way for new  ideas and innovations th a t could aid the  aging 

population in coping w ith  the  cognitive decline tha t so often accompanies the later 

years of life.

Chapter 1 provides a general introduction to  the main features of the aging brain tha t  

are investigated in the current body of work. Brain training interventions and the  

potential they have to aid in age-related cognitive decline is discussed, and the recent 

interest in examining resting state fM RI data along w ith the  implications this has on 

cognitive functions is also explored.

Chapter 2 gives a brief outline of the basics o f MRI and fM R I physics, which form  the  

basis of the research carried out in the present body of work.

Chapter 3 consists of a literature review  of brain training studies conducted in recent 

years. W e investigate the existing literature on brain training interventions and suggest 

a num ber o f aspects that should be taken into consideration by any fu ture  intervention  

research.

Chapter 4 details an investigation into the effects of a brain training intervention w ith  

a cohort o f healthy older volunteers. This study incorporates fM R I data as well as



cognitive testing in its approach. Although the results of this study are mixed, the study 

design was strong. This provides a good opportunity to discuss the current pitfalls of 

intervention research and the steps that could be taken in future to ensure optimal 

gain from engaging in brain training programs.

Chapter 5 discusses the link between neuronal activation while the brain is "at rest", 

i.e. not engaged in any explicit process, and activation during a specific cognitive task.

Chapter 6 examines the issue of successfully reproducing resting state networks across 

subjects and across sessions. This chapter is concerned with two of the more popular 

approaches only. Independent Component Analysis (ICA) and a seed-based correlation 

approach.

Chapter 7 provides a general discussion of all the issues that have been examined in 

the current research.

The principal aim of this body of work is to investigate different aspects of the aging 

brain and, by extension, add to the current body of knowledge surrounding healthy 

aging by guiding in the development of future research. A common theme throughout 

much of the existing literature is a lack of consistency; there are few methodologically 

similar interventions in brain training research, and there are a variety of analysis 

methods applicable to resting state fMRI data. The current research has highlighted 

these discrepancies and has illustrated how results of studies in these areas must be 

interpreted with a certain degree of caution.



1. Introduction

1.1. Aging

In m odern tim es, developm ents and discoveries in the fields o f m edicine, farm ing and 

food have revolutionised the  healthcare of the developed world. The global population  

is aging and the proportion of o lder people is growing ever larger in developed  

countries. As in other developed countries, Ireland faces the  im m inent reality o f a 

population tha t is older and has potentially  greater needs in term s of healthcare and 

social support than previous generations. For the past 4 decades, Ireland's proportion  

of the aging population rem ained relatively stable at around 11%; however, this is 

predicted to  rise to  as much as 19% by 2031. The oldest segm ent of this demographic, 

i.e. those aged 80 years and above, are expected to  show the  greatest increase in 

proportion as they will alm ost treb le  in size by the  year 2036 (Kearney et al., 2011). 

Such a significant change in the  architecture of the  population should herald a call for a 

greater investm ent in prom oting healthy lifestyles which can protect against age- 

related illnesses and disease, as well as a m ore thorough understanding of the  

mechanisms which can contribute to  healthy aging and successful living in later years.

1.1.1. Aging and Cognition

Neurocognitive fragility m ay be considered the  biggest existing th rea t to  successful 

aging in today's society (Park & Reuter-Lorenz, 2009). As the m ajority o f people aged 

65 or over are concerned about declining cognitive abilities (Ball e t al., 2002), one

1



hugely im portant aspect of successful aging is retaining m ental faculties. W ith o u t  

sustained cognitive health, older individuals risk losing the ability to  com plete routine  

daily tasks such as managing their finances, adhering to  m edication regimes, and 

shopping for groceries amongst other issues. Preserving healthy cognition could have 

enorm ous beneficial impacts on healthcare costs and service providers, as well as 

allowing older individuals to  m aintain a reasonable quality of life w ithout the  need of 

nursing hom e care, hospital stays or home care, while also retaining dignity and 

independence. Accordingly, prom oting and refining m ethods of retaining cognitive  

stability in old age is o f huge societal and economic im portance.

Aging is a process th a t involves a large num ber of variables and should not be 

considered as a homogenous, established procedure. Some older people perform  

exceptionally well at cognitive tasks, and certain abilities such as vocabulary may 

rem ain stable or even im prove w ith age (Salthouse, 1996). One longitudinal study of 

older m em bers o f the  Catholic clergy exam ined changes in cognition annually over a 

period of 6 years and found th a t although older individuals displayed declines of 

cognitive abilities across the board at a faster rate to  younger people, large individual 

differences w ere  found at all ages (Wilson e t al., 2002). The authors suggest th a t  

factors tha t are specific to  each individual are m ore indicative o f aging as opposed to  

conceptualising aging as a homogenous and inevitable process. Focusing our attention  

on the  mechanisms involved in successful aging, as opposed to  solely investigating  

pathological aging or age-related decline, is a potentially  promising avenue to  a richer 

understanding of im proved cognitive functioning in old age (Eyier e t al., 2011).



Successful cognitive functioning is largely corroborated w/ith greater brain health (Eyler 

et al., 2011); i.e. the integrity of neuronal structure and function. A greater 

understanding of how the neural environment contributes to successful aging is 

paramount to gaining insights into the mechanisms of healthy cognition throughout 

the lifespan. If we can accurately delineate the neural changes that occur in the brain 

along with successful aging, we can begin to comprehend some of the crucial 

components that are essential to healthy aging. The development and application of 

various neuroimaging tools in recent decades have provided truly innovative 

advancements in the study of neural correlates of cognitive changes and the aging 

process. Examining the structure and function of the brain both independently and in 

conjunction with each other has been hugely beneficial in exposing the changes that 

occur in the brain throughout the lifespan and how these changes impact on cognitive 

functioning.

1.1.2. Structural Brain Changes in Aging

Until relatively recently it was assumed that the structure of the human brain was 

incapable of adaptive change after a certain critical period of development (Boyke et 

al., 2008). Lesion studies led to the observation that the adult brain is capable of 

individually different patterns of functional reorganization (Weiller et al., 1993), and an 

interest in whether corroborative structural changes existed became a focus of many 

researchers. Although the suggestion that neural architecture is adaptive and plasticity 

may be linked to cognitive processes was posited over a century ago (DeFelipe, 2006), 

it is only since the implementation of neuroimaging that we have been able to

3



properly exam ine such theories in detail. The application of neuroim aging techniques  

has greatly facilitated our understanding o f the  neurobiological processes tha t actually  

occur w ith normal healthy aging. Norm al aging is associated w ith decreases in w hole  

brain volum e, grey and w h ite  m atter atrophy, reductions in cerebral blood flow  and 

synaptic degeneration (Cabeza, 2002). There is some evidence tha t suggests th a t age- 

related structural changes may have a direct im pact on cognitive functioning (Park &  

Reuter-Lorenz, 2009).

1.1.3. Functional Brain Changes in Aging

Studies tha t utilise functional neuroim aging in order to  investigate healthy aging have 

discovered a variety of patterns associated w ith aging. Eyier et al. (2011) conducted a 

thorough review  o f functional brain imaging correlates of successful cognitive aging, 

w here the results of 80 studies published over tw o  decades w ere exam ined. These 

studies used e ither PET or fM R I to  investigate the  relationship betw een brain 

activation and cognition w ith  tasks such as episodic m em ory, reaction tim e, and visual 

attention . The authors report th a t 57 o f the  reviewed studies showed at least one 

finding of an association betw een b etter cognitive perform ance and greater brain 

activation, w ith these associations usually found in the  frontal lobes. However, 16% of 

studies showed negative associations betw een brain activation and cognitive 

perform ance, while 32%  showed a m ixture o f both positive and negative associations. 

Interestingly, 12% of all studies review ed dem onstrated no brain-behaviour 

relationships. The authors highlight the  fact th a t there  exists a discernable gap in our 

knowledge o f the  relationship betw een brain and behaviour and how this relationship

4



changes as the  brain develops and ages. It is readily apparent, then , th a t precisely 

in terpreting and understanding the myriad aspects of neural activation and behaviour 

is an intricate and complex task.

1.1.4. Theories of Functional Brain Changes in Aging -  PASA, HAROLD and STAC

It has been shown th a t in comparison to  young adults perform ing the same cognitive 

task, healthy older adults activate larger areas o f the prefrontal cortex as well as 

activating the contralateral hem isphere. This age-related alteration in activation  

patterns is com m only referred to as Hemispheric Asym m etry Reduction in Older 

Adults, or HAROLD (Cabeza, 2002). The HAROLD model has been frequently  observed 

in functional imaging studies which investigate a w ide range of cognitive tasks, 

including episodic m em ory (Grady et al., 2002), working m em ory (Reuter-Lorenz e t al., 

2000) and inhibitory control (Neilson e t al., 2002). The aforem entioned studies used 

e ither fM RI or PET data in the ir observations; however, studies which incorporate  

electrophysiological (Beilis et al., 2000) and behavioural (Reuter-Lorenz et al., 1999) 

measures also dem onstrate evidence to  support the HAROLD model.

A nother consistent finding in neuroim aging studies is a reduction in activity in occipital 

and tem poral regions alongside concurrent increases in activation in frontal regions 

when healthy older adults perform  equally well on a task com pared to  younger 

populations. This pattern of age-related changes in activation is known as the  

Posterior-Anterior Shift in Aging, or PASA. PASA has been hypothesized to  reflect 

functional com pensation in the aging brain, as older adults recruit anterior regions to
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aid in coping w itli processing deficits in posterior regions (Davis e t al., 2008). Lil<e the  

HAROLD m odel, the PASA effect has been observed in a variety  o f neuroim aging  

studies, including those which investigate cognitive tasks such as working m em ory  

(Rypma & D'Esposito, 2000) and m em ory encoding (Dennis et al., 2008).

Both HAROLD and PASA models are well established and accepted w ithin the aging 

literature (Davis et al., 2008). The function o f such changes, however, remains 

som ew hat unclear. A com mon explanation for the  PASA effect is th a t increases in 

frontal activations act as a com pensatory mechanism in healthy older people, through  

which individuals are able to  counteract deficits in processing in occipital and tem poral 

regions w ith the  recruitm ent of additional brain regions. These additional resources 

are enlisted in order to  successfully com plete a cognitive task. The PASA effect is only 

observed when older adults perform  as well as or b etter than younger populations and 

does not exist w hen older adults perform  poorly on cognitive tasks (Rosen et al., 2002). 

Additionally, patterns of frontal com pensation have also been observed in clinical 

populations (Hillary et al., 2006), which suggests th a t changes in patterns of activation  

may provide a com pensatory mechanism if processing has in o ther regions of the brain 

has been affected.

The Scaffolding Theory of Aging and Cognition, or STAC, provides another explanation  

of changing activation patterns w ith aging (Park & Reuter-Lorenz, 2009). The STAC 

theory  suggests th a t increases in frontal activation w ith age are a result of the  brain 

actively engaging w ith and adapting to  the  freq u ent cognitive challenges tha t occur 

throughout the  aging process. Age-related declines in neural structure and function
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are countered by a scaffolding process th a t involves the developm ent and application  

of a lternate  neural pathways so tha t cognitive tasks can be successfully com pleted. 

Although the  scaffolding networks th a t develop in later life m ay not be as effic ient as 

the  original networks th a t w ere developed at earlier ages, successful aging relies upon 

the  ability of the neural mechanisms th a t underlie cognitive perform ance to  undergo 

functional reorganization and com pensation.

1.1.5 Cognitive Reserve

It has long been established tha t there  exists huge variation betw een the degree of 

brain dam age or pathology and the  clinical expression of th a t dam age (Stern, 2002). A 

postm ortem  study of cognitively normal elders described a num ber of individuals with  

advanced AD pathology, despite the  fact th a t none of those individuals had displayed 

any features of AD in life (Katzman et al., 1988). Such individuals may possess higher 

levels o f "passive reserve", characterised by increased synaptic density or larger brain 

size. Those with passive reserve can endure m ore substantial pathology before  

succumbing to  the clinical m anifestation o f dem entia symptoms. A lternatively, "active 

reserve" may be at work. This refers to  active processes the brain engages in to  cope 

w ith dam age. Enlisting pre-existing cognitive processes or recruiting com pensatory  

mechanisms can help individuals m aintain functionality  despite dam age to  neural 

pathology. The tw o  types o f reserve are not m utually exclusive, and the phrase 

"cognitive reserve" or CR is used as an all-encompassing term  to  refer to  the  brain's 

general ability to  cope w ith pathology (Kolanowski e t al., 2010). It is also im portant to  

note tha t CR is not fixed but can be altered at any point during one's life as a result of
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environmental exposures such as educational attainment, income or occupational 

attainment, leisure and social activities (Stern, 2009). Since CR can mediate the clinical 

manifestation of dementia symptoms (Valenzuela et al., 2011), those with higher levels 

of CR tend to experience a preservation of their cognitive abilities and indeed their 

quality of life into old age (see Figure 1.1).
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Figure 1.1: Theoretical illustration of how cognitive reserve may mediate between AD 
pathology and its clinical expression. Adapted from Stern, 2009.
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1.2. Ameliorating Cognitive Decline in Aging

1.2.1. Brain Training and Neuroplasticity

Successful brain training hinges on neuroplasticity, the ability o f neural structure and 

function to  adapt in response to  personal experience or environmental stimulation 

(Shaw et al., 1994). The greatest changes in neural structure appear to occur through 

repeated practice o f a skill over an extended period o f time. For example, 3 months of 

learning to juggle led to  increases in grey m atter volume in regions associated with 

processing complex visual motion in young adults (Draganski et al., 2004). A range of 

other studies have demonstrated this aspect o f structural plasticity, using skills such as 

typing (Cannonieri et al., 2007), music (Elbert et al., 1995), and navigation in London 

taxi drivers (Maguire et al., 2006). Based on these observations, it is reasonable to 

expect tha t functional and morphological alterations may occur in the adult brain as a 

result of extended practice and gained expertise in a field, as well as attaining 

proficiency in novel skills (Rabipour & Raz, 2012). Indeed, such changes have been 

demonstrated in some tra in ing studies, where reductions in activation patterns were 

observed post-training on a dual-back task in older adults (Erickson et al., 2007). These 

decreases in activation are posited to  represent increased efficiency o f cognitive 

control and task coordination as a result o f training.

9



1.2.2. Brain Training and Improvements in Cognition

Promoting and stabilizing cognitive abilities in old age is crucial in order to sustain 

quality of life and independent living in a society that contains a large proportion of 

elderly individuals with increasing life expectancy. A number of types of cognitive 

interventions have been proposed which aim to slow down or prevent age-related 

cognitive decline. Some of these interventions are rather one-dimensional in nature, as 

they focus on a single specific aspect relating to cognitive abilities. For example, one 

study addressed the effects of aerobic exercise on reducing age-related loss of brain 

tissue and preservation of grey and white matter volume in the frontal and temporal 

cortices, which is linked to successful cognitive aging (Colcombe et al., 2003; Colcombe 

et al., 2006). Another study demonstrated the positive effects of motivational 

incentives on cognitive performance (Harsay et a!., 2010).

Another, more prevalent group of interventions, focus on brain training. This type of 

intervention involves activating and challenging certain cognitive processes, with the 

end goal being the improvement of cognitive abilities or a preservation of competency 

as aging progresses.

1.2.3. Working IVIemory

Working Memory (WM) is a dynamic processing system which is capable of 

temporarily storing and manipulating information that is vital for higher order 

processes such as language comprehension, planning or problem solving (Cowan,
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2008). The conceptualization of W M  has undergone several changes in the past few  

decades (Baddeley, 1992), but is today generally regarded as a combination of multiple 

components working in tandem. W M  serves as a central component of general 

cognition and is strongly related to an individual's ability to process novel information 

and has been found to be closely related to measures of intelligence (Ackerman, Beier, 

& Boyle, 2005). As such, a large proportion of existing cognitive intervention studies 

have utilized W M  tasks (see section 1.3.1 below). A typical example of a W M  task is 

the n-back, where a subject is presented with a number of stimuli and is required to 

respond when the current stimulus matches one from n steps earlier in the sequence. 

If n = 1, the subject must match the stimulus that was one previous; if n = 2, the 

subject must match the stimulus that was two previous, and so on. The load factor n 

can be altered to make the task more or less difficult.

1.2.4. Executive Function

Executive function (EF) is concerned with controlling and regulating goal-directed 

actions (Buitenweg, Murre, & Ridderinkhof, 2012). EF is particularly susceptible to 

deteriorations in aging as these processes are largely functionally dependent on the 

basal ganglia and prefrontal cortex (Ridderinkhof et al., 2004). The training of 

executive functions may therefore be of particular benefit to the elderly in terms of 

dealing with activities in daily life. Executive functions are commonly divided into three  

separate domains: shifting, updating, and inhibition, according to a widely accepted 

classification model (Miyake et al., 2000).
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Shifting is concerned with having sufficient cognitive flexibility to switch attention and 

actions between relevant tasks. Shifting is also related to correctly coping with 

distractions or interference from irrelevant stimuli. Task switching and multitasking 

involve mechanisms that characterise shifting. Updating refers to successful 

monitoring of incoming information and adjusting the content of working memory 

storage to accommodate relevant information. Finally, inhibition deals with the 

suppression of extraneous thoughts and actions, usually so that more pertinent 

thoughts and actions can be given priority.

In order for a brain-training paradigm to successfully engage all aspects of EF, the 

program must challenge a multitude of cognitive control mechanisms simultaneously. 

The training task should involve keeping a number of items in memory, inhibiting 

irrelevant information while attending to relevant information, shifting attention 

between tasks and constantly updating the memory cache. Individuals are required to 

divide their attention over a variety of multimodal stimuli which would foster a state of 

alertness and preparedness for impeding events or situations that is perhaps likely to 

lead to a transfer of effects, i.e. generalise to functioning on other nonrelated tasks 

(Buitenweg et al., 2012).

1.2.5. Transfer

It is well documented that extensive practice on a specific task can lead to mastery of 

that particular task; however, these achievements are rarely generalisable to other 

enterprises. One well-known example that is often cited to illustrate this fact is the
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case of a college student who was able to successfully recall over 80 digits in random 

order after many hours practicing a digit-span task. The digit-span task is often used as 

a measure of short-term memory (STM); however, this student was not able to 

demonstrate a STM capacity greater than 7±2 for any other stimuli. In other words, his 

expertise in one distinct area did not transfer to any other related activity (Ericsson & 

Chase, 1982).

A crucial aspect of the brain-training domain is the concept of transfer. Transfer refers 

to the degree to which a learned skill can be applied to a different scenario or context. 

There are two distinct types of transfer, near transfer and far transfer. Near transfer 

concerns the ability to apply the learned skill to a task that falls under the same 

category. For example, if an individual has trained on an n-back task, they should then 

demonstrate equal capabilities on a different type of working memory task if near 

transfer has been achieved. Far transfer, on the other hand, refers to applying the 

learned skill to a domain more distant from that which has been trained. An example 

of this might be that an individual trained in a task of working memory might then 

display improved abilities in a task of auditory acuity.

A consistent issue with the current brain training literature is that successful transfer, 

both near and far, has not been demonstrated to a satisfactory level. Review articles 

have cited this as a key concern with existing training programs (Lustig et al., 2009). 

Transfer tasks are occasionally randomly assigned as belonging to near transfer or far 

transfer domains, and as such it is close to impossible to draw concrete conclusions on 

transferability.
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1.3. Intervention Studies In The Current Literature

1.3.1. Early Studies

It is assumed th a t W M  abilities underlie perform ance of m ore complex cognitive tasks 

(Buschkuehl & Jaeggi, 2010) and, as such, the earlier brain training studies exam ined  

w h eth er training of such basic processes could lead to  im provem ents in the  cognitive 

abilities th a t rely on successful W M  perform ance.

Early studies addressing this issue w ere carried out w ith children diagnosed with  

ADHD, as deficits in W M  appear to  play a central role in ADHD. Two studies w ith such a 

cohort found th a t the group trained on a num ber of W M  tasks perform ed b ette r on 

tests of intelligence when com pared to  controls (Klingberg e t al., 2005; Klingberg, 

Forssberg, & W esterberg, 2002). A nother study of cognitive training in young children  

dem onstrated tha t im provem ents in tests of intelligence can be dem onstrated  in 

children as young as four years old (Rueda e t al, 2005). As neural plasticity is easier to  

target in earlier years, (Brehm er et al., 2008) the  implications of such interventions  

w ith young children w arrant investigation w ith young and older adults.

One of the most promising early studies on brain training interventions dem onstrated  

th a t training on W M  tasks led to  an im provem ent on tests of fluid intelligence, or Gf 

(Jaeggi et al., 2008). This study claimed to  have successfully shown transfer of abilities 

from  executive processes to  gains in Gf in young healthy participants. These results 

represented the existence of enorm ous potential to  tap  into Gf and w ork on im proving
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cognitive abilities with relative ease .  However,  t h e s e  results have no t  been  easily 

repl icated,  and t h e  s am e  research group have been unsuccessful  in replicating thei r  

ow n findings (Shipstead,  Redick, & Engle, 2012).

As ev idenced by t h e  s tudies  cited above,  o n e  of t h e  m o s t  s tudied topics  in t h e  field of 

brain training has been WM training.  However,  given t h e  mixed results of previous 

s tudies ,  it is still a struggle t o  gain a com pre hens ive  un der s ta nd in g  of t h e  cognitive 

func t ions  and specific popula t ions  t h a t  may benef i t  f rom WM training.  WM is 

s o m e t im e s  conceptual ised  as being strongly linked with execut ive processes ,  given 

t h a t  WM is essential  in m an y  EF tasks  such as coordinat ion in t h e  p e r fo rm anc e  of 

mul tiple tasks, tasks  which require  selective a t t en t ion  or  swi tching a t t en t ion  b e tw e en  

a n u m b e r  of stimuli, or tasks  such as com pre hens ion  and  learning which require  

ac tivation of rep re sen ta t i ons  in long- term memory.  Surprisingly, w e  are  a w a re  of only 

o n e  s tudy which inves tigated t rans fe r  f rom WM training to  execut ive funct ions 

(Salminen,  Strobach,  & Schuber t ,  2012).  This s tudy sh o w e d  mixed results,  with t r ans fe r  

to  a WM updat ing task as well as improved p e r fo rm ances  in task swi tching and 

a t ten t iona l  processing,  but  no t ransfer  to  dual -task or  reasoning skills. Al though WM 

can be t ra ined,  it appea rs  as t h ough  an opt imal t raining pro gram  t h a t  d e m o n s t r a t e s  

sufficient t ransfer  to  general  EF abilities is ye t  to  be developed.
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1.3.2. Large Scale Studies

The COGITO study (Schmiedek, Lovden, & Lindenberger, 2010) represents an 

in tervention which is "m ore intensive and m ore extensive" than any previous 

in tervention study. Over 200  adults practiced 12 com puterized tasks tha t incorporated  

a num ber o f cognitive domains, nam ely perceptual speed, episodic m em ory and 

working m em ory. Training was comprised of over 100 daily sessions lasting about 1 

hour each. The study found th a t reliable positive transfer is observable for both 

individual tests but also general cognitive abilities in younger and older adults. The 

authors conclude tha t long-term  diligent practice of cognitive tasks can lead to  

im provem ents in general cognitive abilities.

If cognitive interventions are to  result in greater quality of life fo r older individuals, 

then the effects of such interventions on day-to-day activities is a critical aspect that 

w arrants scrutiny. A nother large-scale intervention, the ACTIVE (Advanced Cognitive 

Training for Independent and Vital Elderly) study, exam ined the  effects of training  

m em ory, reasoning and speed of processing on everyday functioning over a num ber of 

years. Over 2 ,800  older American adults spanning 6 d ifferent cities took part in this 

study, and 67%  of the  cohort participated in a five-year fo llow -up assessment. The 

results show th a t training on a specific cognitive ability led to  im m ediate  

im provem ents in th a t ability, and these im provem ents w ere  retained over 5 years. The 

participants w ho trained in tasks o f reasoning reported significantly less difficulty than  

the control group when perform ing Instrum ental Activities of Daily Living (lADL). This is
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one of th e  few  intervention studies tha t incorporate a follow -up assessment in order 

to  assess rates of retention.

1.3.3.Complex Training Interventions

The vast m ajority of existing intervention studies are plagued by a lack of transfer of 

learned tasks to  other, m ore general cognitive abilities. However, a recent trend in 

brain training literature has been the developm ent of video game training, in which 

the  video games tap into various executive control processes simultaneously. 

Com puter-based training tasks can be composed in such a way tha t they possess an 

inherent com plexity tha t places a high dem and on executive control (Stern et al., 

2011). One study which focused on complex com bat and strategy games 

dem onstrated th a t expert gamers perform  significantly better than novice players on a 

num ber o f basic cognitive tasks, implying tha t extensive long-term  engagem ent with  

videogam es may lead to im provem ents in tests of attention  and response tim e, 

amongst others (Boot et al., 2008). A videogam e called Space Fortress, originally 

designed by cognitive psychologists to study skill acquisition (Donchin et al., 1989), has 

been exam ined in a handful of studies. Although one Space Fortress intervention study 

showed lim ited transfer of abilities, the authors provide an interesting insight into how  

fu ture  com puter-based cognitive interventions should be designed. A num ber of 

aspects must be taken into consideration, such as the m otor demands of the  game, the  

duration and intensity of the  training, and the ability to  provide training in an 

individual's hom e environm ent, amongst others (Stern et al., 2011). One interesting  

study using Space Fortress dem onstrated beneficial alterations in functional
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connectivity a fter playing the  gam e tha t w ere related to a m ore proficient cognitive 

training strategy (Voss e t al., 2012). This study in particular emphasises the  value of 

incorporating functional neuroim aging in cognitive training studies. By integrating real

tim e fM R I m onitoring and neuro-feedback during training, the  authors suggest tha t  

fu ture  studies could com prehensively m onitor the  effects of various training  

param eters on alterations in the  interaction of d ifferent neural systems. This in turn  

could lead to  an im provem ent in the ability to  adopt the most efficacious training  

techniques.

1.3.4. Commercial Interventions

Although the results of cognitive training intervention studies are mixed at best, there  

exist a num ber of com m ercially available training programs th a t are hugely popular 

and extrem ely lucrative. The scientific evidence behind the m anufacturers' claims of 

regular use leading to  im provem ents in cognitive functioning has com e under scrutiny 

in recent years. N intendo's Brain Age, released in 2005, was included in a study 

investigating the efficacy o f regular interaction w ith brain training games in older 

adults (Nouchi et al., 2012) and the results dem onstrated some im provem ents in EF 

and processing speed, but a lack of transfer effects to  global cognitive status. A similar 

study was carried out into the  influence of the  W ii Big Brain Academ y on cognitive 

abilities w ith older adults, and found no significant im provem ents in measures of 

cognitive or perceptual speed abilities (Ackerman, Kanfer, &  Calderwood, 2010). One 

of the  most popular com m ercial programs, the  Nintendo DS Brain Training program, 

was the focus o f another investigation, and again regular use o f the  softw are led only
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t o  limited im pro vem en ts  in o n e  specific domain,  namely  t h e  Digit Span Backw/ards, in 

o lder  adul ts  (McDougall & House,  2012).

One  large-scale s tudy by Owen and col leagues  (2010) involved over  11,000 

par t icipants and inves tigated  t h e  claims t h a t  computer ized  brain t raining gam es  can 

improve pe r fo rm anc e  on te s ts  of cognitive functioning by developing a unique 

program t h a t  t a rg e t e d  a range of cognitive domains .  These  included reasoning,  

p lanning and  prob lem solving, as well as b ro a d e r  cognitive abilities such as shor t - te rm 

memory ,  a t t en t ion,  mathemat i ca l  abilities and  visuospatial  processing,  similar to  t h e  

tasks  com m on ly  found in commercial ly available brain t raining programs.  After 6 

weeks  of training,  th e  au tho rs  conclude t h a t  t h e r e  is no evidence  t h a t  engaging with 

brain t raining programs  in the i r  cu r rent  fo r m a t  leads to  any genera l ized im pro vem en ts  

in cognitive funct ion (Owen e t  al., 2010).  Al though this s tudy has it's l imitations, such 

as weak envi ronm en ta l  controls and a s tudy popula t ion t h a t  was  recrui ted onl ine and 

no t  subject  t o  rigorous screening,  this work does  em ph as iz e  several  im por t an t  issues in 

t h e  cu rren t  l i terature,  m o s t  notably  th e  n eed  to  thorough ly  analyse and  in terp re t  t h e  

available data ,  ext remely  careful in te rpre t a t ion of results and t h e  n eed  for p ro pe r  

control  in all in terventions  (Rabipour & Raz, 2012).
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1.4. Alternative Approaches

A number of other studies have taken on approaches tow/ards promoting cognitive 

abilities in old age that deviate from the common method of training particular tasks 

or domains. One study tested whether changes in lifestyle such as social activities 

based around intellectual goals, demands for self-direction, or choice of novel 

activities could lead to improvements in cognition (Stine-Morrow et al., 2008). This 

field experiment examining a type of engaged lifestyle demonstrated improvements in 

measures of fluid ability in the absence of specific ability training. Another study with a 

similar perspective on cognition in the elderly investigated the hypothesis that reduced 

scores on measures of intelligence amongst older adults is a result of not engaging in 

problem-solving behaviours as regularly as they would have done in earlier life 

(Tranter & Koutstaal, 2008). When results such as these are incorporated with the 

existing knowledge on the impact of cognitive reserve on cognition in the elderly, it 

seems as though taking a more holistic view of life in later years may help to inform 

and shape the design of future approaches to cognitive interventions.

1.5. Summary of Brain Training Research To Date

After conducting an extensive review into the effectiveness of working memory 

training, Shipstead and colleagues (2010) conclude that the literature to date provides 

insufficient evidence that WM training impacts broader cognitive ability. Another 

review of cognitive training in healthy older adults stated that while training may 

improve performance on near-transfer tasks, there is little evidence to demonstrate
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t h a t  t h e s e  gains can genera l ise to  wider  cognitive domains  (Papp, Walsh,  & Snyder,

2009).

The "success"  of brain t raining thus  far ap p e a r s  to  rely on both  l imited evidence  and a 

good deal of hype (Rabipour & Raz, 2012). Consumers  w ho  have been ent i ced by th e  

promising benef i t s  e s poused  by t h e  m an ufa ct u re r s  of var ious  t raining p rograms often  

find t h a t  t h e  scientific validation behind such claims is dubious  a t  best ,  and 

un s u bs tan t i a t ed  at  wors t.  In t e r m s  of labora tory-based in terventions,  t h e r e  are  a 

n u m b e r  of weaknesses  which can be a t t r ib ut ed  to  mos t  if not  all existing s tudies;  lack 

of active control  groups , a lack of a conc re te  definit ion of near- an d far- t ransfer  tasks, 

non-conformity  in t e rm s  of s tudy design which makes  com par ing results across 

in tervention s tudies difficult or  even impossible.  Never theless,  t h e  potent ia l  benefi ts  

of a truly successful cognitive in tervention program are  t o o  gr eat  to  be  dismissed.  If 

t h e  we aknesses  in t h e  cu r rent  l i terature can be  fully add res sed  in o rd e r  t o  cr ea te  a 

compre hens ive  efficacious paradigm t h a t  could definitively d e m o n s t r a t e  positive 

changes  in genera l  cognitive abilities, th e n  th e  deficiencies of previous  s tudies could be 

see n t o  have been  ha rnes sed  and utilized for an auspicious end.

1.6. The Resting State

1.6.1. Understanding the Resting State

Up until very recently,  t h e  vas t  majori ty of neuroimaging research into cognitive 

functioning in o lder adul ts  has  ce n te red  on t ask -based  studies,  i.e. examining w h a t  th e
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brain is doing when faced with a specific task or series of tasks. However, the neural 

archi tecture of the  brain at rest has garnered more attent ion in the  past two  decades. 

The resting brain has the  potential to reveal a vast amount  of information regarding 

the  underlying mechanisms of neural aging and cognitive functioning.

The purpose and nature of spontaneous  brain activity has been the  subject of debate  

for many decades,  as researchers  deba te  whether  it has a functional objective or is 

merely random noise which is superseded by directed brain function (Pinneo, 1966). 

Despite this lack of clarification on the  nature of spontaneous  activity, neuroimaging 

studies continue to overlook baseline brain activation even today. Most neuroimaging 

studies focus on changes in activity that  are evoked by an external stimulus, be it a 

cognitive challenge or a response to a particular task. These studies assume that  any 

ongoing activity is suitably random so as to be averaged out  in future statistical 

analyses. So-called "activation" paradigms reveal the  inherent  assumption that  regions 

becoming activated as a result of task demands occurs in relation to a s tandard 

baseline s ta te  in which brain activity is presumably quite low. Accordingly, a huge 

proportion of the  existing neuroscience literature has emphasized the  regions of the 

brain tha t  show activations relative to this speculative baseline state.

The resting human brain represents about  2 % of the  body's total mass, and yet it 

consumes one-fifth of the  body's energy. Task-related increases in neural metabolism 

are typically small, comprising of less than 5% total body energy, when compared to 

the  energy consumed during the resting s tate (Raichle & Mintun, 2006). Most of the 

existing knowledge of brain function is a result of studying quite a minor component  of
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to ta l brain activity. In order to  gain a m ore com prehensive understanding of the  brain 

and it's functions, w e must focus on spontaneous low-level fluctuations (<0.1 Hz) as 

this is the e lem ent which takes up most of the brain's energy (Fox & Raichle, 2007). 

One possible explanation for why the brain favours m aintaining and updating it's own  

internal organization may be tha t intrinsic brain activity provides a functional 

fram ew ork for the  brain's m om en t-to -m o m ent responses to  the  external w orld (Fox et 

al., 2006). This hypothesis is supported by the observation th a t there  exists a 

noticeable relationship betw een functional networks evoked by task-based studies and 

resting state or task-independent studies (Smith et al., 2009).

1.6.2. The Default Mode Network

Consistent patterns of deactivation routinely accompany an increase in cognitive  

demands despite the most rigorous experim ental designs. These deactivations becam e  

a focus of exam ination, w ith researchers investigating the idea th a t baseline activity  

actually represented an active state, and th a t patterns of activation and deactivation  

personified a shift in focus from  the external environm ent to  the internal state  

(Andreasen e t al., 1995). Studies of brain m etabolism  concluded th a t regions of 

particularly high m etabolic rates relative to  other regions during the resting state  

appeared to  be the  same regions th a t displayed the greatest am ount of deactivations  

during cognitive tasks tha t relied on external stimuli. These regions w ere collectively 

labeled as the  Default M ode Netw ork, or D M N , a fter investigations using positron 

emissions topography (PET) data (Raichle et al., 2001) and fM R I studies (Greicius et al., 

2003). W e now know tha t the  D M N  is involved in a range of self-referential cognitive
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behaviours, including autobiographical m em ories and self-judgm ent (Christoff et al., 

2009).

1.6.3. Identifying Resting State Networks

The observation th a t spontaneous neural activity is not simply random  noise, and is in 

fact organized in the resting human brain has led to  various new  approaches in 

neuroim aging research. The potential to  characterize properties of brain networks  

w ith o u t requiring an overt task w ith which to  drive neural activity has been explored in 

a num ber of studies of resting state networks (RSNs) or intrinsic connectivity networks  

(ICNs). An early investigation of RSNs using fM RI techniques dem onstrated functional 

connectivity betw een  the prim ary m otor cortex ( M l )  and other regions o f the  brain, 

including the  contralateral M l ,  in the absence of an explicit task (Biswal et al., 1995). 

This pattern o f functional connectivity was spatially similar to  patterns o f activation  

observed when subjects perform ed m otor responses to a task. A num ber of 

subsequent studies w ere able to  replicate the finding th a t in the  absence o f an explicit 

task, spontaneous fluctuations in the BOLD signal spatially correlate across functionally  

related brain regions (Greicius et al., 2003; Lowe, Mock, &  Sorenson, 1998). Several 

different m ethods of analysing RSNs have detailed a num ber o f tem porally  coherent 

networks th a t subserve vital functions such as m otor abilities, attentional processes, 

vision and audition (Beckmann, DeLuca, Devlin, &  Smith, 2005; Damoiseaux et al., 

2006; Smith et al., 2009).
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Harnessing fM RI and diffusion tensor imaging (DTI) techniques has provided a greater 

understanding of the  relationship betw een the  structure and function of RSNs. W hile  

structural connectivity acts as a good predictor o f functional connectivity, the  opposite  

is not necessarily true. In other words, if a direct structural connection exists between  

tw o  brain regions then a functional connection will also exist, but it has been observed 

th a t functional connectivity will exist in the  absence of a direct structural link (Honey  

e ta l., 2009).

RSNs have been reproduced consistently across subjects (Beckman, 2005; De Luca et 

al., 2006; Smith et al., 2009). RSNs have also been found across stages of cognitive 

developm ent (Fransson et al., 2007), degrees o f consciousness (Boly et al., 2008) and, 

to  a lim ited extent, across species (Vincent et al., 2007). RSNs have been shown to 

have a certain degree of heritability (Glahn et a!., 2010). Also, altered functioning of 

large-scale RSNs has been shown in conjunction w ith  some diseases and disorders, 

such as Alzheimer's Disease (Greicius et al., 2004), A ttention Deficit Hyperactivity  

Disorder (Castellanos et al., 2008), and Autism Spectrum Disorders (Di M artino  et al., 

2009), as well under the influence of com m on pharmacological substances such as 

antidepressants (Anand et al., 2005) and nicotine (Hong et al., 2009). RSNs should 

there fo re  be considered as core functional networks in the  human brain tha t require  

fu rth e r investigation.
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1.7. The Association Between RSNs and Task-Evol<ed Networks

The m ajority o f research into RSNs follows the typical pattern of task-based fM RI 

studies, in th a t the results o f statistical analyses and interpretations of the  cognitive  

and behavioral implications are presented concom itantly. W hen strong correlations  

exits betw een  the strength of a particular RSN and a behavioural measure such as 

accuracy in a certain task, it is tem pting  to  posit conclusions regarding the relevance of 

RSNs to  particular cognitive functioning (Cole, Smith, & Beckmann, 2010). However, 

this relationship is som ething th a t can only be rum inated upon given our current levels 

of understanding on the  nature o f RSNs. The extent to which functional netw ork  

architecture is relevant to  cognition remains an open question.

As m entioned previously, a num ber of RSNs have been identified which spatially  

correspond to  functional activation during specific tasks. Smith and colleagues (2009) 

dem onstrated a close spatial correspondence betw een RSNs identified in a small group 

of subjects, and task-evoked activation peaks identified in over 7 ,000  fM R I studies 

using various tasks. These observations support the  hypothesis tha t RSNs m ay be 

functionally specialized to  subserve distinct cognitive processes (Gordon et al., 2012). 

W hile some networks appear to  serve specific sensory functions, such as the  

aforem entioned som atosensory netw ork (Beckmann et al., 2005), others appear to  

serve higher cognitive functions such as a frontoparieta l executive control netw ork  and 

a set-m aintenance netw ork  (Dosenbach e t al., 2007).
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1.7.1. RSNs and Complex Cognitive Functions

M ore  com plex cognitive functions which involve m ultip le form s of inform ation  

processing may be more likely to  call upon a num ber of RSNs, w ith  each netw ork  

contributing to a particular cognitive process (Gordon et al., 2012). Executive 

functioning, described in section 1.2.4., is one exam ple o f com plex cognitive 

functioning. Executive function is often measured by The Stroop Colour W ord  

In terference test (Stroop, 1935), a task tha t is thought to draw  upon a num ber o f 

cognitive constructs including sustained a tten tion , interference, and inhibition. The 

effect is nam ed after John Ridley Stroop who published on the  Stroop task in the  

1930's, but origins of the task can be traced back as fa r as the  n ineteenth  century  

(MacLeod, 1991). Although there  are d ifferent variants o f the  Stroop task com m only  

used in clinical settings (Kaufmann et al., 2008; W itth o ft et al., 2013), the basic 

principles rem ain the  same as those of the conventional Stroop task. A series of colour 

nam e words are presented both in congruent colours (i.e. the w ord  "red" printed in 

red ink) and incongruent colours (i.e. the  word "red" printed in blue ink). Naming the  

colour of the  ink when the  meaning of the  word is presented in an incongruent colour 

leads to  a delay in response tim e. It is thought tha t this delay occurs as a result of 

in terference betw een the  learned "autom atic" reading response and the  requisite  

unfam iliar colour-nam ing strategy (Kahneman & Chajczyk, 1983). The difference in 

response tim e  betw een congruent stimuli and incongruent stimuli is known as The 

Stroop Effect.
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The Stroop task has been used to  exam ine a num ber of clinical conditions and 

neuroim aging hypotheses. In the  context of healthy aging, one im portant observation  

is tha t the  Stroop Effect appears to  be greater for older adults. This is perhaps due to 

the fact th a t the  Stroop task involves tw o com peting streams of in form ation, and 

subjects are required to  inhibit the  processing of one o f these streams and successfully 

focus on and respond to  the other. Age-related declines in inhibitory control, w here  

older people find it m ore difficult to  suppress the processing o f one o f the  com peting  

inputs, has been dem onstrated w ith  the  Stroop task (Logan, 1980). It is im portan t to 

note th a t interference and inhibition are not analogous. Interference is a m easure of 

cognitive load, while inhibition is a neural process of selective a tten tion  th a t can serve 

to  reduce interference (Langenecker, Nielson, &  Rao, 2004).

The Stroop task draws on a num ber of cognitive processes, such as visual a tten tion  and 

m onitoring each presented stimulus, inhibiting the  autom atic reading processes and 

switching betw een task goals as congruent and incongruent stimuli are presented in 

random  order. These cognitive processes are thus likely served by a num ber of RSNs 

incorporating various relevant brain regions, rather than a single RSN (Gordon et al, 

2012).

Both m edial and lateral frontal cortices have been im plicated in clinical and 

neuroim aging studies as m ediating Stroop perform ance. Lesion studies have 

dem onstrated th a t frontal lesions generally show increased Stroop interference  

(Vendrell e t al., 1995) and this effect is seen w ith  lesions to  dorsolateral prefrontal 

regions especially (Perret, 1974). Healthy young adults show activation in the right
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anterior cingulate and the left and inferior frontal gyrii during Stroop interference  

(Banich et a!., 2000; M ead et al., 2002). In comparison, healthy older subjects exhibit 

greater activation than young adults in frontal areas during the Stroop task, including 

the  left inferior frontal gyrus (Langenecker et al., 2004), suggesting tha t the inferior 

frontal gyrus is crucial for successful inhibitory processes.

1.7.2. RSNs and Cognitive Performance

It has been show/n th a t the nature and extent o f RSN engagem ent may be to  some 

degree related to  the  perform ance of individual subjects on specific cognitive tasks. 

Failure to  sufficiently suppress activation of the  DM N  alongside w/eaker functional 

connectivity has been associated w ith increased errors and slower perform ance  

(Eichele et al., 2008; Hampson et al., 2006). Certain properties of particular RSNs, 

nam ely the ir positive connectivity w ith  a task-positive netw ork and the ir negative  

connectivity w ith the  D M N , are predictive of task-induced BOLD activity (M ennes et 

al., 2010). A num ber of studies have shown th a t brain connectivity during the resting 

state is intrinsically linked to  perform ance on cognitive tasks. Sala-Llonch and 

colleagues (2012) found th a t functional connectivity during the  resting state can 

predict perform ance in a subsequent working m em ory task. Specifically, there  appears 

to  be a direct relationship betw een the  degree of negative connectivity between  

working m em ory networks and the  D M N , and behavioural perform ance (Sala-Llonch et 

al., 2012).
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Close spatial correspondence betw een activation patterns evoked during tasks and 

RSNs observed during the  resting state implies th a t complex cognitive processing may 

be envisaged as the  activation of m ultip le RSNs depicted during the resting state. To 

our know/ledge, this has only been investigated once before in a study by Gordon et al. 

(2012) w/ith young healthy adults, but never in an older population. The study by 

Gordon and colleagues used an n-back working m em ory task, while w e incorporated  

an executive function task in the  form  of the Stroop task.

1.8. Stability and Reproducibility of RSNs

W ith  the  recent growing interest in resting state data, some im portant questions

regarding the  nature of the  resting state rem ain. Although RSNs have been reproduced

consistently across subjects, there  have not been many studies th a t investigate the

reproducibility of RSNs over tim e. The extent to  which brain networks remain stable or

dynamic over short and long periods o f tim e  remains an open question. The stability of

RSNs is of particular im portance given the potential resting state data has to

differentia te  betw een norm al and abnorm al brain pathology. Take for exam ple the

D M N , which has been shown to  be affected by reduced activity in aging (Dam oiseaux

et al., 2008) and is altered in certain neuropsychiatric disorders such as depression

(Greicius et al., 2007), schizophrenia (Zhou et al., 2007), autism (Kennedy, Redcay, &

Courchesne, 2006), M ild Cognitive Im pairm ent (Sorg et al., 2007) and Alzheim er's

disease (Greicius, Srivastava, Reiss, &  M enon, 2004). If w e are to  harness RSNs in the

diagnostic process th a t w ould involve d ifferentiating  between a healthy brain and

brain showing signs of pathology, w e must first dem onstrate tha t RSNs are stable and
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reproducible  over t ime. From a m o re  genera l  vievypoint, so much ab o u t  t h e  na tu re  of 

RSNs rema ins  to  be  uncovered  (as descr ibed in Section 1.6.1). Unders t and ing an 

integral as pec t  of  RSNs such as t em po ra l  stability would  be  fu n d a m e n ta l  t o  expanding 

our  knowledge of t h e  resting s tate .  Investigating w h e t h e r  s p o n t a n e o u s  resting s ta te  

connect ivity maintains stability in t h e  long t e rm  - i.e. ov er  t h e  cour se  of a day, several  

days or  several  weeks  - is of vital impor t ance ,  as this informat ion will clarify t h e  

dynamic na tu re  of  RSNs but  also t e s t  t h e  validity of re search which d e p e n d s  on RSNs 

( P a r k e t a l . ,  2012).

To date ,  t h e r e  have been  a handful  of re cen t  s tudies  t h a t  have a d d re s s ed  t h e  stability 

of RSNs. One  s tudy inves tigated t h e  reproducibil ity of  t h e  DMN in young  heal thy 

individuals and found t h a t  af te r  12 hours and  af ter  7 days t h e  essential  par ts  of this 

ne twork,  namely  t h e  poster ior  and ante r ior  cingulate cortex,  w e r e  mos t  consis tent  

with regards  to  size and over lap  within and b e t w e e n  sessions  (Meindl e t  al., 2010). 

Park and  col leagues  (2012) foun d both highly stable and  highly dynamic  RSNs in young 

heal thy subjects  over  t h e  course  of 24 hours.  A no ther  group d e m o n s t r a t e d  highly 

s table  RSNs in young  adults  (30±6 years  of age) sc a nned  of 5 fMRI sess ions  across 16 

days (Chen e t  al., 2008).

All of t h e  above  s tudies  used In d e p en d en t  C o m p o n e n t  Analysis (ICA) as par t  of  the i r  

investigation to  explore  t h e  stability of RSNs, a l though Park and colleagues also 

incorpora ted  see d  correlat ion analysis and small world networ k (SWN) analysis. At 

p re s e n t  th e r e  is a lack of consensus  am o n g s t  re searcher s  regarding t h e  opt imal  

m e t h o d  to  analyse t h e  stability of RSNs; this is discussed fu r th e r  in Chapter  6. It is also
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w orth  noting th a t none of th e  above studies w ere conducted w ith  older populations. 

Since it is known tha t aging has an effect on RSNs, w ith decreases in netw ork  

coherence and activity (Allen et a!., 2011), as well as the  general structure and function  

of the  brain, it is im perative tha t research into the stability of the  resting state be 

continued w ith a focus on older populations.

Drawing on the  work o f previous research, we investigated the  reproducibility o f a 

num ber o f RSNs across tw o  tim e points in a cohort o f health older adults. W e utilized  

tw o  distinct m ethods to  analyse our data, in an e ffo rt to  dem onstrate the  

com parability of results given the lack of current consensus on the  best way to  dissect 

resting state data.

1.9. Aims of Current Project

The aim of the  current body of work is to  investigate a num ber of issues surrounding  

the  healthy aging brain. W e investigated the  effects of an executive-function training  

task on older healthy adults, in term s of perform ance on behavioural tasks as w ell as 

alterations to  functional activity during a specific cognitive task. W e  also investigated  

the  association betw een perform ance on the aforem entioned cognitive task and 

neural activation during the  resting state. Finally, the reproducibility of resting state  

networks w ithin subjects across tw o tim e-points was exam ined in order to gain fu rth e r  

insights into the  neural mechanisms driving resting state activation.
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2. Methods

2.1. MRI

M agnetic Resonance Imaging (M RI) is a relatively recent imaging m ethod th a t holds 

many advantages over older form s o f neuroim aging. MRI produces a much more  

detailed m ap of the brain than Computed Tom ography (CT), it does not require X- 

irradiation, and images of brain slices can be m ade in any plane desired. The MRI signal 

is based on the dynamics o f the nucleus of the  hydrogen atoms th a t are abundant 

w ithin the  human body. MRI measures the response of hydrogen atoms in the  brain to  

a powerful m agnetic field. In the  presence of a m agnetic field, hydrogen atom s present 

in the  w ater molecules of the  brain absorb energy th a t is applied at a radio frequency. 

A fter applying radio-frequency excitation, the hydrogen atoms em it energy at the  

same radio frequency until they eventually return to  a state of equilibrium . This 

process is known as "relaxation". The MRI scanner measures the  sum total of the  

em itted  radio-frequency energy. The measured radio-frequency signal decays over 

tim e, owing to  various factors, including the presence of inhom ogeneities in the  

m agnetic field. G reater inhom ogeneity results in decreased image intensity.

2.2. Types of MRI

MRI measures the  response o f hydrogen atoms in the  brain to a pow erful magnetic  

field. There are 3 main types of MRI relaxation which provide contrast in MRI: T l ,  T2 

and T 2*.
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2.2.1. T1

T l-w e ig h ted  scans  are  images  t h a t  de l inea te  d if ferences  in t h e  relaxat ion t im e  of 

var ious  t issues  such as di fferent iat ing b e t w e e n  fa t  and wate r .  Fatty t i ssue  such as 

cortical grey m a t t e r  ap p e a r s  darker  th an  sur rounding  wa te r ,  for  example  CSF, which 

ap p e a r s  brighter.  T1 is significantly d i fferent  b e t w e e n  grey m a t t e r  and wh i te  m a t t e r  

and for this reason,  h igh-resolut ion MR images of brain s t ru ctu re  use T1 relaxat ion to  

provide high quali ty images  of t h e  brain' s ana tomical  s t ructure .  In t h e  cu r re n t  projec t  a 

h igh-resolut ion T l -w e ig h ted  ana tomical  image was  acquired  for each par t ic ipant  with 

i sotropic voxel d imensions  of 0 .9mm^.  These  images  w e r e  used for  s t ructura l  

localisation of t h e  fMRI activation.

2.2.2.12

T2-weighted scans,  like T1 scans,  can di fferent ia te  b e t w e e n  fat  and wa te r ,  bu t  in T2 

scans  fa t  ap p e a r s  darker  while w a te r  ap p e a r s  lighter. T2-weighted images  are  opt imal 

for depict ing t h e  con t ra s t  b e t w e e n  t i ssue and fluid and can be  re fer red  to  as pathology 

scans,  as collections of abnormal  fluid a p p e a r  bright agains t  darker  normal  t i ssue.  T2- 

w e ight ed  scans  ar e  rout inely used in diagnostic medicine,  as th ey  ar e  less suscept ible 

t o  in ho mogenei t i es  in t h e  magnet ic  field.
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2.2.3. T2*

T 2* (pronounced "T 2 star") w eighted images use a gradient echo (GRE) sequence and 

show increased contrast for tissue w ith venous blood. T2*-w e ig h ted  images are the  

basis of fM R I, discussed below.

2.3. fMRI

Functional M agnetic Resonance Imaging (fM RI) is a m ethod of neuroim aging tha t 

harnesses MRI in order to  m easure neural activity and provide a greater understanding  

of discrete cognitive processes (H uette l, 2012). Although Positron Emission 

Tom ography (PET) has also be used to  observe and measure changes in brain activity, 

fM R I holds an advantage over PET as it is non-invasive and does not require the  

injection of radioactive tracers. FMRI can also provide images of superior spatial 

resolution com pared to  PET. FMRI uses MRI techniques to  detect changes in regional 

blood flow  in order to investigate how different regions of the  brain are most active 

under various circumstances.

2.3.1. The BOLD Signal

Alterations in brain m etabolism  have an effect on the local MR signal, which in turn  

provides a valuable m ethod for in-depth investigations into the  intrinsic nature of 

brain activations (Ogawa et al., 1990). The MR signal relies on the fact th a t neurons are 

unable to  store the ir own energy source and so rely on surrounding astrocytes for the
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provision of m etabolites and nutrients. W hen neurons are activated, th e re  is an 

increased dem and for energy. This leads to  increases in blood flow  to  the  relevant local 

regions. Haem oglobin in the bloodstream  is diam agnetic when oxygenated, i.e. 

repelled by m agnetic fields, and param agnetic or a ttracted to  m agnetic fields when  

deoxygenated (Buxton, Uludag, Dubowitz, & Liu, 2004).The incoming oxygenated  

blood displaces deoxygenated blood. This change in haem odynam ics provides a 

m easurable a lteration  in the  blood-oxygenation-level-dependent (BOLD) signal in 

fM R I. Areas w ith  greater BOLD signal represent regions of increased neuronal 

activation; consequently brain regions involved in the  perform ance o f specific 

cognitive tasks can be easily identified.

BOLD fM R I techniques are designed to  m easure prim arily changes in the  

inhom ogeneity of the  m agnetic field, w ithin each small volum e o f tissue, tha t result 

from  changes in blood oxygenation. Deoxy- and oxyhaemoglobin have d ifferent 

m agnetic properties; an increase in the concentration of deoxyhaem oglobin would  

cause a decrease in image intensity, and a decrease in deoxyhaem oglobin would cause 

an increase in image intensity.

By com paring electrophysiological data w ith BOLD fM R I responses, Logothetis e t al. 

(2001) dem onstrated th a t a spatially localised increase in the  BOLD response directly  

corresponds w ith an increase in neuronal activity. This seminal observation confirm ed  

th e  relationship betw een BOLD fM R I signal and the  underlying neural activity.
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The model o f the haemodynamic response, as described by Heeger and Ress (2002), 

suggests that there are three phases of the BOLD fMRI response to an increase in 

neuronal activity (see Figure 2.1). First, a small decrease in image intensity below 

baseline during the initial period o f oxygen consumption, which is followed by a large 

increase above baseline. This is due to an oversupply of oxygenated blood, which is 

only partially compensated for by an increase in deoxygenated venous blood volume. 

Finally, there is a decrease back to below baseline again after the oversupply o f 

oxygenated blood has diminished.
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Figure 2.1: Model of the haemodynamic response function. Adapted from Heeger and 
Ress, 2002.

The BOLD fMRI signal also depends on the in flow  of fresh blood that has not 

undergone radio-frequency excitation. This inflow effect by itself would appear as an 

increase in image intensity, which adds to  the increase in image intensity during the 

second phase of the response. Figure 2.2 below shows the proposed relationship 

between synaptic activity, neurotransm itter recycling and metabolic demand in part a, 

and the effect of deoxyhaemoglobin on the MRI signal in part b (Heeger & Ress, 2002).
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Figure 2.2: Illustration of the properties of the BOLD response. Adapted from  Heeger 
and Ress, 2002.
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2.4. Resting State fMRI

Resting state fM RI (RS-fMRI) data is gathered in the  same way as fM R I data explored  

above. The key featu re  of RS-fMRI is th a t there  is no event-related  design involved 

during the scan. Participants are asked to  lie in the  scanner and to  think of nothing in 

particular, e ither w ith their eyes open and focused on a fixation point, or w ith  the ir  

eyes closed. The purpose of rs-fMRI is to  investigate th e  spontaneous fluctuations that 

occur in the brain in the absence of an explicit task. This concept is explored further in 

Chapters 5 and 6.
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3. Brain Training Review

3.1. Aging

3.1.1. Aging and Cognitive Decline

According to the World Health Organization, from 2000 until 2050 the world's 

population aged 60 and over will more than triple from 600 million to 2 billion (WHO, 

2003). This surge in the proportion of the older population will lead to an increase in 

individuals with cognitive dysfunction and dementia, which has led to heightened 

interest in preventing or ameliorating the adverse effects which come with aging. In 

later years, individuals w ithout dementia may experience a decline in a range of 

cognitive functions, such as attention, memory, executive function and processing 

speed. Such declines in cognitive ability can lead to difficulties in achieving basic 

activities of daily living. Pharmacological interventions for age-related dementia have 

had limited success with relieving clinical symptoms and can only delay cognitive 

decline for a short number of months (Omerovic et a!., 2008). Non-invasive 

interventions have thus become more desirable options for the prevention and 

treatment of cognitive decline, whether that decline is related to normal aging, or in 

the case of dementia.
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3.1.2. Popularity of Cognitive Interventions

In 1980, only 93 papers were published on the topic of brain training, compared to 

over 2,500 in 2012 (source: LigerCat. See Sarker et a!., 2009). With the recent advent of 

many cognitive intervention studies for older individuals, it seems as though there is 

an abundance of promising avenues to explore with regard to the maintenance or 

even improvement of cognitive capacities in older life.
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Figure 3.1: Graph displaying the growth in the number of articles published in PubMed 
with the keywords "Brain Training" over the last half-century. Figure adapted from 
LigerCat search results.

3.2. Training Cognitive Domains

Most training interventions are focused on training specific tasks that fall under a 

particular cognitive domain. Usually these tasks are centered on working memory or
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executive functioning (EF). The training o f executive functioning, incorporating working  

m em ory (W M ), is of particular interest due to  the  im m ense im pact this particular 

dom ain has on a range of functions th a t are vulnerable during aging. W M  refers to  the  

ability to  store and m anipulate inform ation over short periods o f tim e  with  

sim ultaneous processing or distractions (Brehm er, W esterberg, &  Backman, 2012), 

whereas executive function is involved in the  coordination and m onitoring o f complex  

behaviours such as planning, reasoning, abstract thinking and the  selection of 

appropriate actions and inhibition of inappropriate actions (Norm an and Shallice, 

1986). W M  is known to  have a profound influence on a num ber o f higher-order 

cognitive functions, such as problem -solving, fluid intelligence, language 

com prehension and reasoning (Baddeley, 1992). Deteriorations in W M  ability is 

considered to  be one o f the  principle contributors to  age-related cognitive 

im pairm ents (Brehm er e t al., 2012), hence targeting W M  function has been the  focus 

of many investigations which seek to  stabilize or im prove cognitive ability in later life. 

Similarly, EF is involved in a range of higher-order cognitive functions, for exam ple the  

coordination and m onitoring o f com plex behaviours such as planning, reasoning, 

abstract thinking and the  selection o f appropriate actions and inhibition of 

inappropriate actions (Kramer, Hahn, &  Gopher, 1999). As EF relies heavily on the  

prefrontal cortex and basal ganglia (Ridderinkhof et al., 2004), cognitive processes tha t 

require executive control are particularly prone to  age-related decline since these  

regions are susceptible to  structural decline in la ter years. As such, training EF 

functions may be of huge potential benefit to  the  aging population.
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Two m onths of daily W M  training in younger adults dem onstrated th a t the am ount of 

training com pleted correlated w ith increases in fractional anisotropy (FA), a m easure  

of w hite  m atter tract integrity, in regions critical to  W M  (Takeuchi et al., 2010). 

Extending observations o f structural changes in response to  W M  training to  elderly  

populations, Engvig and colleagues found regional cortical thickening induced by eight 

weeks o f m em ory training and positively correlated w ith im provem ents in m em ory  

perform ance (Engvig e t al., 2010).

3.3. Video Game Training

The use of video games as a m ethod of adm inistering cognitive training has gained  

much a ttention  in recent literature. Video games are relatively inexpensive, easily 

accessible and have dem onstrated huge popularity in the consumer markets. 

How ever, a cautious approach should be taken tow ards incorporating existing video  

gam e softw are into research paradigms. As Green and Bavelier (2008) point out, when  

video games are designed solely for the purpose of cognitive training, each cognitive  

dom ain under investigation is usually singled out and trained in isolation, thus 

elim inating such programs from  the dom ain of non-specific learning. Although  

subdivision of cognitive domains may make it easier for researchers to  program  a task 

and fo llow  the  progress of each participant, this approach is often associated w ith  a 

lack of retention of abilities and poor transfer across tasks. Therefore, a question  

remains over the validity of the  claims made by a num ber o f popular brain cognitive 

training softw are developers whose products are com m ercially available. This issue 

was recently investigated by Owen et al. (2012), w ho developed their own online
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training softw are tha t closely m im icked the  design of com m ercially available games. 

A fter 6 weeks o f training a m ultitude of domains, no im provem ents in general 

cognitive functioning w ere found, and as such the authors refute the  w idely-held belief 

th a t regular use of com puterized brain training softw are leads to  enhancem ents in 

general cognitive abilities (Owen et al., 2010). Similar studies w ere carried out which 

investigate specific popular softw are such as the Nintendo DS Brain Training program  

(McDougaii & House, 2012) and the  W ii Big Brain Academ y program (Ackerman et al., 

2010) w here similar lack o f transfer to  Gf was found.

Nounchi et al. (2012) investigated the  beneficial effects of Brain Age, a popular 

com m ercially available brain training gam e published by Nintendo in 2005. This study 

looked specifically at changes in executive function and processing speed, as both of 

these are known to  decline w ith age and also correlate strongly w ith activities of daily 

life, and so a m ajor goal o f cognitive interventions is to  address and im prove both of 

these processes. This relatively short-term  study o f 4  weeks showed th a t participants 

im proved perform ance on the  trained task and also dem onstrated near transfer 

effects to  tasks of executive function and processing speed. How ever, playing Brain 

Age regularly did not dem onstrate far transfer effects on tasks of global cognitive 

status and attention  (Nouchi et al., 2012).

O ther types of video games th a t w ere not specifically developed for training cognitive 

processes may be more beneficial for dem onstrating transfer o f learned abilities. Such 

video games, such as Rise o f Nations (Basak et al., 2008) which focuses on strategy 

training, or Space Fortress (Stern et al., 2011) which was designed to  study complex
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skill acquisition in young adults, are usually more complex and true-to-life than 

laboratory-based experiments. More elaborate training provided via video games 

tends to elicit patterns of general learning, as opposed to the majority of training 

studies that incorporate simple learning paradigms and result in limited or no transfer 

of abilities on trained tasks. Video games tend to require players to engage in a 

number of cognitive domains simultaneously, such as executive functioning, visual 

attention and visuomotor skills. Paradigms w/hich are more concerned v /̂ith global 

stimulation tend to be more complex than those implemented in a laboratory setting 

and they tend to correspond more to real-life experiences (Green & Bavelier, 2008). 

Such paradigms may be more suited for interventions which aim to pre-empt cognitive 

decline rather than interventions that are implemented after cognitive deficits 

becomes apparent.

3.4. Cognitive Training with Clinical Populations

Brain training has been applied to a number of clinical populations in an attempt to

attenuate cognitive decline in a non-invasive manner. In 2005 it was estimated that 24

million individuals were suffering from dementia, and Alzheimer's disease (AD) is the

principle contributor to age-related dementia (Ferri et al., 2005). Patients with AD

seem to respond more favourably to programs which stress global stimulation as

opposed to programs which address specific cognitive functions (Sitzer, Twamley, &

Jeste, 2006). NICE guidelines state that cognitive stimulation is the only non-

pharmacological intervention recommended to those suffering symptoms of clinical

dementia and that clinical populations should have every opportunity to participate in

45



a structured group of cognitive stimulation program [Dementia: A NICE-SCIE Guideline 

on Supporting People With Dementia and Their Carers in Health and Social Care, 2007).

Mild cognitive impairment (MCI) is a term used to classify older adults w/ho do not 

m eet the full diagnostic criteria for dementia, but whose cognitive abilities are below 

the normal standard for their age or level of education. Although adults classified as 

having MCI are not necessarily destined to develop dementia, they are at an increased 

risk to convert to dementia. Targeting individuals with MCI or AD is of particular 

interest as halting the progression of the clinical symptoms of dementia through 

pharmacological intervention alone has not been satisfactory to date (Buschert, Bokde, 

& Hampel, 2010). Inciting changes at the neural level may prevent future conversion 

to dementia for those with MCI or may halt or slow down the progression of AD as 

long as the neural architecture is still amenable to levels of plasticity (Prvulovic et al., 

2005).

To date there has been limited evidence that cognitive interventions are as effective 

for those with MCI or AD when compared to healthy older populations. Participants in 

the ACTIVE study who had memory impairments did not show the same improvements 

in memory training as healthy participants (Unverzagt et al., 2007). Patients with a 

diagnosis of either MCI or AD underwent the same cognitive rehabilitation program 

but showed very different outcomes depending on their diagnosis (Cipriani, Bianchetti, 

& Trabucchi, 2006). Studies that do report benefits of cognitive training for individuals 

with MCI have some pronounced limitations in terms of long-term effects of training or 

small sample sizes (Belleville, 2008). Nevertheless, some studies that focus on applying
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learned strategies to aid everyday m em ory perform ance have reported beneficial 

outcom es in amnestic MCI patients (Clare et al., 2009; Kinsella et al., 2009). W ith  such 

disparate results for clinical populations suffering m em ory im pairm ents, it has been 

argued tha t developing interventions tha t are tailored to  an individual's needs may be 

m ore beneficial fo r clinical populations (Clare et al., 2009).

3.5. Cognitive Reserve

Cognitive reserve (CR), as described in Section 1.1.5, refers to  the  brain's general 

ability to  cope w ith  pathology (Kolanowski et al., 2010). To recap briefly, CR is not fixed 

but can be a ltered during the  lifespan as a consequence of various environm ental 

exposures such as educational a tta inm ent, income or occupational a tta inm ent, leisure 

and social activities (Stern, 2009). As CR has the potential to  m ediate the clinical 

m anifestation o f dem entia symptoms, cognitive training interventions tha t take heed 

of the im portance of CR and incorporate the  many facets which affect CR m ay be able 

to  show an im provem ent in perform ance across a w ide range of cognitive tasks. 

However, no standard m easure of CR exists to date. Measures of pre-m orbid IQ, years 

of education a n d /o r occupational level attained are com m only used as proxies of CR.

3.6. Neuroimaging

Neuroim aging techniques have been increasingly integrated w ith brain training studies

in order to fu rth e r our understanding of the neural mechanisms involved in cognitive

training. Although positron emission topography (PET) (Yankner, Lu, & Loerch, 2008)
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and electroencephalography (EEG) (Berry et al., 2010) have also been harnessed in 

cognitive training studies, MRI is usually the  imaging technique of choice as it is non- 

invasive, relatively quick to  set up and adm inister and provides higher resolution 

images.

3.6.1. Structural Neuroimaging

Structural MRI data such as th a t acquired from  high-resolution T l-w /eighted MR  

images allows us to  identify sensitive markers fo r neurodegeneration, such as w hole- 

brain and hippocam pal atrophy.

Diffusion Tensor Imaging (DTI) is a type of MRI th a t examines the Brownian m otion, or 

diffusion, of w a te r w ith in  tissue. W a te r is dispersed m ore rapidly along m yelinated  

w hite  m atte r (W M ) fibre bundles as opposed to  perpendicularly to them , and so DTI is 

an ideal too  for imaging W M  tracts in the  brain (Alexander et a!., 2007). DTI provides 

both inform ation regarding the orientation of W M  fibre tracts and the integrity of 

these fiber tracts. By providing a way to  visualize W M  tracts in vivo in the  human brain, 

DTI can supply an in-depth account o f neural structures th a t degrade w ith  aging and 

may be connected w ith  cognitive decline in later life. Structural imaging is a huge 

contributor to  the  early diagnosis o f dem entia as well as a fundam ental tool in 

furthering our understanding of general age-related neurodegeneration (Frisoni e t al., 

2010). Investigating structural properties of the  brain before and a fter a cognitive 

training intervention can help identify protocols th a t may have a positive influence on 

neural architecture.
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3.6.2. Functional Neuroimaging

The ability to  visualize distinct cortical regions involved in a specific cognitive task using 

fM R I is hugely beneficial to  the developm ent of successful training interventions. 

Observing the  changes which occur at a cortical level as a result of training in a healthy  

aging brain can give us a greater understanding of the mechanisms involved in aging as 

well as the  processes which m ay need to  occur in o rder to  prevent age-related  

cognitive decline.

3.7. Training Interventions and Structural Changes

Until relatively recently it was assumed th a t the  structure of the human brain was

incapable of adaptive change after a certain critical period of developm ent (Boyke et

al., 2008). Lesion studies led to  the observation tha t th e  adult brain is capable of

functional reorganization (W eiller et al., 1993) and an interest in w hether

corroborative structural changes exist becam e a focus o f m any researchers. Although

the suggestion th a t neural architecture is adaptive and plasticity may be linked to

cognitive processes was posited over a century ago (DeFelipe, 2006), it is only since the

im plem entation  o f neuroim aging tha t we have been able to  properly exam ine such

theories in detail. The application of neuroim aging techniques has greatly facilitated

our understanding of the neurobiological processes th a t actually occur w ith normal

healthy aging. Normal aging is associated with decreases in w hole brain volum e, grey

and w h ite  m atter atrophy, reductions in cerebral blood flow  and synaptic

degeneration (Cabeza, 2002). There is some evidence th a t suggests tha t age-related
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structural changes may have a d irect im pact on cognitive functioning (Park &  Reuter- 

Lorenz, 2009). As such, neural structures as w/ell as certain aspects of cognitive 

functioning can be effectively targeted  by training interventions.

A host of studies have shown structural changes th a t can be linked to  practicing m otor 

tasks. Training-induced grey m a tte r changes w ere  found in relevant cortical areas 

including areas belonging to the  dorsal stream , which recognizes w here  objects are in 

space, as well as sensorim otor regions in a group of middle-aged adults learning to  

play golf w ith 40 hours of training (Bezzola e t al., 2011). Boyke e t al. (2008) 

dem onstrated tha t a fter 3 m onths of practice, older adults learning a visuom otor skill 

for the  first tim e (i.e. juggling) showed similar training-induced grey m atter increases in 

the m iddle tem poral area of the  visual cortex (h M T /V 5 ) as a cohort o f 20-year-old  

volunteers who had participated in an identical earlier study. A study which also 

investigated the  structural m odifications associated w ith  learning to  juggle showed  

changes in the  w h ite -m a tte r architecture of the  intraparietal sulcus, known to  be 

involved in perceptual-m otor coordination and visual attention  (Scholz et al., 2009).

3.8. Neural Plasticity

The organization of neural systems is not fixed and adaptive neural plasticity exists into

late adulthood. The mechanisms o f plasticity in healthy older adults have been

investigated to  some degree and consistent patterns have been established. Older

adults typically engage in m ethods of com pensation in order to  facilitate successful

cognitive processing in the face of age-related deficits. The HAROLD, PASA and STAC
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models  of  functional  brain cha ng es  in aging have bee n  desc r ibed in Sect ion 1.1.4. 

These  m e t h o d s  of functional  com pensa t io n  can help to  n e g a te  t h e  neurocogni t ive 

deficits fo und  in aging by actively developing al ternative  m ech an i sm s  w/ith w/hich t h e  

brain can successfully co m p le t e  cognitive tasks.  As th e  aging brain show s  it is capable  

of functional plasticity, cognitive t raining in tervent ions  can be  used to  t a rg e t  this 

pliancy to  maintain  or improve cognitive funct ioning and utilize neuro imaging 

t ech n iq u es  t o  m o n i to r  t h e  t raining-related  changes .

Although a substant ia l  a m o u n t  of neuroimaging  s tudies  focus  on y ounger  populat ions ,  

t h e  implicat ions of the i r  results are  wor th  not ing for the i r  potent ial  appl ication to  

heal thy older  adul ts.  After 30 hours  of t raining on a com plex cognitive task as 

ad m in i s te re d  by a v ideo game ,  pa t t erns  of  activation w e re  r e duced  in ar ea s  re la ted  to  

a t tent ional  control in you ng  adul ts  w h e n  co m p a red  to  a control  group, indicating a 

r e d u ced  re liance on a t t ent ional  d e m a n d  w h e n  cognitive flexibility is en h a n c ed  

(Prakash e t  al., 2012).  Interestingly, 5 weeks  of WM training in young  adults  led to  

increased activity in prefronta l  and parietal  regions (Olesen,  W e s te rb e rg ,  & Klingberg, 

2004).  The a u th o r s  no te  t h a t  a l though t h e s e  results may  indicate t raining- induced 

plasticity in t h e  networks  underlying WM performance,  t h e  specific funct ions  of t h e  

regions w h e r e  t h e s e  increases we re  observed are  yet  t o  be fully de t e r m in e d .  Having 

ob se rv ed  d ec rea se s  in neural  activation in young  adul ts  af te r  30 hours  of training a 

v i su o m o to r  task,  Lee e t  al (2012) suggest  t h a t  such reduct ions  in brain activity may 

only be  g e r m a n e  to  t h e  final s tage  of skill learning w h en  appl ica tion of t h e  new  skills 

has  r e ach e d  a level of automat ic i ty  and neural  efficiency has  increased.  It may 

th e r e f o r e  be  likely t h a t  increases in neurona l  activity, as obse rved  by Olesen e t  al., a re
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happening at an earlier stage o f skill learning when the  rules and strategies for 

successful com pletion of the  new  task are being assimilated (Lee et al., 2012). Another 

intervention study which involved 25 sessions o f training over 5 weeks on a 

visuospatial W M  task led to  a mixed pattern of both activation decreases in the  

neocortex and activation increases in the  subcortex in healthy older adults (Brehm er et 

al., 2011), highlighting the inherent com plexities w ith neural activation changes in 

cognitive training.

3.9. Outstanding Issues

3.9.1. Lack of Transfer Effects

A consistent problem  in cognitive interventions w ith  healthy older adults is the  lack of 

transfer effects (Stern et al., 2011). The ACTIVE (Advanced Cognitive Training for 

Independent and Vital Elderly) study assigned participants to  one of th ree  

experim ental arms, w here each experim ental group was trained on a specific cognitive 

function: m em ory, reasoning or speed of processing. Participants im proved in the  

tasks tha t they w ere  trained in only, and no transfer of training effects to  everyday  

activities was found at fo llow -up (Ball e t al., 2002). Results from  the ACTIVE study 

showed th a t while training w ithin a cognitive dom ain persisted over tim e , there was 

no transfer of training effect across domains (Willis e t al., 2006). There has also been a 

consistent failure in many cognitive intervention trials to  dem onstrate transfer effects  

w ithin  the same cognitive domain (Verhaeghen, M arcoen, &  Goossens, 1992). 

Although interventions th a t focus on training executive control appear to  be m ore
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successful a t  d e m ons t ra t ing  t ra ns fe r  of t raining ef fects to  d if ferent  tasks  within t h e  

s am e  cognitive domain,  this is no t  a uniform result  seen  across  studies.

A re cen t  meta-analys is  has highlighted t h e  fact  t h a t  very few empirical  s tudies  have 

d e m o n s t r a t e d  sufficient evidence  of t rans fer  for WM training programs to  fluid 

intelligence (Melby-Lervag & Hulme, 2013).  The results of this review bring into 

ques t ion t h e  clinical re levance  of existing cognitive in tervention programs and t h e  use 

of  such in tervent ions  in improving th e  cogni tion of heal thy adul ts  w i thou t  dement ia .

A re cent  review of  t h e  l i terature  revealed  t h a t  in tervention s tudies with o lder  adults 

have had t h r e e  main findings: (1) cognit ive pe r fo rm ance  on cer ta in specifically t ra ined 

tasks can be  considerably improved  throug h pract ice and s t ra tegy t raining up to  very 

old age;  (2) gains in p e r fo rm ance  can be main ta ined  up to  several  years  pos t 

in tervent ion;  and (3) t h e  posit ive t rans fe r  of training to  non-pract iced tasks  is in 

genera l  small or  non-ex is tent  (Schmiedek e t  al., 2010).  The au tho rs  suggest  t h a t  if 

cognitive in tervent ions  are  properly  des igned and im p le m e n te d  so as to  t a rg e t  t h e  

im p r o v e m e n t  of abilities, as o p p o s e d  to  targe t ing only t h e  acquisit ion of  skills t h a t  

have l imited applicability beyon d t h e  t ra ined task,  t h en  per hap s  t h e  no tabl e  absence  

of  posit ive t r ans fe r  in in tervention s tudies would  de c re a se  or even disappear .  If broad 

cognitive abilities ar e  improved as a result  of successful  cognitive in tervent ions ,  t h e n  a 

posi tive ef fec t  could be see n  on everyday intellectual capabilit ies and activities of daily 

living.
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As Yanker et al. (2008) point out, there  still does not exist a thorough understanding of 

the mechanisms involved in human brain aging and w e have seen the  mixed results 

which exist in the current literature. Healthy aging is distinguishable from  various types 

of dem entia such as Alzheim er's disease, Parkinson's disease and fronto-tem poral 

dem entia  by the  degree of neuronal loss, a key featu re  th a t is not observable in mouse 

transgenic models of dem entia. A m ore in-depth understanding of the  specific 

workings of the healthy aging brain is needed before w e can confidently postulate the  

causes of cognitive decline and, by extension, the mechanisms which may be involved 

in preventing or m ediating such decline (Yankner et al., 2008).

3.9.2. Adaptive Tasks

Adaptive training, i.e. training which grows m ore difficult as a participant becomes 

m ore proficient, is known to  influence the  effectiveness of m em ory training and allows 

individuals to  m ake optim al use of th e ir la tent potential. In order for a task to occupy 

an individual's com plete attention , the  task must be neither too  difficult nor too easy, 

but should challenge the  individual to  his or her lim itations (Holmes, Gathercole, &  

Dunning, 2009). Tasks th a t are not adaptive in nature run the risk o f e ither being too  

challenging for some participants, or not challenging enough. If a task is overly  

dem anding, participants may grow frustrated with the  task demands. On the other 

hand, if a task is easy to  m aster, participants may find the procedure irksome and 

boring, and so may fail to  fully engage w ith the  training program .
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Additionally, cognitive processes may undergo more stim ulation by adding novelty to  

the  training program . This can be in the form  of a novel stimulus w/ithin the  task or a 

training task or activity th a t is unfam iliar to  study participants and as such is not 

subject to  autom atic  cognitive processes (Buitenweg et al., 2012). Novel and 

challenging experiences can encourage the neuronal system to  adapt and develop in 

order to  help protect the aging brain from  cognitive difficulties. Incorporating novelty  

into intervention programs may influence levels of CR and consequently lead to  

benefits in cognitive processes in older adults (Karp et al., 2006).

3.9.3. Pseudo-Matthew Effects

The term  "M a tth e w  effects" has been used in the context of children's reading  

developm ent. This is a phenom enon w hereby good readers tend to  build on their 

earlier successes and acquired skills to  become even b e tte r readers. Poor readers, on 

the  o ther hand, tend  to read less. As a result, the difference betw een good and bad 

readers becomes m ore noticeable (Protopapas et al., 2011). Pseudo-M atthew  effects 

refer to  perceived rather than actual differences in perform ance. Pseudo-M atthew  

effects have been studied in relation to  brain training. An individual's perceptions of 

the ir own quality of life and cognitive functioning prior to  com m encing a cognitive 

in tervention was found to  im pact the  results of the in tervention, w ith those reporting  

a b e tte r quality of life and a positive estim ation of th e ir own cognitive abilities 

appearing to  gain m ore benefit from  the  training (McDougall &  House, 2012). How  

exactly perceived self-efficacy translated into actual cognitive efficacy remains an open 

question, but the  inclusion o f subjective measures of quality of life in intervention
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studies may help uncover th e  mechanisms th a t contribute to  effective engagem ent in 

cognitive training.

3.9.4. Control Groups

The use of control groups in training studies is vital in order to  eradicate confounds  

such as tes t-retest effects, the  H aw thorne effect or placebo effects, am ongst others. 

The Haw thorne effect refers to the phenom ena th a t people tend to  change their 

behaviour when they are aw are th a t they are being observed (Adair, 1984). If 

participants becom e aw are tha t they are in a control group and are not expected to  

display any im provem ents post-testing, the ir behaviour will change accordingly and 

they may not engage w ith the training program  with as much enthusiasm. Using an 

active control group may help eradicate these issues, as the active controls will be 

engaging in a non-adaptive task, i.e. a task which is related to  the cognitive process 

under exam ination but never exceeds a baseline level of interaction. No-contact 

control groups are not sufficient for investigations into cognitive training as they fail to  

control for changes tha t may be induced simply as a result of the  testing environm ent.
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Factors To Consider When Designing A Cognitive Intervention

Include

Active Control Group

Adaptive training task for 
experimental group

Thorough assessments of 
the cognitive domain to 

be administered pre- and 
post-intervention -  to 

look for evidence of near 
and far transfer effects

Structural MRI (sMRI) 
and fMRI scans to 

complement and inform 
behavioural findings

Suggested

Measure of Cognitive 
Reserve

Measure of ADL

-both to be administered 
pre- and post-intervention

Booster sessions in the 
months/years post

intervention

Long-term follow/-up 
assessments to examine 
longevity of intervention 

effects

Avoid

No-contact control group

Training w/hich focuses 
on one specific task, 
rather than a general 

cognitive domain

Training tasks which are 
too easy, as participants 

may reach ceiling 
performance

Training tasks w/hich are 
too difficult, as 

participants may grow 
frustrated with task 

demands

Figure 3 .2 .Suggested factors to  consider for a cognitive training intervention

3.10. Suggested Protocol

Based on a review of the available literature, an overview of suggested protocol to  

fo llow  when im plem enting a cognitive intervention study has been constructed. This 

procedure described below dem onstrates how fM R I can be harnessed to  study the  

neural and behavioural changes th a t may be observed following a brain training  

in tervention  program in the healthy aging brain.
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1) Designing the test battery.

1.1) Decide on which cognitive domain is to be targeted during the brain training 

intervention. If the transfer of cognitive abilities gained over the intervention is a focus 

of the investigation, an EF training task may be preferable to a WM task. An adaptive 

task for the experimental arm and an active task for the control arm should be 

designed.

1.2) Design the cognitive testing battery that will be administered pre- and post

intervention. This battery should include tests that directly examine the cognitive task 

targeted during training as well as tasks that are related to different aspects of 

executive function. A computerized training program would be optimal as it can be 

carried out in the comfort of one's home, thus minimizing stress associated with 

laboratory testing as well as negating any potential Hawthorne effects often seen in a 

laboratory environment.

1.3) Design the fMRI task that will be administered pre- and post-intervention. This 

task should examine the cognitive processes that are targeted by the training 

intervention. The task may also examine transfer effects of training if time allows.
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2) Recruit and screen participants.

2.1) Recruit participants from  the  target group. Although definitions of "older" age are 

variable, participants should generally be aged 55 years and above if the  target group 

is older adults.

2.2) Screen participants fo r cognitive abilities. Participants should be cognitively  

healthy as measured by a com prehensive neuropsychological battery. A measure of 

Activities of Daily Living could be included here, especially if transfer of training ability  

to  quality of life is of interest.

2 .3) Screen participants for contraindications fo r fM R I. Participants should be right- 

handed, free from  any m etal implants, have no history of neurological or psychiatric 

diseases/illnesses and should not suffer from  claustrophobia. Exclude any individual 

w ho does not m eet the necessary criteria as set dow/n by the MRI research facility.

2 .4) Participants should be random ly allocated to  experim ental and active control arms 

in a double-blind study design. Random allocation should control fo r m otivational 

differences am ong participants.

3) Conduct the  pre-intervention cognitive testing battery

3.1) The testing battery can be in the form  of pencil-and-paper tests or com puterized  

versions of the same tasks. Although older participants tend to  respond better to
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paper and pencil tasks, com puterized tasks generate higher levels of arousal and may 

contribute to m aintaining interest throughout the  training in tervention (Nacke, Macke, 

& Lindley, 2009). Only tests th a t have been published and well validated should be 

included in the  testing battery.

3.2) Participants should finish all tasks to  the  best of the ir abilities so th a t com plete  

datasets can be gathered. Regular breaks can be offered to  participants betw een tasks 

to  ward o ff fatigue or ebbing m otivation.

4) Conduct the  pre-in tervention scanning session

4.1) Participants should be able to  practice the task tha t will be adm inistered in the  

scanner prior to  the  scan so th a t they are aw are and confident of the  task demands.

4.2) The scanning protocol should include high-resolution T1 scans as well as the  fM RI 

task of choice. DTI scans m ay also be included. The scanning session should last no 

longer than approxim ately sixty to  ninety minutes to  m inim ize effects of fatigue.

5) Conduct the training intervention

5.1) The training should last a m inim um  o f 6 weeks. Although there  is no consensus in 

the  current literature  as to  the optim al length of tim e for a cognitive intervention, it 

seems reasonable to  conduct training fo r a period of 6 weeks as this allows sufficient 

tim e for the  training to  become part o f a regular daily schedule. The length o f
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intervention can be re-evaluated at a later date once sufficient evidence as to the 

efficacy of training duration has been established.

Participants should engage with the training program on a regular scheduled basis. 

Members of the research team should regularly monitor the performance of all 

participants to ensure that participants are keeping to the training schedule.

6) Conduct the post-intervention testing sessions.

6.1) Once the training program is complete, conduct the post-intervention cognitive 

testing battery and the MRI scan. The tasks administered post-intervention should be 

identical to the tasks administered pre-intervention. ADL questionnaires could also be 

administered a second time at this point.

7) Conduct follow-up testing sessions

7.1) Follow-up testing sessions, conducted a number of months or years post

intervention, can provide important information as to the retention of trained abilities 

(Buschkuehl et al., 2008). These follow up sessions may also incorporate booster- 

training sessions, which have been shown to help delay the onset of cognitive 

impairment (Lustig et al., 2009).
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3.11. Discussion

3.11.1. Existing Limitations

There is a clear lack o f consensus amongst researchers regarding a num ber of issues in 

brain training interventions. A consistent criticism of the current literature is the  lack 

of consistency betw een studies on a num ber of d ifferent factors. Existing studies 

em ploy d iffe rent types of control group such as active control groups or no-contact 

control groups, or indeed neglect to  include a control group at all. Previous studies also 

em ploy varying lengths of training, diverse types of training and testing environm ents, 

small sample sizes, d ifferent m ethods of measuring near and far transfer of abilities  

and a lack of sufficient fo llow -up data to  determ ine the  long-term  efficacy of the  

intervention. Assorted measures of cognitive param eters are also used across 

intervention studies. W ith  so many inconsistencies in large numbers of studies tha t  

claim to  m easure the  same or similar cognitive domains, comparisons betw een studies 

is close to  impossible. Designing an effective cognitive training intervention tha t does 

not incorporate the  weaknesses o f previous studies m ay not be possible until all of the  

existing pitfalls and discrepancies are fully addressed.

A thorough investigation into the  am ount of tim e needed for a cognitive training  

intervention to  have a positive effect is required, both in term s of the  num ber of 

training days required but also the  am ount of training which should be com pleted in 

each session. Long term  fo llow  up sessions should be incorporated into training studies 

so th a t the lasting effects of interventions can be understood beyond the  usually
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lim ited tim efram e of the intervention itself. Training program s which involve booster 

sessions appear to  yield positive results above those which don 't (Lustig e t al., 2009).

Including an active control group can be param ount, as the  task environm ent (e.g., 

regularly perform ing a specific task, having contact w ith m em bers o f the intervention  

team , expectations about perform ance im provem ents due to  training) may have an 

influence on perform ance. Using an active control group can control for practice  

effects and ensure th a t all participants are m atched for level of engagem ent w ith  the  

training in term s of both tim e and effort.

There has yet to  be a study th a t effectively dem onstrates positive, long-lasting 

im provem ents in both the trained cognitive tasks and general quality of life. It is likely 

th a t consistent practice over sustained periods of tim e  is m ore likely to  result in 

enhanced abilities, as opposed to current programs which lack training sustainability  

(Rabipour & Raz, 2012). Further investigations into m aintained engagem ent with  

cognitive training is needed to  confirm  this hypothesis.

One potential lim itation to  a brain training intervention study is the  possibility tha t  

participants will not display an im provem ent in task perform ance despite m otivated  

engagem ent in the  intervention process. It is possible th a t the  pre-intervention tasks 

are not challenging enough, and so participants perform  at or near ceiling before  

training begins. It is also possible th a t those who attain a large training gain begin the  

training intervention with low er abilities and there fo re  have m ore room for 

im provem ent. This m ight explain w hy groups w ith W M  deficits show increased
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evidence for far transfer (Jaeggi et al., 2011). Such observations are yet another 

exam ple o f the  need to  in terpret the findings of intervention studies w ith caution.

3.11.2. Suggestions for Future Avenues of Research

A greater num ber of brain training studies need to  be carried out so th a t it can be 

determ ined which tasks are most appropriate to  use, both during the training sessions 

as well as pre- and post-intervention. It is im portant to  take note of the  costs involved 

in adm inistering and m onitoring additional sessions, as well the practicalities of 

gathering data in fo llow -up  session from  participants w ho may have lost interest in the  

study or may drop out due to illness.

Collecting and analysing structural MR! data alongside the functional and behavioural 

data could be hugely beneficial in furthering our understanding of the mechanisms 

involved in neural adaptation during cognitive training. An investigation into structural 

changes, be they w h ite  m atter, grey m atter, w hole brain volum e or region-of-interest 

brain volum e changes, alongside the concurrent changes in functional organization as 

well as behavioural adaptations may have the  potential to  provide a m ore in-depth  

and encompassing perspective on the fram ew orks involved in adaptive change as a 

result of practice and skill-learning.

There already exists a huge m ultim illion-dollar industry of com puterised brain-training  

games and accom panying consoles. Video-gam e training is perhaps the most 

accessible form  of cognitive training and can be easily im plem ented in the com fort of
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the  hom e environm ent. A t present, how ever, claims th a t the  num erous com mercially  

available training interventions can im prove general m ental capacity are lacking in 

solid scientific foundation. There is an increased need fo r actual scientific evidence to 

support the  claims th a t using com puterized brain training programs currently on the  

m arket can significantly im prove one's cognitive functioning.

There have been a num ber of studies th a t provide promising results in both healthy  

elderly and those w ith  MCI and AD. However, the  vast m ajority of studies have 

inherent weaknesses th a t make it difficult to  confidently in terpre t the ir findings. Issues 

identical to  those which plague studies o f health elderly populations also beset 

interventions w ith clinical groups, such as lack of proper control groups, lim ited or no 

long-term  fo llow  up assessments and poor measures of cognitive function.

It should also be considered tha t non-significant or negative results tend not to  be 

published -  this has been referred to  as the "file -d raw er problem " (Rosenthal, 1979). 

This issue was recently highlighted by Redick e t al. (2012 ) who have called for the  full 

report of all intervention studies using a W M  paradigm so th a t the  interpretation of 

results tha t w ere  significant can be conducted w ith in  the  context o f studies tha t did 

not dem onstrate successful transfer of abilities. Having this level of knowledge m ade  

widely available could contribute hugely tow ards fu tu re  studies and the ir design o f an 

effective intervention program.

Although the  suggested criteria described in Section 3 .10  are not assumed to  be 

com prehensive, they  do address some o f the  shortcomings in th e  current literature. If
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research groups investigating cognitive interventions can adopt a set of guidelines such 

as those suggested in section above, it may be possible to finally bring together the 

disparate findings of many research studies and consolidate our knowledge regarding 

the efficacy of interventions.

Further research is needed in order to determine how best to implement training 

studies and which forms of training is most suitable for specific populations. If a 

standardized protocol is implemented, it will be easier to compare results across 

studies and identify the more useful aspects of interventions. These properties can 

then be optimized until a gold standard of cognitive training is reached. Neuroimaging 

is integral to our understanding of the mechanisms involved in the development of the 

brain throughout the lifespan and is an indispensible tool for developing cognitive 

intervention studies. In future, when brain training intervention methods have been 

thoroughly reviewed and optimized, we can perhaps begin to investigate the 

possibility of incorporating such interventions as part of the standard of care for 

elderly populations. Making successful interventions widely available and accessible 

from an appropriate time point, i.e. before any severe memory complaints or changes 

in cognition are impacting daily quality of life, would be an enormous advantage to the 

older proportion of the populations. This is increasingly important as almost half of 

community-dwelling individuals aged 60 years and older are concerned about the 

decline in their mental faculties (Ball et al., 2002) and neurocognitive fragility may be 

considered the biggest existing threat to successful aging in today's society (Park & 

Reuter-Lorenz, 2009).
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4. Brain Training Intervention

4.1. Introduction

4.1.1. Cognitive Decline

By the year 2050, the  proportion of the  global population over the age o f 60 will 

account for 26% of the  entire  population, com pared to  children under the age of 15 

years w ho will comprise only 16% of the tota l population (Cohen, 2003). As m entioned  

in Section 3 .1.1, such an increase in the older population will potentially lead to  

greater incidences of cognitive dysfunction and dem entia. W ith  the  recent advent of 

many cognitive intervention studies for older individuals, it seems as though there  is 

an abundance o f promising avenues to  explore w ith regard to the  m aintenance or 

even im provem ent of cognitive capacities in older life. However, the results of such 

studies must be in terpreted  w ith  caution, as m any studies have not managed to  

dem onstrate successful transfer of trained abilities to  other cognitive domains or to  

day-to-day tasks.

A com m on explanation o f age-related cognitive decline is tha t degeneration in brain 

structure and function leads directly to  difficulties in cognition. However, an 

alternative explanation posits th a t age-related cognitive decline is related to reduced  

engagem ent in cognitively challenging and stim ulating tasks (Hertzog e t a!., 2009). 

Both theories allow for the  introduction o f cognitive training interventions as viable
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methods o f targeting cognitive plasticity in order to  am eliorate age-related decline 

(Cram er e t al., 2011).

Although cognitive decline in later years is a com m on feature  of aging, loss of certain 

m ental abilities does not occur in a prescribed or uniform  pattern for all individuals, as 

increases in variability in cognitive functioning is seen in aging (Fleischman et al., 

2004). It may there fo re  be possible to  retain many cognitive abilities throughout the  

lifespan (Gordon et al., 2008), especially w/ith the  help of certain m ediators such as 

physical fitness, education, and other factors tha t are known to  influence CR (see 

Section 1 .1.5.).

4.1.2. Influential Intervention Studies

One of the  most influential and promising studies into W M  training was conducted by 

Jaeggi and colleagues, who reported tha t young healthy adults dem onstrate an 

im provem ent in tests of fluid intelligence (Gf), i.e. the  ability to  reason and solve new  

cognitive problem s or situations, a fter practicing a dual n-back task (Jaeggi et al., 

2008). The authors claimed to  show for the  first tim e tha t, contrary to  previous beliefs, 

Gf can be targeted  by training and im prove to  a significant degree. Following on from  

the  encouraging results from  this study and others like it (Schmiedek et al., 2010; Willis 

e t al., 2006), a huge am ount of research has been conducted into cognitive training in 

the  hopes th a t targeting W M  ability in a variety of populations could lead to  an 

im provem ent in general abilities and, by extension, an im provem ent in quality of life.
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However, a recent review by Shipstead et al. point out th a t Jaeggi e t al.'s studies have 

in fact shown som ew hat mixed results (Shipstead et al., 2012). Although 

dem onstrating transfer of trained abilities to  Gf showed far-transfer effects, the  same 

studies failed to  show near-transfer effects. This inconsistency was originally a ttributed  

to  the  divided nature of dual n-back tasks, which may have drawn on and enhanced EF 

abilities, which in turn led to  increases in Gf abilities. However this hypothesis was 

rebuked in a fo llow -up study by Jaeggi and colleagues, a study th a t also failed to  

dem onstrate far transfer effects; in o ther words, it can be argued th a t the  group failed  

to  replicate the ir earlier findings (Jaeggi e t al., 2010).

4.1.3.Cognitive Training In Older Populations

Up to  50%  of adults aged 64 and older report m em ory complaints (Reid & Maclullich, 

2006). The aim of cognitive training interventions is to  ultim ately im prove or prevent 

the  decline of perform ance and behaviour by utilizing neuroplasticity and encouraging 

positive adaptive changes in neural circuitry. A num ber of cognitive intervention  

studies in older populations are discussed in Chapter 3. To briefly recap, one review  

paper has shown tha t in healthy elderly populations, cognitive training appears to  

show some near-transfer effects but there  is lim ited evidence to  indicate any  

im provem ents in general cognitive abilities (Papp et al., 2009). Such mixed results are  

indicative of a pressing need to  coherently elucidate the exact cognitive mechanisms 

underlying transfer of abilities. It is only w ith  this cogent understanding th a t cognitive  

training and intervention programs can be designed and im plem ented  in any  

meaningful way.
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4.1.4. The Current Study

The current study aimed to enhance current knowledge on cognitive training in 

healthy older adults with the aid of neuroimaging. Specifically, we investigated the 

hypothesis that training on one executive function task (i.e. an adaptive n-back task) 

will lead to near transfer effects on another EF task, namely the Stroop Colour-Word 

Interference Task. An online adaptive training task was used since adaptive training, 

i.e. training which grows more difficult as a participant becomes more proficient, is 

known to influence the effectiveness of memory training and allows individuals to 

make optimal use of their latent potential (Holmes et al., 2009). An active control 

group was also included, as using an active control group can control for practice 

effects and ensure that all participants are matched for level of engagement with the 

training in terms of both time and effort.

Neuroimaging was incorporated as part of this intervention study. Participants 

performed the Stroop task during fMRI at two separate testing sessions; one before 

cognitive training commenced and one after the training block had been completed. 

We predicted that performance in the Stroop task, a well-established EF task, would 

improve following the 6 weeks of EF training. We also predicted that changes in 

activation patterns post-training would reflect improved cognitive processing as a 

result of the training intervention.
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4.2. Methods

4.2.1. Recruitment and Screening

Participants aged 55-75  years w ere  recruited on a volunteer basis through Age Action 

Ireland to  participate in the  SAGE (Senior Adult integrated Executive function) training  

study. Participants received no incentives for participating in the study, but all w ere  

given full access to  the  training program once data collection had been com pleted. All 

participants w ere  required to  have access to, and be able to  use, the  In ternet on a 

hom e com puter. Participants also had to  be willing and able to  log on to  the online  

brain-training program  and train 5 tim es a week for 25-30 m inutes over the  course of 6 

weeks. Participants w ith  severe visual im pairm ents, history of 

psychological/neurological im pairm ent, severe head traum a resulting in 

unconsciousness, history of epilepsy, currently taking psychoactive m edication, history 

of drug or alcohol problem s, acute high blood pressure/heart condition, acute postural 

instability or o ther relevant self-reported medical conditions w ere  excluded from  the  

study. The subset o f participants selected for imaging was required to  com plete the  

standard MR! Safety Questionnaire used in Trinity College Institute of Neuroscience 

(TCIN). Contraindications included cardiac pacemakers, cardiac defibrillators, non-MRI 

com patible implants, m etallic intra-orbital foreign bodies, perm anent eye m ake-up, 

and recently inserted ferrom agnetic surgical implants. All participants w ere  assessed 

w ith the  CERAD (M orris  e t al., 1993) (Consortium to  Establish a Registry fo r Alzheimer's  

Disease), a brief neuropsychological battery, as well as the  M in i M en ta l State Exam 

(Folstein, Folstein, & M cHugh, 1975) in order to  ensure participants w ere  cognitively
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healthy. Any participants who m et Peterson's criteria fo r M ild Cognitive Im pairm ent 

(Peterson, 2004) w ere excluded from  the  study and directed tow ards appropriate  

services for full and thorough assessment of the ir cognitive state. All participants w ere  

screened for any history of neurological or psychiatric illness, including depression as 

m easured by the Geriatric Depression Scale (GDS) (Yesavage et al., 1982).

A ltogether, 72 participants w ere recruited. 2 participants w ere  excluded from  the  

study as they m et Peterson's criteria for MCI and 19 participants dropped out during 

the  course of the study. The rem aining 51 participants w ere  identified as cognitively 

healthy and com pleted the training as well as the  full pre- and post-intervention test 

batteries. Tw enty-eight com pleted the  training and the behavioural testing pre- and 

post-training, while the  rem aining 23 underw ent additional neuroim aging testing  

including fM R I and EEG sessions. Of this 23, 7 w ere excluded from  the current analysis 

due to  inadequate fM RI data (e.g. perform ing below  chance level on the  fM R I task or 

failure to  com plete a sufficient num ber of fM R I task runs). The rem aining 16 had 

com plete fM R I datasets for both testing sessions.

Participants w ere  random ly assigned to  e ither the experim ental arm or the active

control arm as part of the  double-blind research design. Three m arried couples

participated in the study, and both husband and w ife w ere  assigned to  the  same arm

so as to  maintain the double-blind nature of the  study design. All participants w ere

assessed before training began w ith a range of behavioural tasks in order to

investigate both near- and far-transfer of abilities. These tasks included a version of

the Stroop task, a Wisconsin Card Sorting task, a Balance task, an Attentional Blink
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task, a test of Auditory acuity, Raven's matrices and the Operation Span (OSPAN) task 

(Forster & Forster, 2003). Once the  training period was com plete, participants w ere  re

tested w ith  the  same behavioural batteries.

Ail participants w ere also tested w ith an n-back task pre- and post-intervention in 

order to  exam ine effects of near-transfer, i.e. the transfer of abilities from  a trained  

task to  a task in the same category. There w ere tw o  separate n-back tasks included: 

Testing Task A and Testing Task B. Testing Task A is a letter-based n-back task, while  

Testing Task B is a num ber-based n-back task. Both tasks are described below in 

Sections 4 .2 .3 . and 4 .2.4. 28 participants w ere tested w ith Testing Task A, and 23 

participants w ere  tested w ith  Testing Task B. Although it was originally intended for all 

participants to  be tested w ith the  same n-back testing task, including tw o  d ifferent n- 

back tasks allows for an interesting investigation into the transfer o f abilities and the  

m easurem ent of this transfer. Although such an investigation is outside the  scope of 

the  current body of work, it is envisaged tha t another investigator in the  SAGE study 

will undertake an in-depth exam ination of this issue.

74



19 drop-outs 
2 excluded (MCI)

72 recruited

Experiment
( n 9 )

Control
( n 7 )

Experiment 
(n 16)

Control
( n 9 )

Experiment 
(n 14)

Control 
(n 12)

Group A 
(n28)

Imaging Subgroup 
(nl6)

Group B 
(n 23)

Figure 4.1: Schematic describing the allocation of participants into Group A, Group B and 
the im aging subgroup o f Group B, as w ell as the num bers included in each experim ental 
and control arms.

N Mean Age Mean Years Edu Mean FSIQ Gender

Group A

Expt

Ctrl

Total

16

12

28

65.87 
(SD = 6.01) 

69.42 
(SD = 7.56) 

67.39 
(SD = 6.8)

18.13 
(SD = 3.68) 

16.08 
(SD = 3.26) 

17.25 
(SD = 3.52)

122 63 
(SD = 3.69) 

121.33 
(SD = 4.03) 

122.07 
(SD = 3.82)

12 F;4M  

5 F ; 7 M  

17 F; 11 M

Group B

Expt

Ctrl

Total

14

9

23

63.64 
(SD = 4.65) 

65
(SD = 5.55) 

64.17 
(SD = 4.94)

16
(SD = 3.21) 

15.44 
(SD = 2.13) 

15.86 
(SD = 2.83)

123.42 
(SD = 2.93) 

121.11 
(SD = 4.28) 

122.77 
(SD = 3.49)

8 F;6 M 

6 F ; 3 M  

14 F;9M

Table 4.1: Demographlcal characteristics of Study Groups A and B.

4.2.2. The Training Task

The integrated executive function training task is an adaptive m-sequence, n-back task 

in which a sequence of target and distractor images are presented randomly at one of
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four d ifferent quadrants on a connputer m onitor at a rate of 3 s (stimulus length, 

2700ms; blank mask duration, 300ms). The positions of the stimuli are determ ined  

randomly. A response is required whenever one of the presented target images 

(identified by a coloured border) matches the  target image presented n positions back 

in the sequence. Participants make responses manually by using the  com puter mouse 

to click on the target image. No responses are required for non-targets.

The task allows loading on m ultiple components of EF to  be varied param etrically and 

independently. Loading on working m em ory updating ability is varied by changing the  

level of n, set shifting ability is taxed by increasing the  probability tha t the target image 

will change location (this effect is amplified in the dual (m =2) n-back condition). Ability 

to  resist environm ental distractors is loaded by increasing the visibility (alpha level) of 

the non-target images. Note that both target and non-target images are taken from  

the same image set in order to load on interference resolution ability. Relatedly, the  

probability of n-x lures (where x = 1,2,3,...) is also param etrically varied as a function of 

progress within the task.

W ithin a level (defined by specific values of m and n) in the task each correct 

(incorrect) n-back match linearly increments (decrements) the jum p probability, the  

distractor visibility, and the n-1 lure probability.

A fter each block of 60 image pairs (a random  35% o f which are matched target pairs), 

if the relative net score increased beyond a predefined threshold at the  end of a block 

a new level is reached, and the level of n and /o r the num ber of sequences is altered,
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otherwise no change is made to  these variables. At the onset of a new level the jum p  

probability, the distractor visibility, and n-1 lure probability are set to  zero.

Sequence length, and thereby game duration, is determ ined by the sum of the number 

of image pairs and the n-back level. The default num ber of image pairs is 60 hence the  

average game duration is about tw o minutes. The absolute game duration was gets 

slightly longer at higher n-back values. There are 14 games per session giving a total 

game daily training tim e of about 30 minutes. All participants trained for a m inim um  of 

6 weeks, 5 days a week for 25-30 minutes each day.

BEST SCORE 
SO FAR

cuRREtsrr
LEVEL PICTURE MATCHIN6 RULE:

Hi Score: 7 
Bonus: 1

♦
LEVEL: 1 N-Back: 1 

Score: 7
NEXT LEVEL. 

LINE

PR06RESS
BAR

N E X T l t m

/

CURRENT SCORE

•CORRECT'
’ INDICATOR

4
DISTRACTOR 

PICTURE 
I6N0RE THEse

Somes Left: 3

TAR6ET
PICTURE

NUMBER OF 6AMES 
LEFT IN  THIS  

SESSION

Figure 4.2: Example of the 1-back condition training task. Participants were required to 
focus on the outlined image and ignore the other distractor images. For those in the 
control arm, this task stayed at the 1-back condition. For those in the experimental arm, 
this task would have increased in difficulty up to 5-back and then moved on to a dual-back 
condition as described in Figure 4.3.
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PICTURE AMTCHIN6 RULE:

Hi Score: 0 LEVEL: 3 N-Back: 1 
Bonus: 2 Scorc: 76

'CORRECT'
INDICATOR

Somes Left; 7

TAR6ET 
PICTURE 1

Figure 4.3: Example of the training task dual-back condition. Once participants had 
completed the baseline as far as 5-back, the task increased in difficulty by introducing a 
dual-back condition. Participants were required to attend to two separate target images 
and ignore the other distractor images.

4.2.3. Testing Task A

28 participants (17 female; mean age = 67.39, SD = 6.8) were administered Testing 

Task A. For each memory load condition, participants performed an initial brief 

practice block of seven trials in length, followed by three experimental blocks of 48 

trials each. Eight phonologically distinct letters served as tria l stimuli (B, F, K, H, M, Q, 

R, X). Trials began w ith a centered fixation cross on-screen fo r 500ms, followed by the 

stimulus in that location fo r 500ms, and followed by a blank 2,000-ms inter-stimulus 

interval. Three different tria l types were used: targets, lures, and foils. Targets were n- 

back matching trials (e.g. a 'B' preceded by a 'K' and 'B' in the 2-back condition) that
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m atched. Lures were trials w ith n-1 matches (e.g. a 'B' preceded by a 'B' in the 2-back 

condition) and w ere included to increase levels of proactive m em ory interference and 

penalise familiarity-based responding. Foils w ere trials w ithout n-back or n -l-back  

matches. The average correct, average false negative and the average false positive 

scores were calculated over all of the critical blocks for the 2-back and 3-back 

conditions, respectively. Participants were instructed to  respond as quickly and 

accurately as possible w hether each le tter matched the n-back le tter for each trial, by 

pressing the left for "yes" and the right mouse buttons for "no".

S

Target

Target

P
Lure P

Figure 4.4: Schematic of the 2-back condition in Testing Task A
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4.2.4. Testing Task B

23 participants (15 fem ale; mean age = 64.17, SD = 4.94) w ere adm inistered training  

task B. This task was another version of the n-back paradigm, in which participants 

w ere required to make a key press to the numbered button (1, 2, 3 or 4) that 

corresponded to the num ber presented on-screen n trials previously. At the outset, a 

short practice trial was presented in which the experim enter verbally indicated to the  

participant which keys should be pressed for each trial. A diagram of the task was also 

shown to ensure tha t the  instructions were clear. Four trial blocks of 77 trials each 

followed this. This task had both 2-back and 3-back conditions, w ith tw o blocks of each 

condition. Numbers w ere presented in one of four locations w ithin a rectangular 

placeholder, with their locations corresponding to  the arrangem ent of the  numbered  

keys on the keyboard. Also included in the sequence of stimuli w ere blank rectangles; 

these w ere always presented in pairs, and signaled that no response should be made  

in the tw o subsequent corresponding trials, effectively acting as a "reset" before a new  

run of stimuli was presented. Each num ber/blank rectangle stimulus was presented for 

1800ms, and was interleaved w ith a fixation cross of duration 500ms. A short break 

was given betw een each trial block. Response accuracy and reaction times for correct 

and incorrect responses w ere recorded autom atically, and no feedback was given. The 

task was presented using E-Prime stimulus presentation software version 2.0  

(Psychology Software Tools Inc.)
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No Response

No Response

No Response

No Response

Blank rectangles 
indicating 

upcoming rest

Figure 4.5: Sciiematic diagram o f the n-back task administered to partic ipants in Group B. 

4.2.5. fMRI Task

Participants in Group B w ere  part of the neuroim aging arm o f the  SAGE study. Sixteen

participants (10 fem ale; mean age 65.37  years, SD 5 .31) from  this sub-group also

com pleted neuroim aging testing pre- and post-intervention. During each test session,

participants underw ent fM R I scanning w hile perform ing the  Stroop Colour-W ord

Interference Task (Stroop, 1935). The task involved four colour words (BLUE, YELLOW,

GREEN, RED) presented on a black background in random  order, usually in the ir

congruent colour (i.e. the w ord RED displayed in red). At in frequent intervals, colour

words printed in incongruent colours w ere  presented (e.g. the word RED displayed in

blue). Stimuli w ere presented on a screen behind the scanner, which showed a
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m irrored display of the  stimulus com puter's m onitor. Participants view ed th e  screen 

through a small angled m irror affixed to the head coil. Incongruent stimuli w ere  

pseudo-random ly placed 10 to  17 stimuli apart (betw een 15 and 25.5  seconds) so tha t 

the preceding congruent stimulus did not match the incongruent stimulus in e ither 

w ord or colour. This was done so as to  prevent priming effects. There w ere betw een  

13 and 15 incongruent stimuli in each run of 192 stimuli (6.7%  - 7.8%  incongruent 

stimuli per run). Each stimulus was presented for 1200m s w ith an interval of 300  

milliseconds betw een each stimulus. During the  inter-stim ulus intervals, a w hite  

fixation cross was presented on screen. Each run lasted just under 6 .5 m inutes and 

most participants com pleted 4 runs of the  task, w ith just one participant com pleting 3 

runs due to  a tim ing error.

The task required participants to  respond not to the  word, but to  the  colour the  word  

was presented in. There was a prom pt at the start of each run tha t rem inded  

participants of this rule; the  prom pt read "IDENTIFY THE COLOUR". Following this 

prom pt, a "3-2-1-G O " countdow n was presented on screen to  a lert participants that 

the task was starting. Two resting blocks occurred in each run a fte r 107s and 235s, 

each lasting 21.5s. These resting blocks w ere included to try  and prevent participant 

fatigue, since the  task takes a relatively long tim e to  com plete. A fter the  resting blocks, 

the  prom pt and countdow n w ere again presented. A m agnet-com patible, tw o-bu tton  

response box was held in each hand. Subjects w ere instructed to  respond as quickly as 

possible by pressing one of four buttons using the index and m iddle fingers of both 

hands. The buttons held in the left hand corresponded to  blue and yellow , controlled  

by the m iddle and index finger respectively, while the buttons in the right hand
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corresponded to green and red, and were controlled by the index and middle finger of 

that hand respectively. All participants practiced the task on a laptop before entering  

the scanner in order to learn the rules and ensure they understood the task demands.

8 runs of th e  task were available, and 4 runs w ere adm inistered to each participant at 

both testing points. The 8 runs w ere counter-balanced across participants, so that half 

com pleted runs 1-4 pre-training while the  remaining half com pleted runs 1-4 after the  

training. W ith in  each run, 2 rest periods of 21.5 seconds were incorporated so as to  

reduce fatigue. Performance on the task was measured in terms of reaction times to  

both congruent and incongruent stimuli as well as num ber of stimulus correctly 

identified. Only RTs for correctly identified stimuli w ere included in the analysis. The 

Stroop Effect was calculated for each subject (incongruent RT minus congruent RT) as a 

measure of executive control.
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Incongruent

Figure 4.6: Schematic of Stroop task presented to participants in the scanner.

4.2.6. Scanning Parameters

Imaging data w ere acquired using a Philips InteraAchieva 3.0 T MR system (Best, The 

Netherlands). The BOLD signal changes w ere measured using a T2*-w eighted  echo- 

planar imaging sequence w ith TR = 2000m s and TE = 30ms. Each volum e of data 

covered the entire brain w ith 39 slices, and the slices w ere acquired in sequence from  

inferior to superior direction. 190 volumes were acquired during each run, w ith voxel 

dimensions of 3.5 x 3.5 x 3.55 mm and a 0.35 mm gap betw een the slices. A T1 W /IR  

sequence was used to collect a 3D high-resolution anatomical image with voxel 

dimensions equal to  0.9 x 0.9 x 0.9m m  for structural localisation.
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4.2.7. fMRI Image Analyses

Data were analysed using AFNI (Cox, 1996) (http://afn i.n im h.gov/afn i/). The first four 

dynamics were obtained to correct for 11 equilibration effects and were subsequently 

discarded. The data were corrected for time shift, all runs of the Stroop task for each 

individual were concatenated into a single run, data were motion corrected to the first 

volume of the first run, global mean-adjusted by proportional scaling and smoothed 

with a 6mm full width-at-half-maximum Gaussian kernel. The hemodynamic response 

changes elicited by incongruent stimuli were examined relative to the responses 

corresponding to the congruent stimuli.

Statistical analysis was performed in AFNI using a General Linear Model (GLM). 

Activation during presentation of incongruent stimuli was modeled relative to the 

activation during presentation of congruent stimuli; this contrast is thought to reflect 

the neural activation specific to executive control and automatic response inhibition. 

Registration to each participant's high-resolution structural images was performed 

using FLIRT (the linear registration tool in FSL) and all high-resolution structural images 

were co-registered to standard MNI (Montreal Neurological Institute) space.
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Figure 4.7: Design matrix from one subject. The first 16 rows represent the 4 concatenated  
runs of the Stroop task. Row 17 represents the presentation of incongruent stimuli, and Row 
18 represents the rest periods that w ere incorporated into each run of the task.

4.2.8. Correction for Multiple Comparisons

To correct for m ultiple comparisons across the brain each significant voxel cluster had 

to  have a m inim um  size o f 703 o f contiguous statistically significant voxels to  be 

considered statistically significant. This m inim um  cluster size was calculated using a 

M o n te  Carlo simulation using th e  program  AlphaSim in AFNI to  obtain a (fam ily wise 

error) corrected p < 0.05 statistical significance in the t-tests. The SPM anatom y  

toolbox (V I.7 b , Eicknoff et al., 2005) was used to  localize activation clusters. W here  

there  w ere  no probabilistic cytoarchitectonic labels available, an approxim ate  

Brodman area (BA) is given in the  results table  instead.

86



4.3. Behavioural Results N = 51 -  Experiment Group and Control Group

The data from all 51 participants was pooled in order to investigate whether or not this 

larger group would demonstrate changes in performance post-intervention despite the 

different training tasks used for Groups A and B. The 51 participants were divided into 

the experiment group (n = 30) and the control group (n = 21).

4.3.1. Percentage Correct Responses

Repeated measures ANOVAs revealed no statistically significant main effect of time for 

either the 2-back condition [F (1, 50) = 1.147, p = 0.289] or the 3-back condition [F (1, 

50) = 0.703, p = 0.406] in terms of percentage correct responses. Post-hoc paired t- 

tests show no statistically significant differences for either the experiment or the 

control group post-intervention for either the 2-back or 3-back condition.

ANCOVAs were conducted in order to investigate the training gains of both 

experimental and control arms while controlling for the effects of age and IQ (as 

determined by NART scores). Pre-intervention test scores were included as covariates 

in this analysis while the post-scores were included as dependent variables, as it was 

expected that post-intervention scores would depend on a subjects' pre-intervention 

baseline score. ANCOVAs revealed no statistically significant differences for the 2-back 

condition [F (1, 46) = 0.501, p = 0.483] or the 3-back condition [F (1, 46) = 0.017, p = 

0.897].
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4.3.2.Reaction Times

Repeated measures ANOVAs revealed a statistically significant main effect o f tim e  for 

the  2-back condition, F (1, 50) = 13.759, p = 0 .001. There is also a statistically 

significant main effect o f tim e  for the 3-back condition, F (1, 50) = 4 .929 , p = 0 .031. 

Post-hoc paired t-tests show th a t the  experim ent group im proved th e ir reaction times  

post-intervention for the  2-back condition only (t = 2 .505, p = 0 .018). The control 

group also im proved the ir reaction tim es post-intervention for the 2-back condition (t 

= 2 .747, p = 0 .012). No statistically significant changes w ere detected post-intervention  

in the  3-back condition for e ither group.

As before, ANCOVAs w ere carried out in order to  furth er investigate the  data. These 

ANCAVAs revealed no statistically significant differences in RT post-training when  

controlled fo r pre-intervention scores, age and IQ for the  2-back condition [F (1, 46) = 

0.1, p = 0 .754] or the  3-back condition [F (1, 46) = 0 .008, p = 0 .93]. A closer inspection 

of these results shows th a t the pre-intervention scores have a statistically significant 

im pact on the  post-intervention scores (p <0.001 in both cases), w hile neither age nor 

IQ  have a significant im pact on post-intervention reaction tim es.

4.3.3 Comparing Group A and Group B

A num ber of independent t-tests w ere  conducted in order to  investigate both

dem ographic inform ation as well as task perform ance of the  participants w ho w ere

tested w ith  d ifferent versions of the  n-back testing task. Those who w ere  tested with
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the letter version of the task shall henceforth be referred to as Group A (n = 28) and 

those who were tested with the number version of the task shall be referred to as 

Group B (n = 23).

There was no significant difference between the Groups A and B in terms of the age of 

the participants (p = 0.065) or the years of education of the participants (p = 0.405). 

Group B played more games than Group A, with Group B having a mean of 728 

compared to Group A's mean of 536 (p = 0.047). However, there was no significant 

difference between the training levels reached by the experimental arms in Groups A 

and B during the 6-week training period (t = 1.09, p = 0.914). Table A contains the raw  

data for these observations.

Age Education No. Games 
Played

Training Level Reached 
(Expt arm only)

Group A 67.39 (SD 6.8) 16.71(SD4.6) 536.32 (SD 275) 4.98
Group B 64.17 (SD 4.9) 15.78(SD2.8) 728.22 (SD 372) 3.36

Table 4.2: Demographic data and details of brain train ing measures for Groups A and B

4.4. Behavioural Results -  Group A and Group B 

4.4.1. Group A

Repeated measures ANOVAs conducted on the experiment arm data (n = 16) revealed

no statistically significant changes in performance pre- and post-training in terms of

percentage stimuli correct for either n-back condition. However, a statistically

significant main effect of tim e was found for RT in the 2-back condition, F (1, 15) =
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5.963, p = 0 .027. There is also a statistically significant main effect of tim e for RT in the  

3-back condition, F (1, 15) = 4 .672 , p = 0 .047. Post-hoc paired t-tests show th a t the  

experim ent arm im proved th e ir reaction times post-intervention for the  2-back 

condition (t = 2 .442, p = 0 .027) and 3-back (t = 2 .161, p = 0 .047) conditions.

Repeated measures ANOVAs conducted on the control arm data (n = 12) also showed 

no significant differences in percentage correct stimuli for e ither n-back condition  

post-intervention. How ever, a statistically significant main effect of tim e was found for 

RT in the  2-back condition, F (1, 11) = 5 .116, p = 0 .045. Post-hoc paired t-tests show  

th a t the  control arm im proved the ir reaction times post-intervention for the  2-back 

condition (t = 2 .262, p = 0 .0 2 7 ).No statistically significant changes w ere detected post

intervention in the  3-back condition.

4.4.2. Group B

N either the  experim ental arm (n = 14) nor the control arm (n = 9) showed any 

statistically significant differences in percentage stimuli correct for either the 2-back or 

3-back condition. No statistically significant changes in RT w ere  detected for e ith er the  

experim ental arm or the  control arm  for e ither n-back condition.
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4.5. Neuroimaging Results

4.5.1. Training Task B

16 participants from Group B had complete  fMRI dat ase t s  from both  tes t ing sessions, 

before and af ter  th e  training intervention.  Repea ted  measur es  ANOVAs w e re  also 

carried ou t  with this sub-group,  but  nei ther t h e  experimental  arm (n = 9) nor the  

control group (n = 7) showed  any significant change in e i ther percentage  of stimuli 

correc t  or react ion t ime for e i ther  n-back condition with Testing Task B.

4.5.2. Stroop Task Performance

Participants within th e  exper imenta l  arm (n = 9) show ed  a t r end  towards  significance 

wi th improved scores  on incongruent  correct  stimuli af ter  training (t = -1.935; p = 

0.089).  Those in th e  control arm (n=7) improved thei r  per formance  in te rm s  of 

correctly identified 1C stimuli af ter  training (t = -3.509; p = 0.013).

Participants in t h e  experimental  arm show ed  no significant changes  in absolute  RT to  

1C stimuli af ter  training (t = -0.74; p = 0.866), w h e re a s  par ticipants in th e  control arm 

s how ed  s lower RT to  1C stimuli af ter  training; t  = 3.859, p = 0.013. Interestingly, the  

control  arm showed  a smaller Stroop Effect (SE) post  training (t = 3.594; p = 0.011), 

indicating th a t  the  differences in thei r react ion t imes  t o  incongruent stimuli compared  

to  congruen t  stimuli bec am e  less divergent,  w he re as  t h e  exper imental  arm showed no 

significant changes  in SE post  training (t = -0.143; p = 0.89).
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Figure 4.8: Graphs illustrating the percentage correct incongruent stimuli pre- and post
intervention. (A): The experiment group did not show any improvement in percentage correct 
incongruent stimuli post-intervention. (B): The control group showed statistically significant 
improvement in percentage of correct incongruent stimuli post-intevention
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Figure 4.9: Graphs illustrating the response times pre- and post-intervention. (A): The 
experiment group did not show any improvement in RT post-intervention. (B): The control 
group showed statistically significant improvement in RT post-intevention.
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Figure 4.10: Graphs illustrating the Stroop Effect pre- and post-intervention. (A): The 
experiment group did not show any improvement in SE post-intervention. (B); The control 
group showed a statistically significant improvement in SE post-intervention
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4.5.3. fMRI Activation

Activation patterns elicited during presentation of incongruent stinnuli relevant to 

congruent stimuli w ere calculated. These patterns show increased activation in several 

regions, including the cingulate gyrus, the  left and right middle frontal gyrus, the  

inferior frontal gyrus, parietal lobes and the thalamus. A large num ber of these regions 

are known to  correspond with performance on executive function tasks and are 

consistent w ith the findings of previous literature (Langenecker et al., 2004).

Differences in activation patterns betw een the experim ent arm and the control arm  

are not presented here as the sample size of both groups was deem ed too small as to  

expect to find any meaningful changes.

Figure 4.11: Activation pattern elicted during presentation of incongruent stimuli relevant 
to presentation of congruent stimuli. Images corrected to p < 0.05.
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A paired  t-te s t conducted  on th e  activation  patterns  elicited during Stroop  

perfo rm ance  pre - and post-tra in ing  fo r all 16 participants shows decreased activity in a 

n u m b er o f regions including th e  posterio r cingulate, th e  a n te rio r cingulate, th e  

superior fro n ta l gyrus and th e  occipital gyrus. This could ind icate im proved neuronal 

efficacy in these particular regions as a result o f th e  tra in ing  in te rventio n  (see Figure

2 ).

Figure 4.12; Results of comparison of activation patterns pre- and post-intervention. Images 
corrected to p < 0.05.

No. voxels t-value Co-ord MNI Area: prob or BA
Inferior Frontal Gyrus 35272 13.63 4, 14, 48 Area 6: 40%

10.61 -36,24,-6 Area 47
10.58 -34,24,-2 Area 13
10.45 -48,26,24 Area 45: 60%; Area 44: 20%
10.33 -48,12,24 Area 44: 40%

Left Inferior Occipital Gyrus 2134 6.04 -50,-66,-16 Area 37
5.33 -18,-92,-18 Area 18: 40%; Area 17: 30%; h0C4 (V4):20%
5.33 -20,-94,-16 Area 18: 40%

Right Fusiform Gyrus 791 5.94 30,-68,-18 hOC4v(V4): 40%
Right Cerebellum 4.81 38,-42,-40 Lobule VI (Hem) 40%
Right Cerebellum 4.71 36,-40,-38 Lobule VI (Hem) 85%

Right Cingulate Gyrus 554 6.69 4,-24,26 Area 23
Left Cingulate Gyrus 6.14 -2,-16,26 Area 23

Left Calcerine Gyrus 520 4.42 -20,-72,6 ArealS: 20%; Area 17: 20%
Lobule V/Rlght Cerebellum 4.3 4,-56,-10 Lobule V: 54%

Table 4.3; Location of activation peaks during the incongruent condition compared to 
congruent condition at baseline.
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No. voxels t-value Co-ord MNI Area: prob or BA
Superior Frontal Gyrus 1331 -6.4 14, 52, 42 Right Superior Frontal Gyrus

-6.31 -18, 32, 50 Left Superior Frontal Gyrus
-5.79 -24, 42,38 Left Middle Frontal Gyrus
-5.75 -18, 24, 60 Left Superior Frontal Gyrus

Right Thalamus 871 -5.53 16, -14, 22 Th-Prefrontal: 29%
-14, -30, 26 Th-Temporal: 11%

Left Postcentral Gyrus 629 -6.38 -24, -20, 60 Area 6: 50%
-5.77 -48, -34, 56 Area 2: 70%; Area 1: 60%
-4.82 -38. -42, 62 Area 2: 40%; Area 3b: 50%

Right Lobule 535 -5.63 -12, -60, 0 Area 18: 60%
-4.35 0, -58, -4 Lobule V: 64%

Superior Parietal Lobule 285 -4.98 18, -58, 66 SPL (5L): 50%; SPL (7A): 20%
-3.89 14, -40, 72 Area 4a: 30%; Area 3b: 30%

Table 4.4: Location o f peak voxels revealed a fte r a paired t-tes t comparing activation patterns 
elicited during Stroop performance pre- and post-training.

4.6. DISCUSSION

4.6.1. Principal Findings

In this study we found mixed results as to the efficacy of working memory training in a 

cohort of healthy older participants. The main findings are as follows:

N-Back Performance -  Group A (n = 28): The experimental arm improved in RT to n- 

back stimuli in both 2 and 3-back conditions, but showed no statistically significant 

change to percentage stimuli correct. The control arm also improved RT for the 2-back
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condition (p = 0 .045) but not in th e  3-back condition, and there  w ere no differences in 

percentage correct stim uli fo r e ither condition.

N-Back Perform ance -  Group B (n = 23): N either the  experim ental arm nor the  control 

arm showed any statistically significant changes in perform ance post-intervention in 

term s o f percentage stim uli correct or RT to  stimuli in e ither n-back condition.

N-Back Perform ance -  Overall Group (n = 51): Those in the experim ent group (n = 30) 

did not im prove in th e ir percentage o f correct responses for either the 2-back or 3- 

back condition post-intervention. Those in the  control group (n = 21) showed a similar 

lack o f im provem ent in percentage correct response post-intervention. The 

experim ent group displayed an im provem ent in reaction tim es post-intervention for  

the 2-back condition only, and no changes in reaction tim e to  the  3-back condition. 

Again the  control group shows similar results, w ith an im provem ent in reaction times 

for the  2-back condition only, and no change in perform ance post-intervention in the  

3-back condition.

4.6.2. Stroop Performance

The experim ental arm  appeared to  show no significant im provem ent on either num ber 

of incongruent stim uli correctly identified, reaction tim e to  incongruent stimuli or 

Stroop Effect (SE). How ever, the  control arm im proved in term s of both correctly  

identifying m ore incongruent stimuli and an im provem ent in SE post-training as well as 

an im provem ent in RT to  incongruent stimuli. However, it is im portant to note v/ith
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caution the small sample sizes in the current cohort w hen interpreting the  implication

of these results.

4.6.3. Implications

If significant differences in perform ance can be observed betw een d ifferent versions of 

a task, then the  reliability of previous studies th a t em ploy such tasks bears furth er  

investigation. Procedural differences are also of great im portance, as such variations  

can be cited as supplem entary reasons not to  collapse data across individual studies 

(Redick et al., 2012). Independent t-tests w ere conducted in order to investigate the  

extent of the discrepancies betw een the scores on d iffe rent aspects of the  tw o  testing  

tasks. There w ere  significant differences betw een both groups in term s o f perform ance  

on the d ifferent n-back tasks. Both before and a fter the  training intervention. Group A 

(tested with the  letter-based n-back task) appeared to  perform  better than Group B 

(tested w ith the  num ber-based n-back task) in term s of percentage of correct stimuli, 

whereas Group B outperform ed Group A in term s of reaction tim e to  stimuli regardless 

of n-back condition. It is also w orth noting th a t both groups would have experienced  

different testing sessions and environm ents since Group B also underw ent 

neuroim aging test sessions in addition to  the behavioural testing. Although this is a 

disappointing setback in term s of our data collection, it does raise a rather interesting  

point regarding consistency of testing tasks across studies. Both tasks w ere  simple n- 

back tasks, a type o f task com m only used in behavioural testing as well as cognitive 

intervention studies.
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4.6.4. Lack of Transfer

As seen in the current study, a consistent problem  in cognitive interventions with  

healthy older adults is the lack of transfer effects (Stern et al., 2011). There has also 

been a consistent failure in many cognitive in tervention trials to  dem onstrate  transfer 

effects w ithin the  same cognitive dom ain (Langenecker et al., 2004; Raz et al., 2004; 

Redick e t al., 2012; Thorell e t al., 2009; Verhaegen et al., 1992).

4.6.5. Mechanisms of Aging

As Yanker et al. (2008) point out, there  still does not exist a thorough understanding of 

the  mechanisms involved in human brain aging and the  current literature  is rife with  

mixed results. Healthy aging is distinguishable from  various types o f dem entia  such as 

Alzheim er's disease, Parkinson's disease and fronto -tem poral dem entia  by the degree  

of neuronal loss, a key featu re  tha t is not observable in mouse transgenic models of 

dem entia. It is possible th a t the  control groups w ere  recruiting m ore posterior regions 

during training in order to  com plete the  simple n-back baseline task, w hile  those in the  

experim ental arm may have recruited m ore frontal regions in order to  com plete the  

m ore difficult adaptive training task. Perhaps including neuroim aging during cognitive 

training, as opposed to  only before and a fter an intervention, would lead to  a fuller 

understanding of the  neural mechanisms involved during a cognitive intervention  

program . The PASA and HAROLD models o f aging theorize th a t recru itm ent of frontal 

regions in older populations reflects a process of neural com pensation. Additionally, 

patterns of frontal com pensation have also been observed in clinical populations
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(H illary et al., 2006), providing fu rth er evidence th a t alterations in patterns o f activity  

m ay serve as a com pensatory mechanism if processing has decreased in o ther regions 

of the  brain. These models indicate th a t brain training interventions which focus on 

fronta l processes in elderly or clinical population would be a logical approach. In 

addition, VBM  and cortical thickness studies show declines in grey and w hite  m atter 

w ith  age (Good et al., 2001; G uttm ann et al., 1998). A m ore in-depth understanding of 

th e  specific workings of the  healthy aging brain is needed before we can confidently  

postulate the  causes of cognitive decline and, by extension, the  mechanisms which 

m ay be involved in preventing or m ediating such decline (Yankner et al., 2008).

4.6.6. Current Study Design

The considerable lack of consistency amongst research groups in term s o f the  design 

and im plem entation of cognitive training programs is an im portant drawback of the  

current literature. The current study aim ed to  draw  from  the existing literature and 

utilize the  optim al aspects of previous studies in order to  create a successful 

intervention design. W e designed an n-back adaptive EF task, incorporated a variety of 

near- and far-transfer tasks, m ade use of an active control group, and integrated  

neuroim aging modalities as well as behavioural testing. All of these factors were  

included in the design based on findings and suggestions from  previous literature.

As discussed in Section 3 .9.4, the  use of active control groups in cognitive intervention  

studies is necessary in order to  eradicate issues such as placebo effects, amongst 

others. No-contact control groups are not sufficient for investigations into cognitive
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t raining as t h ey  fail t o  control  for  chang es  t h a t  may  be  induced simply as a result  of th e  

tes t ing  env iron ment .  However ,  t h e  use  of a 1-back non-adapt ive  task  for  t h e  control  

group  in t h e  cu r re n t  s tudy may no t  have b een  ent i re ly suitable.  The task was  very 

simple to  co m p le t e  and  a handful  of  par t icipants r e po r t ed  feel ing b o re d  or 

unchal lenged by t h e  task.  Therefore ,  de sp i t e  t h e  im p ro v em en t s  sh o w n  by t h e  control  

gro up  post - in tervent ion,  it is possible t h a t  t h e  control  task was  n o t  sufficiently 

engaging enough  for s o m e  par tic ipants and  as such t h e  a m o u n t  of ef for t  and a t t en t ion  

inves ted  by t h e  control  group  may not  have m a tc h e d  t h a t  of t h e  exper im enta l  group. It 

is possible t h a t  t h e  control  arm may have en g ag ed  in o ther ,  m o re  cognitively 

st imulat ing tasks,  during t h e  course  of  t h e  in tervention.  This could go s o m e  way 

to w ar d s  explaining t h e  d ifferences in p e r fo rm ance  b e t w e e n  t h e  exper imenta l  and 

control  groups;  however ,  w i tho ut  full knowledge of he  daily activities of all par ticipants 

during t h e  in tervention it is impossible to  pos tu la t e  fur ther .  Perhaps  m ore  sui table 

control  tasks  need  to  be  deve lope d  so t h a t  fu r th e r  re sea rch can be  m o re  conf ident  in 

explaining t h e  results of  in tervention studies,  as well as including a diary of daily 

activities so t h a t  any potent ia l  influences  on cognitive abilities or  cognitive reserve  

could be thorough ly  inves tigated.  It is also possible t h a t  t h e  basel ine (control) task was  

in ef fec t  t raining process ing speed.  The task d e m a n d s  w e r e  similar t o  t h o s e  of t h e  

St roop task,  which may go s o m e  way to w ar d s  explaining t h e  improved p e r fo rm an ce  of 

t h e  control  arm.  Perhaps  incorporating neuroimaging dur ing t h e  t raining per iod would  

go s o m e  way to w ar d s  tho roughly  invest igat ing this possibility.

The p re s en t  s tudy involved a training in tervention of  6 we eks '  dura tion.  However,  

t h e r e  are  no guidel ines  t h a t  can be ex t r ac t ed  f rom t h e  cu r re n t  l i te ra ture  in t e rm s  of a
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standard timeframe during which training should occur. To the best of our knowledge, 

no research into the optimal time frame of cognitive interventions has yet been carried 

out.

4.6.7. Conclusions

The concept of cognitive training has been a part of the scientific literature for over a 

century. Thorndike and Woodsworth (1901) state, "Improvement in any single mental 

function rarely brings about equal improvement in any other function, no matter how 

similar" (pg.250). Although our understanding of neural and cognitive functioning has 

vastly improved in the decades since the publication of this paper, the above 

statement still retains an element of truth. It seems as though our ability to harness 

measurable and significant improvements in general cognitive ability remains 

somewhat beyond our reach. However, the field of cognitive training as a means to 

prevent or slow down the process of age-related cognitive decline is still in its infancy. 

The limitations of previous research can provide valuable knowledge with which to 

inform future, more successful intervention programs.
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Chapter 5: Resting State Networks and Task Activation

5.1. Introduction

5.1.1. Activation Studies and fMRI

Functional imaging is com m only used to  investigate the mechanisms o f human brain 

function using tools such as functional magnetic resonance imaging (fMRI), 

electroencephalography (EEG) and positron emission tom ography (PET). It has been 

known for over a century tha t cognitive activity m odulates local blood flow  (James, 

1890); tha t is, when neural activity rises, there  is an increase in blood flow  to  the  

neural tissue to  m eet the  increased dem and for energy of the  neuronal population 

(Logothetis et al., 2001). As such, the  standard technique to investigate the  intricacies 

of brain function is to  present a subject w ith a stimulus and record any resulting 

changes in neural activity. Such studies are routinely referred to  as "activation" 

studies, proclaiming the assumption th a t any baseline or ongoing neural activity 

w ith o u t the presentation of a task or stimulus is random  and can be averaged out in 

statistical analysis and considered not germ ane to  the analysis at hand. However, the  

observation th a t global cerebral m etabolism  remains constant when one goes from an 

undisturbed resting state to  perform ing a challenging cognitive task suggests tha t in its 

resting state, brain activity is as robust as when engaged in a specific task (Kety & 

Schmidt, 1948). This in turn has prom pted an increased interest in spontaneous 

undirected brain activation, or activation during the  resting state.
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5.1.2. Spontaneous Neural Fluctuations

Spontaneous low -frequency fluctuations (=0 .01-0 .1  Hz) in neural activity have been 

investigated w ith fM R I since it was first recognised tha t activity w ithin the  m otor 

cortex while the subject is "at rest", or not focused on a specific task, tem porally  

correlates w ith regions of the  same functional netw ork (Biswal et al., 1995). Since this 

observation, a num ber of o ther functional networks have been identified in the  resting 

brain. These networks have been shown to  be consistent across tim e (Chen et al., 

2008) and across subjects (Dam oiseaux et al., 2006). W hile  investigations into these  

"Intrinsic Connectivity Networks" (Seeley et a!., 2007)o r Resting State Networks (RSNs) 

have harnessed other imaging modalities such as EEG and PET, fM R I has been the tool 

o f choice for the  m ajority of research in this area (Smith et al., 2009). These RSNs can 

be identified in a single resting fM R I dataset as each netw ork has distinct tem poral 

characteristics (Beckmann e t al., 2005). Studying resting state networks has also led to  

some promising results for clinicians as activation during the resting state can provide  

inform ation on a num ber of disease states such as Alzheim er's Disease (Greicius et al., 

2004), schizophrenia (Tang e t al., 2012), epilepsy (McGill e t al., 2012) and M ultip le  

Sclerosis (Rocca e t al., 2012). However, the observation th a t RSNs have been observed 

w hen the subject is asleep (Fukunaga et al., 2006) and even under anesthesia (Vincent 

et al., 2007) has highlighted th e  issue of reverse inference: th a t is, although a certain 

brain region may be activated as a result of a cognitive process, activation of that 

region does not always mean th a t the  cognitive process is taking place (Poldrack, 

2006). Nevertheless, the  extent of spatial overlap betw een RSNs and task-evoked
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BOLD responses has provided insights into the functional architecture of the brain and 

warrants further investigation.

5.1.3. Resting State Networks

One of the most studied RSNs is the Default Mode Network (DMN). This network is 

composed of the posterior cingulate cortex, ventral medial prefrontal cortex and the 

inferior parietal lobule (Buckner et al., 2008). These regions commonly become active 

during resting states when subjects are not focusing on the external environment and 

are deactivated during explicit tasks (Buckner et al., 2005; Raichle et al., 2001). Much 

of the research that followed suggested that the DMN is typically involved in self- 

referential cognitive processes, such as autobiographical memory and self-judgments, 

and this network deactivates when tasks that are focused not on the self but on 

external stimuli are required to be performed. A number of other RSNs have since 

been identified which overlap task-induced activation patterns related to visual, 

motor, auditory, memory and other cognitive processes (Damoiseaux et al., 2006).

5.1.4. Resting State Networl<s and Functional Connectivity

Functional connectivity within regions that make up the DMN can moderate and 

monitor cognitive performance (Uddin et al., 2009). Accordingly, differences in 

functional connectivity within DMN regions can account for differences in performance 

on certain cognitive tasks (Esposito et al., 2009; Mennes et al., 2010). For example, 

using voxel-matched regression, Mennes and colleagues (2010) demonstrated that
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individual di fferences in task- induced BOLD activation w e r e  predic ted  by positive 

resting s t a t e  functional  connect ivity with t h e  task-posi tive ne tw ork  as well as negat ive 

connectivi ty  with t h e  defaul t  m o d e  network.  It has also been  no ted  t h a t  individual 

d i fferences  in cogni tion can, a t  least  in part ,  be predic ted  by t h e  ex t en t  of RSN 

e n g a g e m e n t .  This is m o s t  no tab le  in clinical populat ions,  w h e r e  a l tera t ions  in t h e  

connectivi ty  and ac t ivat ion/deact ivat ion of certain networks  are  associa ted  wi th a 

myriad of neuropsychological  disorders.  Aut ism Spec t rum disorders  (Wiggins e t  al., 

2011) , schizophrenia (Tang e t  al., 2012) and  At tent ion Deficit-Hyperactivity Disorder 

(Sun e t  al., 2012) have all bee n  linked with abn or mal  organizat ion of RSNs. Alzheimer's  

Disease an d  individuals with Mild Cognitive Impai rmen t  (MCI) have also b ee n  show n to  

possess  a l t er ed  resting s t a t e  ne tw or ks  (Rombouts  e t  al., 2005). These s tudies  provide 

us wi th ev idence  to  suggest  t h a t  d if ferences  in t h e  e n g a g e m e n t  of RSNs in both  

heal thy and  clinical popula t ions  can be associa ted  with and even predict  di fferences in 

task p e r fo rm an ce  (Gordon e t  al., 2012).

5.1.5. Resting State Networks and Cognition

The close spatial co r re s p o n d en c e  b e t w e e n  t h e  activation or deact ivation pat te rns  

elicited by task  d e m a n d s  and functional  connect ivity pa t t e rns  depic ted  dur ing t h e  

resting s t a t e  suggests t h a t  RSNs may be enl is ted or res tr ic ted  dep e n d in g  on task 

d e m a n d s  (Gordon e t  al., 2012).  These  observat ions  en d o r s e  t h e  idea t h a t  RSNs s u b 

serve a range of dist inct  cognitive processes .  Som e networks  are  easily identifiable as 

serving sensory  funct ions,  such as an audi tory  networ k an d a so m a to s en s o ry  network

(Beckmann e t  a!., 2005),  while o th e r  networks  serve  h igher-order  cognitive functions,
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such as t h e  se t  m a in ten an ce  networl< and t h e  f ronto-parietal  execut ive  control 

netw/ork (Dosenbach e t  al., 2007).

Cognitive tasks  w/hich are  m o re  complex in na tu re  and  require  a n u m b e r  of  modes  of 

s imul taneous  informat ion process ing may call upon a n u m b e r  of RSNs, each  of which 

provides  a specific cognitive process  (Gordon e t  al., 2012).  There  is s o m e  ev idence  of a 

di rect  rela t ionship b e tw e en  t h e  deg r ee  of connect ivity within t h e  DMN and 

p e r fo rm an ce  on m e m o ry  tasks  (Gordon e t  al., 2012; Sala-Llonch e t  al., 2012).  Working 

m e m o ry  in par ticular  is a complex cognitive functions  which requires maintain ing and 

manipula t ing information in t h e  shor t  t e rm  while coping with stimuli des igned to  act as 

dist ractors.  A n u m b e r  of cognitive processes  are  involved in t h e  successful comple: ion 

of working m em o ry  tasks,  including visual a t t ent ion,  supervision of stimuli,  updat ing 

n ew  information and discarding t arge t s  which have b ec o m e  i rrelevant as t h e  task 

mov es  on.

Tasks t h a t  involve executive functioning are  also complex and require  a n u m b e '  of 

s im ul taneous  cognitive processes  in o r d e r  to  be  successfully carried out .  A commonly 

used execut ive function task is t h e  S t roop  task,  descr ibed in Chap ter  4. To briefly 

recap,  t h e  St roop task has t ak en  a var ie ty of  formulat ions  since its initial publication in 

1935 (MacLeod,  1991),  bu t  in e s se n ce  t h e  task examines  t h e  St roop Effect, wi ich  

refers  to  a per son 's  react ion t im e  to  a par ticular  st imulus.  The stimuli in ques t ion  are  

colour w ords  (i.e. red, yellow, g re en  etc) pr in ted  in a colour t h a t  contradic ts  t h e  word 

itself (e.g. t h e  word  "red"  pr in ted  in b lue ink). Subjects typically r e sp o n d  slower to  

t h e s e  inco ngruen t  stimuli in com par i son  to  congruen t  stimuli w h e r e  t h e  colour  w o 'd  is
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pr in ted  in t h e  co r responding colour  ink. This is b ecause  reading is an a u t o m a t e d  

process  for much of t h e  popula t ion,  t h e re fo re  th e  sem an t i c  m ean ing  of  a word is 

automat ica l ly  processed,  bu t  conscient iously checking and  identifying t h e  colour  of t h e  

ink m u s t  overr ide this automat ic i ty  in o rd e r  for t h e  task to  be  correctly executed.  

Therefore ,  complet ing t h e  St roop task requires  a n u m b e r  of cognitive functions  to  

occur  in t a n d e m ,  including select ive a t t en t ion ,  dual processing,  process ing sp ee d  and 

cogni tive flexibility. The cognitive processes  involved in t h e  St roop task ar e  likely s u b 

served  by multiple RSNs t h a t  incorporate  a n u m b er  of brain regions.  Regions typically 

ac t iva ted  during t h e  St roop task,  including th e  ante r ior  cingulate cor tex  and parietal  

regions may be  par t  of a Set  M ain ten an ce  network  as well as a Fronto-par ie tal  Control 

ne twork .  However,  to  our  knowledge t h e  iCNs engaged  dur ing t h e  St roop task has no t  

b ee n  previously invest igated.

A re cen t  s tudy by Gordon e t  al (2012) inves tigated t h e  hypothes is  t h a t  a working 

m e m o ry  task-evoked pat te rn  of brain activation would  co r re spond  to  t h e  e n g a g e m e n t  

of  mul tiple ICNs d e t ec t e d  during t h e  resting s ta te .  In t h e  p re s e n t  s tudy w e  have 

ex p a n d e d  upon t h e  work of Gordon and  col leagues by harness ing thei r  novel spatial 

mul tiple regression te ch n iq u e  to  c o m p ar e  activation p a t t e r n s  obser ved  during an 

execut ive  funct ion task (in t h e  place of a working m e m o r y  paradigm utilized in Gordon 

e t  al 's s tudy) wi th subject-level ICNs ex t rac ted  f rom In d e p en d en t  C o m p o n e n t  Analysis 

(ICA) of  t h e  resting s ta te .  The cu r rent  s tudy invest igates t h e  hypothes is  t h a t  t h e  task- 

evoked  pat te rn  of activation would  spatially co r re spo nd  to  subject-level ICNs which 

e n c o m p a s s  regions known be involved in execut ion of t h e  St roop task.  We also
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investigated the  possibility th a t the  degree of engagem ent of networks involved in the  

Stroop task m ay predict individual perform ance on tha t task.

5.2. Methods 

5.2.1. Participants

21 healthy older participants (12 fem ale) aged 55-75 years (m ean = 64.19, SD = 5.84) 

w ere included in the current study. All participants had undergone neuroim aging as 

part of the SAGE study.

5.2.2. Independent Matched Group

W e also incorporate an independent matched group w ith which w e determ ine a 

num ber of ICNs tha t would be investigated. The purpose of the independent group 

was to  confirm  the reproducibility o f RSNs across subjects and across testing sessions.

This independent group was composed o f 22 healthy older subjects, 17 o f w hom  w ere  

fem ale, age 57-85 years (m ean = 62.5 , SD = 6.63). These participants had undergone a 

resting state scan identical to  the  scan used in the present study.

i
iI
i
1
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5.2.3. Scanning Protocol

Imaging data was acquired using a Philips InteraAchieva 3.0 T MR system. A high 

resolution structural scan, functional imaging during the resting state scan and finally  

functional imaging during the Stroop task was acquired for each subject.

For the resting state scans, subjects w ere scanned for 7 m inutes while lying awake and 

fixating on a red cross. Participants w ere told to  relax during the scanning session and 

not to  focus the ir thoughts on anything in particular. 210  whole-brain images w ere  

acquired using a T2*-w e ig h ted  gradient echo pulse sequence w ith voxel dimensions of 

3.5 X 3.5 X 3.55 m m. TR = 2000m s and TE = 30ms. 39 slices w ith a slice gap of 0 .355  mm  

w ere acquired in ascending order from  inferior to  superior direction.

Participants w ere then scanned while com pleting a m odified version of the  

Conventional Stroop task. This procedure is described in detail in Section 4 .2.5.

5.2.4. Data Analysis

Data w ere processed in AFNI (afn i.n im h.nih .gov/afn i). For the Stroop data, the  origin of 

the  data w ere realigned to  centre and corrected for obliqueness. Images w ere then  

corrected for tim e shift. The fM R I task runs w ere then concatenated into one and 

m otion corrected to  the first volum e. Spatial sm oothing was carried out using a 

Gaussian kernel w ith fu ll-w idth  at half-m axim um  (FW H M ) of 6m m . Global scaling was 

applied and an EPI brain mask was generated.
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For the  resting data, data w ere  re-aligned, corrected for tim e shift and m otion as 

above. Spatial smoothing was also the  same. Norm alization of the resting state data to  

M N I space was then carried out using a 12 param eter affine transform ation.

Any participant who scored low er than 25% correct on the incongruent trials in a run 

of the  task had th a t particular run rem oved from  subsequent analyses. This was done  

in order to  ensure tha t all participants perform ed better than chance in all runs. 

Consequently, four of the  tw en ty-o n e  participants had 3 com plete runs included in the  

analyses; one because a tim ing error allowed only 3 runs to be adm inistered and 3 

because of poor perform ance on one of the four runs. In order to  identify the regions 

activated during the  Stroop task, a general linear model (GLM) analysis was conducted  

in AFNI. Two regressors of interest w ere  included to  model the  variance due to  the  

incongruent trials com pared to  congruent trials and the resting trials. These tw o  

regressors m odeled the m ean BOLD signal change from  the congruent trials, or 

baseline task activation. In o ther words, the  transient hem odynam ic changes evoked  

by the  incongruent colour words w ere evaluated relative to  the responses 

corresponding to  the congruent colour words (Leung et al., 2000).

5.2.5. Group-level ICNs

in order to  identify ICNs present in older healthy subjects, a group tem p la te  was 

created using data from  an independent study. The 220 tim e  points of preprocessed  

resting state data from  each of the 22 subjects w ere  tem porally  concatenated across
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subjects to create a single data set. Using the MELODIC toolbox in FSL (Centre for 

Functional Magnetic Resonance Imaging of the Brain, University of Oxford, London, 

UK) Independent Components Analysis (ICA) w a s  carried out on the dataset. The ICA 

algorithm was pre-set to return 20 independent components, a number which has 

been shown to segment the brain into recognizable networks (Abou-Elseoud et al., 

2010). The ICA depicted 20 components in the form of 20 three-dimensional Z-score 

images, where the Z-score in each voxel represents the extent of co-variation with the 

rest of the network. Components in which areas of maximal co-variation were non

neuronal (e.g. CSF or effects of head motion) were identified and excluded from any 

further analysis. The remaining components were subsequently inspected for 

similarities to known brain networks and 13 separate networks were identified (see 

Figure 5.1).

5.2.6. Subject-level ICNs

With the individual subjects who had completed both resting state scans and the 

Stroop task, ICA was performed as before in order to identify discernible networks 

within each subject. The algorithm was again set to return 20 independent 

components. It was presumed that the ICA analysis on the individual level would 

identify each subject's version of the ICNs that were identified at the independent 

group level as described in Section 5.2.5.

In order to identify which group-level network best matched each subject-level 

network, all unthresholded group-level networks were spatially correlated against all
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un th resh o ld ed  subject-level ne tworks .  This p ro cedure  involved several  s teps .  First, we 

applied  t h e  3 d M ask d u m p  c o m m a n d  in AFNI to  each of t h e  20 ex t r ac t ed  ne tworks  for 

each of t h e  t w en ty -o n e  subjects.  This ex t rac ted  t h e  Z-scores of  t h e  subject-level 

ne twork  in each voxel. W e  appl ied  t h e  s a m e  c o m m a n d  to  t h e  13 identifiable networks  

ex t rac ted  f rom t h e  group-level analysis.  For each individual subject ,  t h e  20 ext rac ted  

networks  w e r e  spatially co rre l a t ed  agains t  t h e  13 group-level ne tworks  using a 

Pearson 's  correlat ion  in SPSS. The group- level  ne twork  with t h e  mos t  significant "r" 

value  was  recognised to  be  t h e  group ne tw ork  t h a t  explained t h e  g re a t e s t  var iance in 

t h e  individual network.  This group- level  ne tw or k was  cons idered t h e  bes t  spatial 

match for t h a t  individual ne tw ork  and t h e  individual network  was  cons idered to  be 

t h a t  subject ' s  version of  t h a t  par t icular  g roup network.  Individual ne twork s  w e re  

d e t e r m in e d  to  have no group- level  equiva lent  if t hey  did not  match any group-level 

ne two rk  with an r value of g re a t e r  than  0.1 (Gordon e t  al., 2012).  These  networks  with 

no match a t  t h e  group level w e r e  no t  included in any su b s e q u e n t  analyses.
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Figure 5.1: 13 RS netw orks identified by ICA. The ICA algorithm was se t  to  re turn  20 
netw orks, and th e se  13 w ere  visually identified as co h e ren t  networks. The remaining 7 
netw orks w e re  discarded as they  w ere  d e te rm in ed  to  re p re sen t  non-neuronal noise. 
The RSN m aps  are th resho lded  a t Z = 3.08, corresponding  to  a voxelwise probability of 
inclusion in th e  netw ork  of 99.9%.
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study Group

Individual ICAGroup ICA

Independent Group

Correlation

20 Independent 
Component Network 

p»r sublect

13 Independent 
Component Networks

Each subject's version of (up to) 
13 ICNs from Group ICA analysis

Figure 5.2: Schem atic d iagram  o f th e  steps involved in d eterm in ing  w hich group -leve l 
n e tw o rk  best m atched  each subject's ind ividual-level n etw ork .
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Independent Group ICA Network Number
ID 1 2 3 4 5 6 7 8 9 10 11 12 13 Total
s1 / / / / / / / / / / / / / 13
s2 / A X / / / y / / X / X / 10
s3 / / / / / / / / / X / / X 11
s4 / / / / / / / / / / / / / 13
s5 / / / / / / / / / / / X / 12
s6 / / / / / / / / / / / / X 12
s7 / / / / / / / / / / / / / 12
s8 / / / / / X / / / / / / / 12
s9 / / / / / / / / / / / / / 13

s10 / / / / / / / / X / / / X 10
s11 / / / / / / / / / X / / X 11
s12 / / / / / / X X / X / / / 9
s13 / / / / / / / / / / / / / 12
s14 / / / / / / / / X / / / X 11
s15 / / / / / / / / X / / / / 12
s16 / / / / / / / X / / / / / 11
s17 / A X / / / / X / / / X / 9
s18 / / / / / / / / / / / / X 11
s19 / / / / / / / / X / / / / 11
s20 / / / / / / X / / / / / / 12
s21 / / / ✓ / / / / X / / / / 11

Total 21 18 15 21 21 21 20 19 16 17 21 18 15

Table 5.1: Data describing how  many ICNs on the  indiv idual level m atched ICNs depicted by the 
Independent Group ICA

5.2.7. ICNs Engaged During The Stroop Task

To explain the  spatial pattern of each subject's unthresholded task-activation map as a

linear com bination o f th a t subject's unthresholded ICN maps as derived from  ICA,

spatial m ultip le regression analysis was conducted. The Z-scores of each individual

subject's incongruent activation netw ork w ere extracted w ithin every voxel in the

brain and used as a regressor against th a t subject's previously determ ined ICNs, as

with th e  spatial correlation procedure described earlier. Only the individual-level

networks th a t w ere determ ined as valid according to  the  spatial correlation procedure

described above w ere  used as regressors, m eaning tha t d ifferent subjects could have

d ifferent num bers of regressors. The regression analysis provided p values fo r each ICN

in each subject, which indicated the extent to  which the spatial pattern of tha t
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particular ICN explained the  spatial pattern of task activation — in other words, the  

degree to  which th a t particular netw ork was active w hen incongruent stimuli were  

presented during the  Stroop task for th a t subject. O ne-sam ple t-tests w ere conducted  

for the  beta values in each netw ork  in order to  identify which RSN networks were  

activated during presentation o f incongruent stimuli in the  Stroop task across subjects.

Stroop Data Resting Data

Spatial Multiple Regression

ICNs Engaged During Stroop Task

Extract Z scores from 
each subject's version 

of (up to) 13 group- 
level ICNs

Extract Z scores for 
activation within each 
voxel for every subject

P values indicate the extent to which the spatial pattern 
of each ICN explains the spatial pattern of Stroop task 

activation

Figure 5.3; Schematic diagram of steps involved in determ ining which ICNs were engaged 
during the Stroop task
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5.2.8. Stroop Performance and ICNs

Both mean reaction time to incongruent stimuli and the mean difference in reaction 

time to incongruent and congruent stimuli (i.e. the Stroop Effect) were calculated for 

all subjects. We correlated these reaction times to the beta values for the ICNs that 

had been determined as being active when incongruent stimuli were presented during 

the Stroop task in order to investigate if the activation of these networks was related 

to task performance.

5.3. Results

5.3.1. Stroop behaviour

Participants showed both higher levels of accuracy and faster response times to 

congruent stimuli compared to incongruent stimuli. Mean accuracy in the congruent 

condition was near ceiling, at 95.97% with an SD of 2.43%. For the incongruent 

condition, accuracy was reduced to 74.43% with SD = 14.95%. Reaction time for the 

congruent condition had a mean of 0.744s, SD = 0.052s, whereas for the incongruent 

stimuli the mean reaction time was 1.123s, SD = 0.096. These results are consistent 

with previous literature on the Stroop Effect, which consistently shows that 

participants respond both faster and more accurately to congruent stimuli than to 

incongruent stimuli (MacLeod, 1991; Milham et al., 2002).
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Figure 4 .10  in Section 4 .5 .3  shows activation maps fo r the  incongruent condition at the  

group level. This pattern o f activation includes the dorsal anterior cingulate cortex, the  

inferior frontal gyrus and the  dorsolateral prefrontal cortex. This pattern  of activation  

is consistent w ith previous literature  (Banich et al., 2000; Fan et al., 2003; Langenecker 

e t al., 2004).

5.3 .2 .Group-Level ICNs

ICA of all subjects' resting state data delineated 20 spatial networks. Seven networks 

w ere discarded as e ither deriving from  non-neuronal sources or depicting no known or 

identifiable spatial neuronal netw ork. The rem aining 13 networks w ere visually 

inspected and labeled according to  sim ilarity to  previously described networks. These 

13 networks included a Language netw ork, a Right Fronto-Parietal Control network, a 

Posterior Cingulate netw ork, a Default M ode N etw ork  com prised of mostly anterior 

with some posterior activation also, a separate Posterior Default M ode Netw ork, a Set 

M aintenance netw ork, a Dorsal-Attention netw ork (Fox et al., 2006), a Sensori-m otor 

netw ork, a Cerebellum  netw ork (Hampson et a!., 2002), tw o  distinct Visual networks, 

an Auditory netw ork, and finally a Ventral Stream netw ork.

5.3.3. Subject-Level ICNs

Spatial correlations w ere  carried out betw een each independent group ICN and each 

subject-level ICN in order to  identify the  subject-level ICN which best m atched the  

group-level ICN. Subject-level ICN matches w ere determ ined  as valid once they w ere
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above the r = 0.1 threshold. Three of the tw enty-one subjects had versions of all of the  

13 group-level ICNs. Seven subjects had 12 valid matches to  group-level networks and 

the  rennaining subjects had no few er than 9 subject-level versions of the group ICNs. 

On average, there was 11.33 out of 13 valid subject-level ICNs. The Dorsal Stream and 

Posterior Cingulate networks had fewest valid matches betw een group and individuals, 

being present in only 15 of 21 subjects (71%). The Language, Anterior D M N , Set 

M aintenance, Dorsal A ttention and Visual (2) networks w ere present in all subjects and 

the remaining 6 networks w ere all present in at least 16 out of 21 (76%).

‘•I* “

Linear
Combination

Figure 5.4: Schematic diagram of spatial multiple regression. The spatial pattern of the 
Stroop effect activation map is explained as a linear combination of group-level ICNs.
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5.3.4. ICNs Engaged During Stroop Task

Spatial m ultiple regressions w ere carried out to determ ine the spatial pattern of 

Stroop activation during incongruent trials as a linear combination of ICNs. 3 values 

w ere calculated as part of this spatial m ultiple regression. These 3 values reflected the  

spatial com patibility to  which that network was activated during the incongruent trials 

of the Stroop task. One-sample t-tests of these beta values were carried out across 

subjects for all 13 networks. Five o f these networks w ere significantly d ifferent from  

zero, namely the Dorsal A ttention network, the Sensori-motor network, a Visual 

network, Right Fronto-Parietal Control and a Posterior Default M ode network.

0 2

0.05

0.15

0.1 III
-0.1 n l6  - 

Posterior 
Cingulate

n l4 -  n20-
Visual Ventral

Stream

n l8 -  n 6 - n l - n l 7 ■
Auditory Set Language Visual

Maintenance

n l2 -
Sensori
m otor

n2 - n i l -
RFPC Dorsal

A ttention

n 3 -  n 4 - n l3 -
PDMN DMN Cerebellum

Figure 5.5; Average P values across subjects for each network, as derived from spatial 
multiple regression analysis comparing subject-level ICNs with subject-level activation maps 
during the Stroop task. *Values from zero were significantly different (p < 0.05).



5.3.5. Comparison of ICN Activation with Task Performance

The 3 values for each of the 5 valid networks, which w ere  calculated in the spatial 

m ultiple regression analysis, w ere  correlated against three measures of task 

perform ance; percentage of incongruent Stroop stimuli correctly identified, mean RT 

to  incongruent stimuli and the Stroop Effect, i.e. the mean difference in RT betw een  

congruent and incongruent stimuli. Activation in none o f the  five networks was able to  

predict perform ance on the Stroop task in any of the  three  measures of perform ance.

Stroop
perfonnance

RT Incongruent 
Condition

Stroop Effect

N3 - Posterior DMN p = 0.078 p = 0.506 p = 0.699

N 17-V isual p = 0.209 p = 0.268 p = 0.337

N12 - Sensorimotor p = 0.493 p = 0.63 p = 0.906

N2 - RFPC p = 0.775 p = 0.506 p = 0.699

N i l -  Dorsal Attention p = 0.501 p = 0.291 p = 0.182
Table 5.2: Results o f the spatial m ultip le regression analysis comparing the 5 
significant ICNs on the subject-level w ith  subject-level performance on the Stroop 
task.

5.4. Discussion

5.4.1. Principal Findings

Through the  use of spatial m ultiple regression, th e  present study found th a t intrinsic 

connectivity networks (ICNs), depicted during resting state scans of an independent 

group o f subjects, spatially correspond to the patterns of activation elicited during a
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Stroop task. The ICA algorithm  was pre-set to return 20 com ponents because this 

model order has previously been shown to  display visually identifiable networks  

(Abou-Elseoud et al., 2010), and 13 of these ICNs w ere  considered as plausible 

functional resting networks uncontam inated by CSF or head m ovem ent. O f these 13 

ICNs, the patterns of activation during the  Stroop task w ere best m atched to  the  

Dorsal A ttention netw ork, the Sensori-m otor network, a Visual netw ork. Right Fronto

parietal Control and a Posterior Default M ode netw ork. The activation of these ICNs 

was not associated with perform ance on the  Stroop task.

5.4.2. Stroop Activation

The patterns of activation during the Stroop task w ere  broadly in line w ith  w hat has

been reported in previous literature. In the current study, patterns of activation during

the  incongruent condition show activation in the anterior cingulate, the left and right

inferior frontal gyrus, the left and right putam en, the precuneus and the left and right

inferior parietal lobule. The anterior cingulate cortex is known to be involved in

m onitoring conflict betw een stimulus dimensions (Fan et al., 2003). The Stroop task is

one of the  most w idely studied examples of a task th a t has inherent stimulus conflict,

and the  anterior cingulate cortex has been consistently shown to  activate during the

Stroop task. Bush et al describe the  dorsal cognitive division of the ACC as being

heavily involved in a variety of functions, including m odulation o f attention  or

executive functions by influencing sensory or response selection, or both; m onitoring

com petition, complex m otor control, m otivation, error detection and working

m em ory; and anticipation of cognitively dem anding tasks. Activation of the  anterior
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cingulate cortex during the Stroop task supports the  hypothesis th a t it is recruited to  

m ediate response selection or allocate attentiona! resources when confronted w ith  

com peting inform ation-processing streams (Bush et al., 1998).

O ther areas activated during Stroop task include inferior frontal, dorsolateral 

prefrontal regions (precuneus) and m id-tem poral regions (putam en). Activation of the  

inferior frontal gyrus during Stoop perform ance is often m ore pronounced in older 

subjects, indicative of recruitm ent to aid w ith  perform ance of the task (Langenecker et 

al., 2004). These regions have been linked to  inhibition, w ith the  suggestion tha t 

successful inhibition in older subjects is associated w ith m ore activation in inferior 

frontal gyri. Lesions studies of the dorsolateral prefrontal regions specifically have 

shown increased Stroop interference, indicating the  im portance of this particular 

frontal region in successful Stroop com pletion (Perret, 1974).

5.4.3. ICN Engagement

W e have dem onstrated, like Gordon e t al. th a t observed patterns of activation elicited  

by the  Stroop task can be broken down in term s of ICNs. The spatial correspondence of 

functional networks observed during a task-based design and during the  resting state  

appears to  indicate tha t the resting brain is functionally organized into coherent 

networks, and these networks are enlisted or resticted during specific cognitive tasks 

depending on task demands. The observation in the current study of the  deactivation  

of the  posterior D M N  during presentation of incongruent stimuli in the Stroop task, 

alongside activation of the Dorsal A ttention netw ork, the  Sensori-m otor network, a
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Visual ne tw o r k  and t h e  Right Fronto-Parietal  Control ne tw ork  would  a p p e a r  to  su p p o r t  

this hypothes is  of  functional  organizat ion.

The Dorsal At tent ion networ k s e e m e d  to  be m o r e  sensi tive t o  p e r f o r m a n c e  as 

m e a s u r e d  by t h e  St roop Effect t h an  t h e  o t h e r  ICNs, a l though this sensitivity w as  not  

statistically significant for  this condi tion.  This network  has  been  sh ow n  to  be  involved 

in t o p -d o w n  or ienta t ing of a t t en t ion  and select ion of behaviour  (Corbetta & Shulman,  

2002),  which fits with t h e  cognitive d e m a n d s  of t h e  St roop task.  Fronto-Parietal  

Control ne tw orks  ar e  known to  be  associa ted  with a t t ent ional  control ,  i.e. selec ting 

goal - re levant  task informat ion and suppress ing informat ion which is d is t ract ing and 

goal -i rrelevant  (Campbell  e t  al., 2012).  The e n g a g e m e n t  of a Visual ne tw o r k  is not  

surprising given t h a t  t h e  St roop task requires  visual e n g a g e m e n t  with t h e  stimuli; 

similarly, t h e  Sen sor im ot or  ne tw ork  could be expec ted  to  be  en gaged  during t h e  task 

as re spon ding to  t h e  stimuli requires  process ing of sensory  input  as well as m o to r  

coordinat ion.  The Poster ior Default  M o d e  netwo rk  was  dea ct ivat ed  by t h e  S t ro op task,  

which is cons is tent  with previous  l i te ra ture  sur rounding  t h e  DMN which detai ls  how  

this ne tw ork  general ly ac tivates dur ing per iods of undi rec ted  cogni tion,  and 

deact ivat es  w h e n  t h e r e  is an explicit cognit ive d e m a n d  p re s en t  (Buckner e t  al., 2008; 

Raichle e t  al., 2001).

It is p e r h ap s  surprising t h a t  RSNs located  in m ore  frontal  regions,  such as t h e  Set 

M ain ten an ce  network,  w e r e  no t  sh ow n  to  be  ac tivated  to  a significant level during 

incongruen t  trials of t h e  St roop task.  The Set  M ain tenance  ne tw ork  is involved in 

dist inguishing which stimuli are  re levan t  to  im m ed ia te  task d e m a n d s  while also
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m oderating task goals (Dosenbach et al., 2007; Seeley e t al., 2007). It is possible tha t 

because our participants perform ed quite well on the Stroop task (20 out of 21  

participants correctly responded to  m ore than 50%  of incongruent trials), a lack of 

error-m aking may have im pacted our ability to  identify associations with frontal 

networks (Gordon et al., 2012). Perhaps including participants w ith  a w ider range of 

cognitive abilities m ay allow  for m ore precise observations on the associations 

betw een ICN engagem ent and perform ance on specific cognitive tasks.

Our results help to  confirm  the close correspondence betw een functional organization  

of resting and task-evoked states tha t has been previously observed across studies 

(Smith et al., 2009; Gordon et al., 2012). W hile  the correspondence betw een resting- 

state networks and neural activation during the  Stroop task was not sensitive enough 

to  correspond w ith perform ance on the  Stroop task, it is possible tha t the  num ber of 

participants in the current study may have been too  small. Further investigations w ith  

larger num bers of participants m ay be required in order to  provide a m ore in-depth  

understanding of the nature of the relationship betw een RSNs and task-evoked neural 

activation.

5.4.4. Current Issues In Resting State Analysis

W e discarded 3-4 o f th e  20 ICNs because they  w ere  not visually recognisable as

spatially related networks. Perhaps these networks should have been included in

subsequent analyses fo r the sake of com pleteness. A lternatively, perhaps these

networks would have been segm ented into distinct networks had w e specified to  ICA
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algorithm to return more than 20 networks. However, we did investigate this 

possibility by changing the algorithm specifications to return 25 components and 30 

components, and the previously unidentifiable networks did not improve in clarity. 

Therefore we conclude that setting the algorithm to return 20 networks, as has been 

previously reported, is likely to be the most accurate method, and the unidentifiable 

networks were the result of noise.

An important issue raised by the myriad of studies into resting state activation is the 

implications these findings may have on how task-based fMRI results are interpreted. 

Typically, fMRI is used to investigate neural activation in the presence of a specific task. 

The changes in the BOLD response evoked during a task are contrasted with a baseline 

condition. It has been found that the DMN is easily detectable during a baseline 

condition looking at fluctuations in BOLD signal (Fox et a!., 2005) and it is entirely 

possible that other RSNs are equally detectable. It may be difficult to interpret the 

source of the BOLD activation if the neural fluctuations are correlated to the fMRI task 

design, as the fluctuations may be as a result of either the task or the resting-state 

network in the baseline condition. Alternatively, the signal may be uncorrelated to the 

task and treated simply as noise which will consequently reduce the statistical power 

of the experiment (Damoiseaux et al., 2006). Accordingly, coherent spontaneous 

fluctuations have been shown to account for a significant portion of the variability in 

event-related fMRI responses (Fox et al., 2006). A thorough understanding of the 

origins and characteristics of fluctuations at rest is of huge importance in the design 

and interpretation of a wide range of fMRI studies, both task-evoked and resting fMRI.
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5.4.5. Conclusions

The findings of the current study help to  support and extend current knowledge 

surrounding similarities betw een functional organization during resting states and 

task-evoked states. Smith et al. (2009) evaluated spatial matches at the  group level 

b etw een activation patterns obtained from  a num ber of task-evoked studies and single 

ICNs obtained from  a separate group o f 36 subjects. Gordon e t al. (2012) w ere  able to 

extend Smith's findings by dem onstrating th a t spatial matches betw een task-evoked  

activation patterns and ICNs exist w ith  individual subjects, from  which both task- 

evoked activation and ICNs w ere derived. W e have built upon Gordon's (2012) findings 

by dem onstrating the correspondence betw een ICNs on an individual level and ICN's 

w ith  an independent m atched group. Our results show th a t resting-state ICNs can be 

reproduced w ith similar groups tha t are m atched fo r age, gender and education. W e  

have also shown tha t spatial matches betw een resting and task-evoked activation  

patterns can be dem onstrated using the Stroop task, a sensitive m arker fo r sustained 

atten tion , interference and inhibition (Barkley, 1997; Langenecker e t al., 2004).
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6. Reproducibility of Resting State Networl<s

6.1. Introduction

There has recently been an increased interest in probing the nature of neural activity 

that occurs when the brain is not engaged in a specific task; i.e. w/hen the brain is "at 

rest". FMRI research has traditionally focused on activation-related designs, where 

changes in the BOLD signal are measured in response to an external task or stimulus. 

These fluctuations in BOLD signals are usually compared to a baseline condition, and so 

the relative fluctuations can be determined as resulting from the specific processes 

under investigation. Such activation paradigms inherently assume that spontaneous 

modulation of the BOLD signal that cannot be explained by the task is a random noise 

signal that can be averaged out of the analysis. However, this inherently assumes that 

while the brain is not actively engaged with a task, it is "resting" or no longer switched 

on in order to engage in specific processes. However, spontaneous neuronal activity is 

constantly ongoing, with or w ithout the presence of an explicit task.

6.1.1. Neural Activation at Rest

Studies utilizing positron emission topography (PET) data have shown temporally 

stable patterns of glucose uptake in both cortical and subcortical regions during the 

resting state (Tyler et al., 1988). Analyses of electroencephalography data have 

demonstrated temporally correlated regions of activity during the resting state (Laufs 

et al., 2003; Tucker, Roth, & Bair, 1986). FMRI techniques have been harnessed in
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order to  aid the  em erging body of literature tha t aims to  uncover the nature of neural 

activation w/hile the brain is at rest. Low-frequency fluctuations of betw een 0 .01  and 

0 .1  Hz have been shown to  spatially correspond to  activation patterns evoked during  

certain tasks. The functional significance of low -frequency fluctuations was first 

observed by Biswal and colleagues, in a study w here  participants w ere asked not to  

perform  any overt m otor, language or cognitive tasks. A seed region in the  left 

som atosensory cortex was identified during a block design fM R I task w here  

participants perform ed bilateral finger tapping. Once the correlation betw een the  

BOLD tim e series of this seed region and all other areas of the  brain was ascertained, it 

was found th a t the  left som atosensory cortex was highly correlated w ith the  

corresponding regions of the contralateral hem isphere (Biswal et al., 1995). Later 

studies confirm ed the  concom itance of spontaneous fluctuations and functional 

networks engaged by the  brain during explicit tasks (Beckman et al., 2005; De Luca et 

al, 2006; Smith et al., 2009).

6.1.2 Identification of Resting State Networl<s

A num ber o f o ther functionally connected networks, or resting state networks (RSNs)

have been identified in the past 2 decades. For exam ple, the  Default M ode N etw ork

which incorporates the posterior and anterior cingulate cortices, medial prefrontal

cortex, lateral parietal cortex and medial tem poral lobe has been the subject of much

investigation and has been consistently found in resting state studies (Buckner e t al.,

2008). A visual netw ork encompassing a large proportion o f the  occipital cortex has

been reliably reproduced in a num ber of studies (Beckmann et al., 2005; De Luca,

129



Beckmann, De Stefano,  M at thew s ,  & Smith,  2006;  Yeo e t  al., 2011).  A language 

n etwor k (Tomasi & Volkow, 2012) and an audi tory  netwo rk  (Smith e t  al., 2009) have 

b een  depic ted ,  as well as a n u m b e r  of networks  involved in a t t en t ion  and  execut ive 

control .  The f ronto-parietal  control  ne twor k is bel ieved to  be  involved in decis ion

making processes  and incorpora tes  regions of t h e  lateral prefrontal  cor tex  as well as 

t h e  inferior parietal  lobule (Vincent e t  al., 2008).  The dorsal a t t en t ion  network involves 

t h e  int rapar ie ta l  sulcus and t h e  junct ion of  t h e  precentra l  and super ior  frontal  sulcus in 

both  hem isp h e re s  and is involved in to p -d o w n  information processing,  while t h e  

ventra l  a t t en t ion  network  is co m p o s e d  of t h e  right t em pora l  parietal  junct ion and t h e  

right ventra l  fronta l cor tex an d is involved in t h e  de tec t ion of salient t a rge t s  during 

a t t en t ion  tasks  (Fox e t  al., 2006).  The ne twork s  descr ibed ab ove  r e p re sen t  a sample  of 

t h e  functionally con nec ted  ne tw orks  t h a t  have b een  uncovered  in t h e  cour se  of resting 

s ta te  research t o  date.

it has recent ly  been  shown t h a t  analysis of RSN data  uncovers  a language network  th a t  

includes no t  only Broca's area in t h e  inferior frontal  cor tex  and Wernicke 's  area  in t h e  

super ior  t em p o ra l  cortex,  b u t  ext en ds  t o  prefrontal ,  t em pora l  and parietal  regions 

(Tomasi & Volkow, 2012). This s tudy a lone exempl if ies t h e  weal th  of informat ion 

regarding t h e  functional  connect ivity of neural  ne twor ks  t h a t  can be un covered  with 

t h e  help of resting s t a t e  data.  That  such a wea l th  of informat ion can be  g lean ed from a 

shor t  (<10 minute)  scan may  have promising implications for d iagnostic or 

investigative s tudies  t h a t  wish to  utilize neuro imaging p ro cedure s  with clinical 

populat ions,  s o m e  of w h o m  m ay  find long per iods in t h e  scanne r  difficult t o  to lera te .
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The exten t of literature on the  resting state and RSNs which has em erged in recent 

years suggests th a t spontaneous neural activity is fa r from  random  and is in fact 

organised in such a specific way tha t there  is a clear spatial correspondence between  

functional systems exposed by both task-based and task-free (i.e. resting state) 

studies.

6.1.3. Resting State Data and Independent Component Analysis

A variety  of approaches have been used to  analyse RS-fMRI data. Two of the  most 

com m on techniques are ICA and seed-based analysis. ICA is a m athem atical technique  

tha t separates a set of signals into a num ber of independent com ponents. This 

approach assumes tha t the data are a linear com bination of statistically independent 

signal sources (Rosazza et al., 2012). The statistical approach used by ICA gives superior 

results in term s of separation of com ponents when com pared to  Principal Com ponent 

Analysis (PCA). PCA gives greater weight to  orthgonality and source variance th a t leads 

to  activation maps tha t are not easily in terpreted, w hile ICA employs higher-order 

statistics which lead to a better separation of artifacts and activity com ponents  

(Rosazza et al., 2012). ICA is thus used extensively in RS-fMRI research. ICA extracts 

statistically independent spatial maps and the  tim e courses associated w ith them  

(M cKeown et al., 1998). The tim e courses of each spatial mode are not tim e- 

independent w ith each other.

Analysis of resting state MRI using Independent com ponent analysis (ICA) has 

successfully depicted functional connectivity networks which are comprised of
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patterns of tem porally  correlated regions of neural activation. In a large scale study 

investigating the  correspondence betw een functional architecture during activation  

and rest, Smith e t al (2009) em ployed ICA to  extract and illustrate 10 m ajor co-varying 

networks in the human brain from  36 subjects imaged w ith fM R I at rest and 

dem onstrated the  close correspondence of these networks w ith functional activation  

networks depicted during task-based analyses involving alm ost 30 ,000  independent 

datasets acquired via BrainM ap (P. T. Fox & Lancaster, 2002), a sizeable database of 

fM RI and PET brain activation studies. The 10 com ponents closely m atched task- 

evoked activation maps, and represented visual networks, the  default mode network, 

a cerebellum  netw ork, the sensorim otor network, an auditory netw ork encompassing  

the  superior tem poral gyrus, the  posterior insula and Heschl's gyrus, an executive 

control netw ork which includes a num ber of m edial-frontal areas and tw o  lateralized  

fronto -parie ta l networks. This investigation suggests th a t activation networks are 

m irrored in resting state data across a num ber o f RSNs. ICA has also identified  

networks which correspond to  physiological processes, for exam ple respiratory  

activity, as well as noise caused by imaging artefacts (Birn, M urphy, & Bandettini, 

2008).

6.1.4. Resting State Data and Seed Based Analysis

Seed-based analysis relies on th e  selection of a seed region of interest (ROI), and the

average signal intensity from  this ROI is com pared to  tha t of all o ther voxels in the

brain. This is regarded as one o f the  most straightforward techniques for identifying

spatial patterns of coherent BOLD activity, or functional connectivity (Fox & Raichle,
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2007). The seed-based approach is simple, sensitive and easy to  in terpret, and as such 

has been w idely  used in a num ber of studies (Cordes et al., 2000; Fox et al., 2005; Fox 

et al., 2006; Fransson, 2005).

6.1.5. Stability of Resting State Networks

The stability o f brain networks over tim e is an issue th a t has recently garnered some

attention . Levels of neural activation are variable and susceptible to  a host of factors.

FMRI studies have dem onstrated the  presence of diurnal fluctuations in brain

activation (M ay, Hasher, & Foong, 2005; Mecacci, Righi, &  Rocchetti, 2004). Individuals

have the ir own specific peak hours as well as off-peak hours during the  day (M ay,

Hasher, & Foong, 2005). This person-specific factor can influence cognitive functions

and levels of glucose m etabolism  (Buysse et al., 2004; M arek  et al., 2010). Recently,

Park et al (2012) investigated the  stability of RSNs over a 24-hour period using ICA and

seed-ROI correlation analysis w ith resting state MR! datasets. The authors found tha t

the stability of RSNs over 24 hours varied according to  the sub-netw ork involved.

W hile  certain networks retained a high level of stability over one day, o ther networks

w ere  found to  be highly dynamic and changeable. Sm all-world networks appeared to

retain high levels of tem poral stability throughout the  day, but long-range connections

th a t serve to  integrate segregated networks displayed dynam icity throughout the day.

Sub-networks of a num ber of functionally relevant RSNs, such as the  D M N , displayed

various levels of stability, the  implications of which are still subject to  speculation.

Although the  authors note a num ber of lim itations in th e ir study, such as a small

sample size and failing to  control for individual phases of circadian cycles at each
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scanning session,  t h e  results ar e  of g re at  in t ere s t  and highlight t h e  im por t ance  of 

taking t h e  t em pora l  dynamics of RSNs into considera t ion w h e n  analysing RS-fMRI.

Meindl e t  al (2010) invest igated t h e  reproducibi li ty of t h e  DMN using ICA over  t h e  

cour se  of one  w e ek  in young  hea l thy individuals. Using ICA to  depic t  t h e  DMN in each 

sub ject  and  calculating an average  DMN m ap  for each subject  and  session,  t h e  ex ten t  

of over lapping voxels in activation clus ters  en compass in g  DMN vo lumes  of in teres t  

(VOIs) was  eva luated .  The core  regions  of t h e  DMN, i.e. t h e  an ter io r  and  poster ior  

cingulate cortex,  t h e  inferior parietal  lobule bilaterally and t h e  fronta l  gyrus in both  

h em isphe re s  was  r ep ro d u ced  via ICA in all t h r e e  imaging sessions . The PCC and ACC 

w e re  t h e  regions t h a t  could be  m o s t  reliably r ep ro du ce d ,  a finding t h a t  co r re spo nds  

with t h e  critical roles played by t h e s e  regions in t h e  DMN.

Damoiseaux and colleagues (2010) have d e m o n s t r a t e d  t h e  consis tency of t en  resting 

s t a t e  networks  across  t en  young  hea l thy adul ts  using t e n s o r  probabilist ic ICA. A no ther  

s tudy has  show n ho w  RSNs can be d e t e c t e d  across imaging sessions , using over  1,400 

d a t a s e t s  f rom 35 i n d e p e n d e n t  studies.  The m e an  age  of t h e  par t ic ipants in this large- 

scale s tudy was  <60 years,  and t h e  au tho rs  inco rpora ted  t h r e e  dist inct  analysis 

m e th o d s :  s eed -b ased  functional  connect ivity,  ICA and f r eq uen cy-d om ai n  analysis 

(Biswal e t  al., 2010).  A re cen t  s tudy by Chou and  colleagues fo und  t h a t  nodes  of  t h e  

DMN could be r ep ro d u ced  in 6 young hea l thy adul ts  af te r  t h e  cour se  of on e  year,  

d em o n s t r a t in g  an interclass correlat ion  of >0.6 for m o re  t h a n  70% of  t h e  functional  

ne tworks  u nder  scrutiny (Chou e t  al., 2012).
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Given that a number o f RSNs have consistently been identified along w ith the DMN, a 

question remains over the reproducibility of these other RSNs and in older age 

participants. If, as Meindl et al. suggest, the reproducibility o f RSNs can have 

implications fo r the development o f a successful method of distinguishing clinical 

subjects from  healthy populations, the advancement o f a method tha t can effectively 

analyse the stability o f RSNs could be a major advancement in using RSNs as a 

diagnostic method (Greicius et al., 2004).

6.1.6. The Current Study

The current study aims to  expand on the work of Meindl et al by investigating the 

reproducibility of a number o f RSNs over the course o f several weeks in older 

participants. These RSNs were depicted using ICA analysis and a dual-regression 

approach was utilized to examine the reproducibility o f the networks in question by 

investigating the differences between subjects over time. A second analysis used a 

seed-based approach to  investigate the reproducibility o f a select number of RSNs 

across subjects over tw o time-points.

6.2. Methods 

6.2.1. Participants

All subjects were part o f the SAGE Brain Training program. Details o f the resting state 

fMRI and the structural MRI scanning parameters are in Sections 2.4 and 2.5. As
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outlined in Section 4 .4 .1 , there  was no significant im pact of executive function training  

on perform ance on behavioural tasks. Additionally, there  w ere lim ited differences in 

activation patterns pre- and post-training. It is reasonable to  conclude, there fo re , that 

the training intervention had lim ited impact on neural architecture or patterns of 

activation. As such, resting state data acquired at the second tim e  point should not 

have any significant in tervention-re la ted  differences to  the resting state data acquired 

at the  first tim e point.

As m entioned, subjects w ere  scanned on tw o  separate occasions. Scans 1 and 2 w ere  

on average 13.5 ± 4 .5  weeks apart.

16 subjects had com plete datasets at both scanning tim e points. 10 of the subjects 

w ere fem ale. M ean age of all 16 subjects was 64.37  years (SD = 5.4 years).

6.2.2. ICA and Dual Regression

Dual regression allows for voxel-wise statistical analysis o f resting functional 

connectivity. Data from  both tim e points underw ent pre-processing as described in 

Section 5.3.4. Briefly, the  data w ere  corrected for tim e shift, and m otion corrected to  

the first slice. They w ere  then norm alized to  M N I space, underw ent spatial smoothing 

using a Gaussian kernel o f full-w idth-half-m axim um  (FW H M ) of 6m m , grand mean 

scaling, tem poral filtering (low  pass = 0.1, high pass = 0 .005), and linear and quadratic  

trends fo r each subject w ere  rem oved.
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The data from both time point 1 and time point 2 were combined together into a 

single group of 32 datasets and the Melodic command in FSL was applied to this group 

data in Concat-ICA mode (multi-session temporal concatenation). The concatenated 

RS-fMRI datasets underwent ICA in order to  identify separate large-scale patterns of 

functional connectivity common across all subjects. The algorithm was pre-set to 

return 20 components, as previous literature suggests this number of components to 

be optimal (Sala-Llonch et al., 2012). 8 networks were deemed to represent CSF, 

motion or other noise artifacts, while the remaining twelve networks were identified 

as coherent RSNs using visual markers. These visual markers consisted o f recognizable 

patterns o f spatial activation identified using information from  previous literature that 

delineates the composition of functional networks, such as Gordon et al (2012) and 

Chen et al (2008). The 12 coherent networks included an Anterior DMN, a Posterior 

DMN, two Visual networks, a Sensorimotor network, A Set Maintenance Network, a 

Dorsal A ttention network, a Right Fronto-Parietal Control network and an Auditory 

network (see Figure 6.1). Multi-subject design matrix and contrast files were created 

for the group using FSL's Gim (General Linear Model) program and FSL's 

dual_regression command was applied. Dual regression identifies temporal dynamics 

specific to  each subject and the associated spatial maps (Filippini et al., 2009). The 

component maps are accumulated across subjects into single 4D files and tested for 

statistically significant differences between groups. The program performs cross

subject statistics separately for each group-ICA component by running Randomise. The 

output from dual_regression contained 4D group spatial 1C maps that describe the 

differences between groups.
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Figure 6.1: Im age o f  th e  12 n e tw o rk s  e x t r a c te d  f ro m  ICA. ICN m a p s  a re  t h r e s h o ld e d  a t  
Z = 3 .08, c o r re sp o n d in g  to  a voxe lw ise  p robab i l i ty  o f  inclusion in t h e  n e tw o rk  o f  99.9%. 
The n e tw o rk s  a r e  classified as  follows: (A) = ADMN, (B) = PDMN, (C) = S e n so r im o to r ,  
(D) = Language, (E) = Dorsal A tte n t io n ,  (F) = Visual 1, (G) = Se t M a in te n a n c e ,  (H) = 
Visual 2, (I) = Visual 3, (J) = X, (K) = Right F ro n to p a r ie ta l  con tro l  a n d  (L) = Auditory.
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6.2.3. Independent Sample ICA

Previous ICA analysis yielded 13 distinct RSNs in an independent group of healthy older 

adults (see Section 5.2.2). In order to  investigate the  stability of RSNs across subjects 

and over tim e, several steps w ere involved in the  seed-based analysis approach. First, 

10 o f the  13 previously established networks w ere  chosen to  be part o f this analysis 

approach. These 10 networks are recognised to be linked w ith  attentional processes as 

well as visual and sensorim otor activity. Networks th a t appeared to  make up part or 

parts of the DM N w ere also included. The networks w ere classified as follows: an 

A nterior Default M ode netw ork, a Dorsal A ttention  netw ork, a Posterior D M N , a 

netw ork w here the posterior cingulate cortex was the  main fea tu re  (PCC netw ork), a 

Right Frontoparietal Control netw ork, a Sensorim otor netw ork, a Set M aintenance  

Netw ork, a Ventral Stream netw ork, and tw o  Visual networks. Visual networks active 

during resting state are thought to  be indicative of task perform ance (Baldassarre et 

al., 2012) and this link to  cognitive ability w arranted  the  inclusion of visual networks in 

the current analysis. As we are expanding on w ork th a t investigated the  stability of the  

DM N  over tim e, we thought it appropriate  to  concentrate on other RSNs tha t are 

im plicated in attentional processes and cognitive abilities.
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6.2.4. Peak Voxels

Peak voxels from each of these 10 networks in the independent group were selected. 2 

peak voxels from both the Dorsal Attention network and the Visual B network were 

chosen as these networks typically show bilateral patterns of activation, resulting in 12 

peaks altogether. The MNI coordinates of these peak voxels were recorded and are 

shown in Table 6.1.

Network MNI Coordinates 
(RAI)

RFPC -50, 58, 44
PCC -10, 50, 28
ADMN 50, 62, 32
Set Maintenance -10, -42, -8
Dorsal Attention LH 38, 54, 44
Dorsal Attention RH -38, 58, 40
Sensorimotor 34, 38, 56
Visual A 2, 86, -4
PDMN 10, 58, 4
Visual B LH 30, 86, 12
Visual B RH -34, 86, 12
Ventral Stream 62, 50, 0

Table 6.1:Coordinates of peak voxels used as seed regions. These seeds were selected 
from 10 networks depicted in ICA of the independent group.

6.2.5. Study Sample Pre-processing

The data from both RS-fMRI time points then underwent pre-processing as described

previously in the ICA approach, with two additional steps. Skull stripping was applied at

the pre-processing stage, and the data was motion corrected to the average of the

time series. For each subject, segmentation of the white m atter and CSF was
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perform ed using FAST. Finally, rem oval of nuisance param eters was perform ed. These 

param eters included motion param eters, the w hite  m atter signal and the  CSF signal. 

The residual signal was then acquired using SdREMLfit, dem eaned and converted to  

M N I space.

6.2.6. Seed Correlation

Several steps w ere carried out in order to  conduct the  seed correlation. First, the  co

ordinates of the  12 peak voxels obtained from  the independent sample w ere applied  

to  the resting state data of each participant in the  study sample. The tim e series was 

extracted fo r each seed in each participant's RS data. Then, a voxel-wise correlation  

w ith the  extracted tim e series was conducted. These correlations underw ent a Z- 

transform  and w ere registered to  standard M N I space. This procedure was carried out 

for all 12 seeds at both tim e points. This resulted in tw o groups of 16 Z-maps, one map 

representing one participant, fo r each of th e  12 seeds at both tim e points. A paired t- 

test was then carried out betw een the tw o  tim e-points for each of the  12 seeds.
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Figure 6.2: Schematic diagram of the steps involved in the seed correlation approach.

A t-test was performed on the group data at both time point one and time point two  

for each of the 12 networks in order to produce t-maps of network activation 

compared to baseline at both time-points. The resulting t-maps were thresholded to p 

< 0.001 and then binarized. The two binary maps related to each seed map were 

added together. This resulted in 12 binary maps, one for each seed, which were 

applied to their corresponding seed maps. This was done in order to ensure that any 

statistical differences found during the paired t-test would be confined to the voxels 

included in the RSN in question.
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6.3. Results

6.3.1. Dual Regression

Examination of the  group spatial 1C maps output from  the dual regression analysis 

revealed no statistically significant differences in any of the 12 networks betw een both 

tim e points, implying that these networks are stable and reproducible across tim e.

6.3.2. Seed Correlation

There w ere significant differences in 8 of the 12 seed correlation maps between the  

tw o  tim e points. These include those from  the D M N  left posterior, the Dorsal 

Attention network (both LH and RH) the  Posterior Cingulate Cortex, Sensorimotor, Set 

M aintenance, Visual 17 (LH and RH). These differences are shown in Figure 6.3. No 

differences were found between the tim e points for the following 4 networks: The 

Posterior D M N , Right Frontoparietal Control, Ventral Stream and Visual 14. In other 

words, these 4 networks remained stable over tim e.
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Figure 6.3: Results of seed correlation analysis, depicting difference in 8 seed 

correlation maps, (a) = Dorsal A ttention left hem isphere, (b) = Sensorimotor, (c) = 
Dorsal A ttention Right Hemisphere, (d) = DM N Left Posterior, (e) = PCC, (f) = Set 
M aintenance, (g) = Visual 17 Left Hemisphere, (h) = Visual 17 Right Hemisphere.

6.3.3. Conjunction Analysis

A conjunction analysis was conducted in AFNI in order to  investigate the extent to 

which the  12 seed correlation maps overlap w ith each other at both tim e points, and 

to  determ ine which regions appear in the seed-based correlation maps at one tim e  

point only. Figure 6 .4 shows the results o f this analysis.
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Figure 6.4: Results of the conjunction analysis of the seed correlation results. The colours 
represent the following: Blue = regions appearing on the seed correlation map during tim e  
point 1 only; Yellow = regions appearing on the seed correlation map during tim e point 2 
only; Red = regions appearing on seed correlation maps at both tim e point one and tim e  

point 2. The 12 maps depicted here refer to each seed correlation map derived from  a seed 
point chosen as the peak voxel in the independent group ICA as described in the methods  
section above. A = A D M N , B = Dorsal Attention (peak voxel taken from  left hemisphere), C = 
Dorsal A ttention (peak taken from  right hemisphere), D = PCC, E = Posterior DMN, F = Right 
Frontoparietal Control, G = Sensorimotor, H = Set Maintenance, I = Ventral Stream, J = Visual 
14, K = Visual 17 (peak voxel taken from  left hemisphere), L = Visual 17 (peak voxel taken  

from  right hemisphere).
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6.4. Discussion

6.4.1. Principal Findings

Using the dual-regression approach, we found that RSNs appear to  be reproducible 

over a number o f weeks as no significant differences were found between RSNs at 

tim e point 1 and time point 2. However, using a seed-based correlation approach RSNs 

appeared to vary in the ir stability between the two time-points.

6.4.2. Comparing Analysis Approaches

Both ICA and seed-based analysis should, in principle, give way to similar conclusions 

because both approaches are classifying the same underlying functional connectivity 

o f the data. However, both methods approach the data analysis in quite distinctive 

ways, and so there are a number o f reasons as to why the results from both 

approaches may vary considerably from each other. An example posited by Rosazza et 

al (2012) provides a succinct illustration of this issue. Consider 2 hypothetical ROIs that 

have strongly correlated BOLD signal-intensity time courses. If the ir common time- 

course corresponds to a single independent component or to the sum of a small 

number of independent components, then we can expect to  see the 2 regions co

activated on 1 or more spatial maps depicted by ICA. However, if the tim e course 

common to both ROIs reflects the combination of a large number of independent 

components, then the activation o f these 2 regions will most likely not reach statistical 

significance on an individual ICA map. Rosazza et al suggest that evaluating the degree
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to  which both approaches give rise to  similar interpretations of underlying connectivity  

is of considerable im portance.

6.4.3. Optimal Analysis Methods

There has been much discussion in recent literature  over the reproducibility of RSNs 

and the debate as to  which is the  optim al m ethod of analysing RSNs is ongoing. A 

paper by Rosazza and colleagues investigated the  correspondence of ICA and ROI- 

based m ethods, and concluded th a t w hile these disparate m ethods do manage to  

represent the  underlying connectivity, the correspondence betw een the tw o  methods  

was relatively weak (Rosazza et al., 2012). Both m ethods have inherent strengths and 

weaknesses. ICA is data-driven, and as such does not require a tem poral model of 

activation. ICA has the  ability to  autom atically  segregate sources of noise; the only 

issue here is th a t it can som etim es be difficult to  establish w hether a com ponent 

describes a genuine cortical netw ork or is simply a representation of physiological 

noise; for exam ple, cardiac pulsation or CSF signal. Decomposing RS data into a set 

num ber of com ponents can give rise to  varying results depending on the num ber of 

com ponents the  algorithm  is set to  return. The exact pattern of separation may not be 

entirely reproducible across subjects (Remes et al., 2011). Conversely, seed-based 

analysis does not have the  same issues when it comes to  interpreting the  networks  

derived from  this approach. Nevertheless, seed-based analysis does rely on a priori 

definition o f a seed region, only one netw ork  can be exam ined at a tim e and 

fluctuations in the  BOLD signal caused by non-neuronal sources can bias the results 

(F o x&  Raichle, 2007).

147



6.4.4. Im plications

The analysis and  reproducibi li ty of RSNs could have potent ial ly huge implicat ions in 

clinical set tings.  For example ,  a re cen t  s tudy found  t h a t  w h e n  co m p ar ed  to  hea l thy 

controls,  w o m e n  recover ing f rom anorexia nervosa d e m o n s t r a t e d  dysfunct ion in t h e  

DMN at  rest  (Cowdrey e t  a., 2012).  As t h e  DMN incorpora tes  regions involved in self- 

referent ial  process ing and cogni tive control ,  it is t h o u g h t  t h a t  abnormal i t ies  in t h e  

functional connect ivity dur ing t h e  resting  s t a t e  could re p re sen t  a m arke r  of 

susceptibil ity for developing anorexia nervosa .  Some recen t  pape rs  have discussed th e  

possible appl ica tions  of RS-fMRI to  condi t ions  such as Alzheimer ' s d isease,  epi lepsy 

and schizophrenia (Griecius e t  al., 2003;  Liang e t  al., 2006; Wai tes  e t  al., 2006).  Analysis 

of  t h e  DMN may  lead to  t h e  ability t o  d i fferent ia te b e tw e e n  normal  an d  pathological  

illnesses and condit ions of t h e  h u m a n  brain. It may b ec o m e  possible to  identify th o s e  

a t  risk of developing diseases  t h a t  involve intracortical disconnection such as AD, and 

t h e  ef fects of progress ion a n d / o r  t r e a t m e n t  of t h e  d isease could be m a p p e d  ov er  t ime 

using longitudinal s tudies  (Meindl e t  al., 2010).  Resting-s tate fMRI may also be t h e  only 

feasible form of functional imaging available to  impaired pat i ent s  w ho  would  n o t  be 

able t o  per form cognitive tasks  to  a sufficient level. However,  applying th e s e  

tech n iques  can only be cons ider ed  if t h e r e  is r eas on ab le  evidence  t h a t  RSNs are  

reproducible  across  subjects  as well as within subjects across  di fferent t ime points.  

RSNs have been  successfully r e p ro d u c e d  across  subjects with s o m e  minor  variat ions,  

bu t  t h e  gross n e u r o a n a t o m y  is well es tabl ished across studies.  Only t h e  Meindl s tudy 

(2010) has inves t igated  t h e  reproducibi li ty of t h e  DMN in a cohor t  of young heal thy 

subjects.  To o u r  knowledge,  no  s tudy has  yet  been carried o u t  wi th o lder  hea l thy
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subjects or, indeed, older populations with a diagnosis of dementia . This type of 

research would be critical to enhancing our knowledge of the  potential applications of 

RS analysis.

6.4.5. Limitations

The current  study had a number of limitations. First, although resting-state data was 

acquired from 16 healthy older individuals at  two  t ime points, perhaps a larger sample 

size would provide more statistical power and hence more reliable results. Second, the  

variation of t ime between  the  two scanning sessions was quite wide. This was largely 

unavoidable due to the  nature of the  SAGE study all participants were involved in; 

however , future investigations should control for this issue and aim for a consistent 

t ime period between scanning sessions. Third, we  did not control for the  effects of 

circadian rhythm in this study. Participants were scanned at different t imes in the  day 

at both t ime points, as a result of scheduling restrictions with the  scanner. Perhaps 

evaluating each subject ' s optimal phase in their circadian cycle and scheduling scans to 

correspond with that  t ime of day would be an opt ion to consider in future studies. 

Fourth, no physiologic monitoring was performed during scanning, and as such it was 

not  possible to identify signal-intensity fluctuations due to respiratory and cardiac 

activity.
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6.4.6. Outstanding Issues

There are a num ber of contentious issues in RS-fMRI analysis which are yet to be 

resolved. A num ber of pre-processing steps are usually applied to  fM R I data as a 

m atter of course in order to optim ize signal and refine the  results of the statistical 

analysis. As pointed out by M eindl et al., some of these pre-processing steps w arrant 

strong consideration when ICA is to  be subsequently applied to  the  data. ICA is able to 

detect both gradual and sudden head m ovem ents w ith o u t the  aid of any preceding 

corrections for head m otion (M cKeow n et al., 1998). Resting state scans were  

conducted for all participants a fte r structural scans had been com pleted. Participants 

would have there fo re  been in th e  scanner environm ent fo r approxim ately 10 minutes 

before RS data acquisition began, and each participant reported feeling com fortable  

and relaxed before the RS scan com m enced. This should have prevented any excessive 

m ovem ent due to  discom fort or nerves. A m otion correction algorithm  was applied to 

the resting state fM R I data and no subject had m ovem ent greater than 3m m  in any 

one direction. As the resting state data was acquired w ith  voxel sizes o f 3m m  x 3m m  x 

3.5m m , w e decided tha t any m ovem ent which did not exceed the size of the  acquired 

voxels was acceptable. It should be noted th a t the current cohort was made up of 

healthy highly m otivated older adults aged betw een 55 and 85. Studies involving old- 

old adults and clinical populations may need to  investigate the  possibility of 

incorporating m otion correction steps at the pre-processing stage to  ensure the data 

collected is o f high quality. W e also used a 6m m  FW H M  spatial filter. This higher filter 

size may have benefitted  our data as increased filte r w idth has been shown to  increase 

the  num ber of overlapping voxels w hile  keeping the  reproducibility of cluster size
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c o n s t a n t  (Rombouts  e t  al, 1998). Until a genera l  consensus  can be  reached  on t h e  

opt imal  way to  analyse da ta  based  on evidence  f rom wel l -conducted and reproducible  

studies ,  t h e  promis ing results of this cu r ren t  field of s tudy should  none the le s s  be  

in te rp re ted  wi th caut ion.

6.4.7. Global signal

W h e n  removing  nuisance  p a r am e te r s  in t h e  pre-process ing s tage,  t h e  Global Signal 

(GS) is s o m e t im e s  removed .  The GS refers to  t h e  average  t ime cour se  of t h e  whole  

brain. It has  bee n  ar g u ed  t h a t  t h e s e  global av erage  f luctuations  can lead t o  increases in 

corre la t ions  b e t w e e n  functional systems.  However ,  removing t h e  GS can lead to  t h e  

observat ion  of negat ive  correlat ions  b e t w e e n  functional  systems.  This observat ion 

may  give rise t o  d o u b t  regarding t h e  widely-recognised negative  correlat ions  b e t w e e n  

t h e  DMN and o th e r  task-posit ive networks  (Carbonell,  Bellec, & Shmuel,  2011).  The 

au tho rs  co n d u c te d  Principal C o m p o n en t  Analysis (PCA) on RS-fMRI data  and  observed  

a n e tw o r k  t h a t  was  represen ta t i ve  of t h e  GS and  so, by definition, was  un corre la ted  

with t h e  remaining co m p o n en t s .  Carbonell e t  al conclude t h a t  t h e  widely r e por t ed  

ant i -correla t ions  b e t w e e n  DMN and task-posi tive ne tworks  are  an intrinsic proper ty  of 

t h e  brain and are  n o t  t h e  result  of a GS artifact .  It is now  general ly agreed  t h a t  

removing t h e  GS should  n o t  be  a par t  of RS-fMRI pre-process ing,  and as such t h e  GS 

was  no t  re moved  in t h e  cu rrent  study.  In o rd e r  to  isolate sources  of  noise f rom t h e  

BOLD data ,  w e  re m o v ed  signals f rom t h e  CSF and  wh i te  m a t t e r  in t h e  pre-processing 

s tage  be fo re  conduc t ing ou r  seed -b ased  analysis. Such s t eps  w e r e  not  included in t h e
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pre-processing prior to commencing the ICA approach, since ICA can automatically 

isolate noise sources from the BOLD data.

6.4.8. Conclusions

Studying spontaneous brain activity could lead to greater knowledge about the nature 

of global neural mechanisms. The resting brain employs one-fifth of the body's energy, 

despite the fact that it equates to only 2% of total body mass (Raichle & Mintun, 2006). 

However, increases in brain metabolism induced by explicit tasks are typically small in 

comparison, generally consuming less than 5% of the body's energy. In order to gain a 

thorough understanding of the intricacies involved in the operations of the human 

brain, a comprehensive knowledge of the resting state that monopolizes the majority 

of the brain's energy is necessary (Fox & Raichle, 2007).
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7. Discussion

7.1. Recap and Principal Findings

The current study involved four main avenues of research. First, an investigation of the  

existing brain training literature was conducted in order to  establish the  status of the  

current research and to construct a suggested standard m ethodology by which fu ture  

research could adhere to. These suggested protocols, based on an exam ination of the  

strengths and weaknesses observed in previous brain training interventions, could 

potentially  advance the  field of cognitive research by providing a coherent 

m ethodology tha t all interventions could adhere to. This would in turn lead to  a wealth  

of research w ith com parable methodologies, som ething th a t has been lacking in the  

literature  to  date, and a m ore thorough understanding of w hat constitutes a successful 

brain training intervention could be derived. This concept is fully explored in Chapter 3.

Secondly, an investigation into the  effects of an executive function brain training

intervention study in healthy older adults was described in Chapter 4. The design of

the intervention drew  upon the strengths o f previous studies in the  area and

incorporated functional neuroim aging to  investigate the  im pact of a 6-w eek training

intervention on both behavioural measures and task-based neuronal function. The

results of this study show tha t despite reductions in functional activation during an

executive function task post-intervention, participants in the experim ental arm did not

show a significant im provem ent in th e ir perform ance of behavioural tasks. These

results indicate tha t m ore research is needed into the efficacy of brain training
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in tervent ions ,  and  highiigfits tine n ee d  to  in terpre t  t h e  results of  existing s tudies  with

caution.

Chap ter  5 examines  t h e  re la t ionship  b e t w e e n  functional ne tworks  p re s en t  during th e  

bra in' s  resting s t a t e  and  p a t t e rn s  of neural  activation elicited dur ing a specific 

cognitive task. The results of this invest igat ion revealed  t h a t  a n u m b e r  of RSNs are  

ac tivated  during an execut ive function task,  a l though t h e  deg re e  of activation for t h e se  

ne tworks  was  not  predict ive of  task pe r fo rm an ce.  This inves tigat ion has expand ed  

upon existing research (Gordon e t  al., 2012) by conf irming t h a t  a close relat ionship 

exists b e t w e e n  resting s t a t e  networ ks  and  task-evoked act ivat ion th ro ugh  t h e  use  of 

spatial multiple regression.

Finally, Chapter  6 har nesses  t w o  distinct  m e t h o d s  of RS-fMRI da ta  analysis to 

inves tigate t h e  reproducibi li ty of  RSNs across  subjects  and  across  te s t ing  sessions.  The 

results reveal t h a t  using tw o  di fferent  m e t h o d s  to  analyse RS-fMRI data  can lead to 

very d if ferent  results.  This highlights t h e  n ee d  to  be a w are  of t h e  d i spa ra te  results an 

invest igat ion into RSN reproducibi li ty may  reveal d u e  t o  d i f ferences in t h e  sensitivity 

and specificity of  d i fferent  a p p r o ach e s  t o  RS-fMRI analysis and t h e  need  to  carefully 

eva lua te  RSN pro pe r t i e s  in fu tur e  studies.
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7.2. Strengths of the Current Study

7.2.1. Adaptive Task

Individual differences in training ability may be accommodated for by the use of an 

adaptive task in the current study, which allows each individual to progress at their 

own pace in accordance with their current abilities and in line with their current levels 

of motivation (Buitenweg et a!., 2012). The importance of recognizing the implications 

of individual differences in this regard is discussed below in Section 7.4.3.

7.2.2. Active Control Group

The brain training intervention incorporated an active control group, a component of 

intervention studies that has been deemed necessary to adequately remove 

confounds such as test-retest effects, the Hawthorne effect or placebo effects. This 

concept has been explored in Section 3.9.4.

7.2.3. ICA Iterations

In Chapters 5 and 6, we conducted ICA on an independent group of subjects a number

of times in order to examine the effects of altering the model order on our data.

Consistent with previous literature, we found that increasing the number of

components beyond 20 led to the decomposition of visually identifiable networks,

while decreasing the number of components to below 20 led to the amalgamation of
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several networks within certain components and it became increasingly difficult to 

visually identify any discernable network (Abou-Elseoud et al., 2010). These 

observations lend credence to the results of previous studies involving the ICA 

approach.

7.2.4. Applying New Techniques To Original Research

The results of Chapter 5 demonstrate that low-frequency activation in the resting 

brain can be decomposed into functionally recognizable RSNs. The results also confirm 

the close spatial correspondence the functional organization of the resting brain and 

task-evoked states which has been previously observed (Gordon et a., 2012; Smith et 

al., 2009); however, the current study was able to expand on previous research by 

demonstrating the reproducibility of ICNs with a group of independent cohorts 

matched for age, gender and years of education using Pearson's correlations. Further, 

we investigated the relationship between patterns of spontaneous activity and 

patterns of neural activation evoked by an executive function task, which to the best of 

our knowledge has not before been explored in the literature.

7.2.5. Combining and Comparing Analysis Techniques

ICA has been shown to successfully isolate noise sources from the BOLD data 

(Beckman et al., 2005; Kiviniemi et al., 2003). Similarly, regressing out signals from 

regions that are most likely to have a high degree of physiological artifact relative to 

the amount of neuronal activity, such as the CSF and white matter, is also an
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acceptable method of isolating non-neuronal noise (Fox et al., 2005). ICA was 

successfully applied in Chapter 6 in the current body of work, while both ICA and the 

regressing out of CSF and white matter signals were used in Chapter 7. One alternative 

method involves removing signals that are common to all voxels, the global signal. 

Although this has been a relatively common approach (Fox et al., 2005; Macey et al., 

2004; Zarahn et al., 1997), removing the global signal has been shown to reveal 

spurious negative correlations between functional systems (Carbonell et al., 2011) and 

as such it is now recommended that alternative methods should be used to isolate 

sources of non-neuronal noise.

Although there are several approaches that can be applied to the analysis of coherent 

functional activity in the resting brain, each method has their own inherent strengths 

and weaknesses. This concept is explored further in Section 6.4.3. The combination of 

multiple techniques, as depicted in Chapter 6, along with the development of future 

analysis techniques can serve to bring about further advances in this growing field of 

neuroimaging research.

7.3. Limitations in the Current Study

7.3.1. Pre-morbid IQ

Participants in the current project were all screened for cognitive impairments and 

each subject was deemed to be cognitively healthy. The NART was used as a tool to 

establish pre-morbid IQ. The IQ range of all participants was 115-124, with a mean of
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122.3 an d  s t an d a rd  deviat ion of  3.35. Such a relatively limited IQ range is pe rhap s  a 

restr ict ion on t h e  quali ty of t h e  cu r re n t  dat as e t ,  especially wi th regards  to  t h e  

cognitive t raining in tervent ion.  A m o re  diverse s t udy  popula t ion could have provided a 

g re a t e r  insight into t h e  effec ts  of cognitive in tervent ions  in t h e  general  populat ion.  

However ,  as t h e  cu r rent  l i te ra ture on cognitive in tervent ions  shows mixed results at  

bes t,  it is pe rh ap s  m ore  ap p ropr ia te  to  focus  on refining such in tervent ions  until more  

genera l  posit ive results ar e  fo und  before  a t t e m p t in g  to  b ro a den  t h e  applicability of 

in tervent ions  to  t h e  genera l  popula t ion.  It is also w o r th  not ing t h a t  t h e  results of  some 

s tudies  may suggest  t h e  d e v e lo p m e n t  of cognit ive in tervent ions  should  be  carried ou t  

with an individualistic appr oach  in mind,  ra th e r  t h a n  a t t em p t in g  to  cr ea te  a t echn ique 

with a perspect ive  of "one size fits all" (Bui tenweg e t  al., 2012; Clare e t  al., 2009;  Yaffe 

e t  al., 2009).

7.3.2. Booster Session

One possible limitation of  t h e  cognitive in tervent ion s tudy is t h e  lack of bo os te r  or 

fo llow-up sessions.  Some s tudies  have show n t h a t  b o o s t e r  sessions can lead to  be t t e r  

m a in t en a n c e  of improved cognitive abilities pos t - in tervent ion (Lustig e t  al., 2009).  As 

our  in tervent ion s tudy had mixed results,  t h e  inclusion of b o os te r  sessions  may have 

b een  r e d u n d an t ;  however ,  including data  f rom  fol low-up sess ions  should  be 

considered as par t  of s t anda rd  protocol  for  in tervent ion s tudies  and  would  serve to  

cont r ibu te  valuable insights into t h e  efficacy of brain training.
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7.3.3. Controlling for Non-Neuronal Sources of Signal

Time-dependent changes in neural activations may derive from a number of causes; 

motion artifacts, position of the subjects' head in the BO field and head coil, image 

noise, stability of the magnetic field, inhomogeneities of the field, shimming 

differences, level of arousal and random cognitive process during the scanning session 

(Loubinoux et al., 2001). A fundamental difference betv\/een studies of spontaneous 

neural activity and the widely used studies of task-evoked responses is that studies of 

event-related fluctuations regularly involve averaging across many trials. Averaging is 

used to reduce noise and helps ensure that artifacts are removed from the data. In 

studies of spontaneous activity, however, the signal of interest is the noise that event- 

related studies attempt to remove via averaging. Therefore, an initial concern when 

analyzing spontaneous activity data surrounds the possibility that results may be 

distorted or even due to an artifact such as instability in the scanner or physiological 

fluctuations which are non-neuronal in origin, such as cardiac or respiratory activity.

In the current study we did not include any control for cardiovascular noise or 

movement due to respiratory activity. In future it may be prudent to include such 

measures to aid in the analysis of task-based activation data, although certain methods 

of analyses of resting state data, such as ICA, do not require such action. However, 

non-neuronal physiological signals may still interfere with how resting BOLD data is 

interpreted (Birn et al., 2006) and so controlling for these sources of neuronal noise 

may be helpful to increase confidence in the accuracy of our data. It may also be 

circumspect to include perfusion MRI as part of the scanning protocol in order to
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control for the  possible confound o f vascular changes in older adults. W hile  such 

measures are typically m ore applicable in aging studies, the extra data may contribute  

additional know/ledge on the  functional architecture of the adult brain.

7.3.4. Spatial Multiple Regression Limitation

One im portan t lim itation in using spatial m ultiple regression is tha t this approach does 

not allow/ for investigating hypotheses about sub-regions within ICNs (Gordon et al., 

2012). ICA can segregate functional networks present during the resting state into a 

num ber of com ponents specified during the  analysis procedure. A higher m odel order 

ICA will segregate functional networks into smaller sub-networks; how ever, it has been 

shown th a t a model order of 20 will return networks tha t are visually identifiable  

(Abou-Elseoud et al., 2010). The 20 networks revealed by our analysis w ere, therefore , 

large scale and as such exam ining the effects of sub-networks in the  current study was 

not w ithin our scope. Although increasing the  ICA model order m ay be one w ay to  

increase the  specificity of testing, increasing the num ber of RSNs statistically tested  

would in turn  require stricter correction. Gordon et al. (2012) suggest a possible 

advancem ent in th e  current technique may involve a systematic investigation o f how  

the num ber o f RSNs retrieved from  ICA analysis may im pact both th e  specificity and 

the  post-correction pow er o f results. The results of this investigation m ay lead to  the  

identification of an optim al num ber of RSNs th a t should be specified in the  ICA 

approach, w hereby an increase in this num ber would lead to greater spatial specificity 

th a t is not balanced out by the  loss of pow er resulting from  m ore stringent correction.
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The identification of an optimal number of RSNs may lead to further interesting results 

in this area in future.

7.3.5. ICA Limitation

One disadvantage of the ICA approach derives from the iterative optimization that ICA 

decomposition is based on. This non-deterministic process brings about a degree of 

run-to-run variability, so that results obtained from ICA can differ between analysis 

runs even when dealing with the same dataset (Cole et al., 2010). There now exists 

software that can help to ensure ICA repeatability testing and can be used to 

investigate the degree of variability and to estimate the average decompositions from 

across multiple ICA analyses (Himberg, Hyvarinen, & Esposito, 2004). Perhaps software 

such as that presented by Himberg and colleagues could be implemented in future 

studies that use the ICA approach in order to overcome some of the limitations 

inherent in ICA.

7.4. Implications and Suggestions for Future Avenues of Research in Brain Training 

7.4.1. Cognitive Reserve

As has already been discussed in Section 1.1.5, cognitive reserve is the ability of the 

human brain to cope with brain pathology. Individuals can draw on passive reserve, 

whereby they draw on the brain's size or neuronal count since larger brains have the 

ability to sustain greater damage before any clinically measurable loss in cognitive

161



ability b e c o m e s  a ppa re n t .  Alternatively,  individuals can d ra w up on  active reserve ,  

w h e r e b y  t h e  brain can cope  with patho logy by recrui ting c o m p e n s a to ry  p rocesses  of 

by using pre-exist ing processes  and applying t h e m  to  t h e  task a t  hand  (Stern, 2002).

There  have been  a n u m b e r  of s tudies  t h a t  inves tigate t h e  re la tionship of CR and 

capaci ty to  successfully in te rac t  wi th a cognitive t raining paradigm.  However ,  t h e r e  

a p p e a r s  to  be  a lack of  definitive co nsensus  as to  w h a t  a co m p re h en s iv e  m e a s u r e  of CR 

actually entails.  The mos t  co m m o n  c o m p o n e n t s  include specific m e as u re s  of l ifetime 

exper iences ,  m o s t  notably level of  educat ion ,  occupat ional  a t t a i n m e n t  and leisure 

activities (Christensen e t  al., 2007;  Kaplan e t  a!., 2009; Mort imer ,  1997; M. J. 

Valenzuela & Sachdev,  2006).  Using such m eas u r e s  in isolation may no t  provide a 

th o ro u g h  overview of t h e  complexit ies  involved in determin ing  levels of  CR. Several  

fac tors p r o m o t e  an increased level of CR. There  has  been  increasing ev idence  to  

su p p o r t  t h e  posit ive ef fec t  of physical activity on mainta in ing cognitive funct ion 

t h ro u g h o u t  life (Kraft, 2012).  Body Mass  Index (BMI), an imperfect  ye t  c o m m o n  

m e a s u r e  of heal thy weight ,  has  been  fo und  to  effec t  regional brain vo lumes  and BMI is 

highly cor re l a ted  wi th both  physical activity and educat ion level (Ho e t  al., 2011).  Social 

in teract ions can con tr ibu te  to  pro tec t ing agains t  cognitive decline.  Adults w h o  are  

m o re  socially in teg ra ted  have later  o n s e t  d em en t i a  or  a r e duced  risk of  developing 

d em en t i a  (Fratiglioni, Paillard-Borg, & Winblad,  2004).  It has  also b e e n  argu ed  t h a t  t h e  

complex and st imulat ing n a tu re  of social in terac tions  am o n g s t  h u m a n s  can en courage  

t h e  brain to  ad a p t  and modify,  which in turn  leads to  neuroplas tici ty an d an increase  in 

cognitive re serve  (Vance & Crowe,  2006).
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There  ar e  also a n u m b e r  of lifestyle fac tors t h a t  can hinder  levels of CR. Poor health 

including hyper tens ion  pu lm ona ry  disease  and diabete s  are  all associa ted  w/ith d iscre te 

changes  in cognitive abilities and an increased risk for developing de m en t ia  (Vance & 

Crowe, 2006).  Poor cognitive function has  also been  lini<ed to  poor  sleeping pat terns .  

Get t ing  less t h an  5 hours  s leep per  night  or having difficulty both  falling as leep and 

s taying as leep  w e r e  shown  to  be associa ted  with p o ore r  cognitive funct ioning in later 

life (Tworoger  e t  al., 2006).  Alcohol abuse  is re la ted  to  both  po ore r  cognitive 

functioning in ad o les cen ce  as well as an increased risk of developing d em en t ia  in later 

years (Medina  e t  al., 2007).  As p ro pe r  nut ri t ion facilitates b e t t e r  physiological and 

neurological health  t h a t  in tu rn  p ro m o te s  positive neuroplastici ty,  poor  nut ri t ion can 

be det r im en ta l  to  cognitive health  (Vance e t  al., 2012).  Certain vi tamin deficiencies are  

known to  be  associa ted  with higher risks of cognitive decline (Solfrizzi, Panza,  & 

Capurso,  2003).  Finally, menta l  health difficulties, especially t h o s e  concerning negat ive 

affect  such as anxiety and depress ion,  are  known to  have an adve rse  ef fec t  on 

cognition (Bierman e t  al., 2008;  Comijs e t  al., 2001).

If a com pre hensi ve  m eas u r e  of CR w e re  to  be developed,  o n e  which incorporated  all 

t h e  pe r t i nen t  lifestyle aspec ts  which ar e  known to  af fect  levels of  CR t h r o u g h o u t  th e  

lifespan, it would  be  a w e lc om e  addit ion  no t  only t o  s tudies  of cognitive t raining 

in terventions  bu t  to  any research concerned  with aging, cogni tion and remedia t ion.  

Such a m eas u r e  would  r e p re s en t  a useful tool  in det er m in ing how  intervent ions  can 

influence t h e  dynamic  na tu re  of CR and ho w  lifestyle fac tors with impact  on CR can be 

m ore  or  less influential on specific cognitive processes  t h r o u g h o u t  t h e  lifespan.
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7.4.2. Pseudo-Matthew Effects

As discussed in Chapter 3, Pseudo-M atthew  effects or an individual's perception of 

the ir own quality of life and cognitive abilities may im pact on the ir engagem ent w ith  

and results from  a cognitive in tervention program (McDougall & House, 2012). Exactly 

how perceived self-efficacy translated into actual cognitive efficacy remains an 

unresolved issue. However, given the  results of th e  study discussed here, perhaps it 

would be pertinent to  include subjective measures of quality o f life and cognitive 

abilities in brain training interventions so tha t we may begin to understand the  

mechanisms th a t contribute to  productive engagem ent in cognitive interventions.

7.4.3. Individual Variability

Some studies have dem onstrated th a t individuals can differ greatly in the ir ability to  

im prove w ith training on certain tasks (M ukai e t al., 2007; Sasaki, Nanez, & W atanabe, 

2010). There is also a known inverse relationship betw een initial perform ance and rate  

of learning in visual perception tasks (Fahle & Henke-Fahle, 1996). Although this 

observation is at odds w ith  the  previously discussed P seudo-M atthew  effects, the  

overall message here is th a t individual differences do bear a significant im pact on 

perform ance o f particular tasks. Such variability should be taken into account in fu tu re  

studies o f brain training interventions, as the  efficacy of such interventions may very 

well depend on each individual. This provides furth er evidence as to  the potential 

benefits of designing cognitive interventions to  match the specific needs of individuals,
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rather than a ttem pting  to  create a "one-size-fits-all" program . However, the  logistics 

and expense associated w ith such an endeavor may prove to  be prohibitive.

7.4.4. Analysis of the Convergence of Structure and Function

An interesting featu re  of cognitive training interventions is the changes tha t have been  

shown to  occur in neural structures post-intervention. The ideal brain-training  

intervention study would be one th a t is w holly com prehensive and integrates a 

num ber of aspects into its investigation. Including measures o f structural changes 

throughout the  course of the intervention as w ell as during follow -up testing or 

booster sessions would be a beneficial addition to  the  existing body of literature. 

Perhaps voxel-based m orphom etry (VBM ) or diffusion tensor imaging (DTI) measures 

could be applied. VBM involves calculating the volum e of the w hole brain or sections 

of the brain (Ashburner & Friston, 2000), while DTI can be used to  investigate the  

structural integrity of w hite  m atter fibers by estim ating w ater diffusivity along these  

tracts, which is sensitive to  features of subcortical tissue such as axon m em branes and 

myelin (Basser, M attie llo , & LeBihan, 1994). Investigations of structural connectivity  

can com plim ent the inform ation gathered alongside measures of functional 

connectivity fM R I and other imaging m odalities, which can aid in mapping and 

quantifying the neural substrates of systems-level function and dysfunction (Cole et al., 

2010).
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7.4.5. Brain Training Studies with MCI and AD

If brain-training interventions can successfully am eliorate age-related cognitive decline 

in healthy populations, programs can be designed to  attenuate  the risk of cognitive 

decline in those w/ith M ild Cognitive Im pairm ent (M CI) or Alzheimer's disease (AD). 

This issue has been investigated in a num ber of studies already, but as with the  studies 

tha t focus on normal aging, the  results have been som ew hat mixed.

Individuals w ith MCI do retain some ability to  acquire new inform ation and may 

possess a certain am ount of cognitive plasticity (Fernandez-Ballesteros, Zam arron, & 

Tarraga, 2005). Training patients w ith  MCI on m em ory strategy can lead to  

im provem ents in everyday m em ory perform ance (Kinsella et al., 2009), and cognitive 

training may result in delayed cognitive decline for MCI patients (Belleville, 2008). 

However, the  small sample sizes and lack of evidence of long-term  effects in MCI 

in tervention studies emphasizes the  com m on them e in cognitive training research; 

th a t is, the need to  establish fu rth e r well-designed training programs.

One case study of an individual w ith MCI showed tha t a personalized goal-oriented  

cognitive rehabilitation intervention led to  im proved performances on an associative 

learning task as well as on rehabilitation goals (Clare et al., 2009). FMRI scans 

conducted pre- and post-intervention dem onstrated significant decreases in activation  

in areas related to  m em ory perform ance a fter the  intervention. This individual case 

study highlights the  inherent potential fo r tailored cognitive interventions to  assist in 

uncovering clinically relevant im provem ents in everyday settings for people with MCI.
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Cognitive intervention for patients with AD has been a popular avenue of research and 

the results of a number of studies suggest that cognitive functioning can be improved 

in AD with global cognitive stimulation strategies, while training specific cognitive 

functions may not be as beneficial (Buschert et al., 2010; Sitzer et al., 2006). This is in 

contrast with the results from some studies that suggest patients with MCI appear to 

gain more benefit from training explicit cognitive functions rather than global 

stimulation (Belleville, 2008; Belleville et al., 2006). These studies once more highlight 

the importance of carefully designing a cognitive training intervention that suits the 

population of interest as well as the individuals within those populations.

7.4.6. Meditation Training

Meditation is the practice of training one's attention and awareness in order to 

enhance one's control of mental processes (Walsh & Shapiro, 2006). One common 

technique of meditation is open monitoring, whereby one observes current experience 

without judgment in order to become aware of and understand the emotions and 

cognitive processes associated with such experiences (Slagter, Davidson, & Lutz, 2011). 

Mindfulness is one example of meditation training that has been growing in popularity 

in recent years. Mindfulness involves being objectively aware of one's present 

thoughts, actions and emotions, rather than focusing on the past or the future (Kabat- 

Zinn, 2003) and represents one of the most well-studied forms of meditation (Walsh & 

Shapiro, 2006). Mindfulness is commonly used in psychological therapies to help 

individuals deal with stress, anxiety and depression as well as improve cognitive 

functioning (Chiesa, Calati, & Serretti, 2011).
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Open moni tor ing forms of medi ta t ion  have been  show/n to  be associa ted  with 

increased activation in t h e  anter io r  cingulate cor tex as well as t h e  medial  a n d  lateral 

prefrontal  cortices,  suggest ing t h a t  expe r ienced med i ta to rs  leads to  e n h a n c e d  

process ing of dist ract ing even ts  as well as improved  e n g a g e m e n t  in emot ional  

process ing (Holzel e t  al., 2007).  Important ly,  expe r ienced med i ta to rs  show  few er  age- 

re la ted  d ec rea ses  in grey m a t t e r  vo lume in regions such as t h e  insula, h ippocam pus  

and prefrontal  cortex (Ott, Holzel, &Vaitl, 2011).  A not he r  s tudy d e m o n s t r a t e d  t h a t  

adul ts  w h o  had been  medi ta t ing  for a t  least  t h r e e  years  sh o w ed  f ew er  age -re la ted  

declines  in grey m a t t e r  volume in t h e  p u t a m e n  as well as b e t t e r  a t ten t ional  

pe r fo rm a n c e  w h e n  co m p a red  to  healthy,  no n-medi ta t ing  controls  (Pagnoni & Cekic, 

2007).  The ad v a n ta g eo u s  ef fects of  medi ta t ion  t raining may th e re fo re  ext end 

t h r o u g h o u t  t h e  lifespan and potent ial ly improve t h e  function of t h e  execut ive  

a t t en t ion  sys tem over t ime  (Rabipour & Raz, 2012).  However ,  fu r th e r  research is 

required  in o rd e r  to  es tabl ish which specific c o m p o n e n t s  of  medi ta t ive  training can be 

a t t r i bu ted  to  im p ro v em en ts  in cognitive abilities. It is possible t h a t  once  fu r th e r  

knowledge of this rela t ionship has b ee n  establ ished t h a t  med i ta t ive  pract ices  such as 

mindfulness  could be recrui ted  as par t  of successful brain t raining intervent ions .
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7.5. Implications and Suggestions for Future Avenues of Research in RS-fMRI

7.5.1. Resting State Studies with Clinical Populations

The successful identification of patterns of RSN neural connectivity can be applied to 

clinical populations. One important feature of resting state data acquisition is the fact 

that it is a method that requires minimal effort from participants. As such, resting state 

investigations may be most appropriate in the study of populations that can't always 

comply with task-based instructions, such as clinical populations with cognitive or 

physical impairments, infants or subjects under sedation. The application of RS data in 

aiding diagnostic processes of various conditions is far from being fully implemented at 

this time, but the potential does exist (Cole et al., 2010).

Studies have shown that RSNs may be more effective than task-based fMRI techniques 

at identifying those at risk from Alzheimer's disease by distinguishing them from those 

with no risk factors (Fleisher et al., 2009). Functional disruptions in patient populations 

appear to be comprised of abnormalities that exist at the network level, as opposed to 

at the level of an individual voxel or specific brain region (Broyd et al., 2009). 

Therefore, the ICA approach to RS-fMRI analysis may be a more appropriate method in 

comparison to voxelwise analysis when investigating differences between clinical 

populations and healthy controls.

It has been established that there are differences in patterns on spontaneous activity

between groups of healthy subjects and patient groups, such as those with Alzheimer's
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disease (Greicius e t al., 2004), depression (Greicius et al., 2007), ADHD (Cao et al., 

2006), schizophrenia (Liang et al., 2006), autism (Cherkassi<y et a!., 2006), m ultiple  

sclerosis (Lowe et al., 2002), epilepsy (W aites et al., 2006), blindness (Liu et al., 2007) 

and spatial neglect in the  a fterm ath  o f stroke (He e t al., 2007). Spontaneous neural 

activity is there fo re  a potentially  invaluable tool in diagnostic medicine, aided by the  

relative speed and ease by which data can be collected. Resting state data m ay also be 

used in determ ining a prognosis for certain patient groups, given tha t disruptions in 

spontaneous activity have been shown to  be related to  the severity of a condition  

(Bluhm et al., 2007; Greicius e t a!., 2007) as well as recovery from  functional deficits 

(H e e ta l. ,  2007).

7.5.2. Interpretation of RSN Results

The results o f RSN analysis should be in terpreted w ith caution. It is im portant to  realise 

tha t the  num erous observations regarding the spatiotem poral characteristics o f RSNs 

and the specific networks involved can be very much dependent on the nature of the  

neural processes evoked by the  task at hand, for exam ple the DM N being dow n- 

regulated during specific tasks, or even the context in which the  resting-state scan is 

acquired. For exam ple, some studies have shown th a t RSNs are subject to  change a fter 

specific cognitive tasks (Jolles et al., 2013; Lewis et al., 2009). M inor alterations in 

analysis m ethods can lead to  dram atic differences in results, such as changing the  

model order dim ensionality in ICA or using subtly d ifferent spatial seeds in the  seed- 

correlation approach can both have an acute im pact on the spatial characteristics of
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the  resulting identifiable RSNs. The way in which we in terpre t the characteristics of 

RSN patterns is there fo re  subject to  influence from  a num ber of factors.

7.5.3. Outstanding Issues in RSN Literature

There are still a num ber of issues regarding the optim al m ethod of RS data acquisition 

which are yet to  be resolved. It is broadly accepted th a t a w ide range of sampling rates 

and a smaller num ber of data-points relative to  th a t acquired during task-based fM RI 

studies is adequate for identifying RSNs. Generally speaking, resting state data is 

acquired during 5 -10  minutes of scanning, although it is yet to  be established w hether  

or not there  is an optim al period of tim e fo r data acquisition. The potential inclusion of 

repeated scanning sessions also remains an open issue. Furtherm ore, resting state  

studies appear to  vary betw een instructing subjects to  keep eyes open and fixated on a 

specific point, or to  keep eyes closed. This may be an im portant m atter to  consider in 

future  studies, as one paper has recently highlighted fluctuations in respiratory C 02 in 

resting-state BOLD signal differ as a results of eyes open or eyes during data 

acquisition (Peng et al., 2013) Some studies have also investigated resting state data 

w hile participants are asleep and in various stages o f sleep (Boly e t al., 2008; Horovitz 

e ta l., 2009).

There are a num ber o f analysis methods th a t can be applied to  resting state data. All of 

these methods have their advantages and lim itations, as discussed in Section 6.4.3, 

and should be applied and in terpreted  w ith  caution. For exam ple, when using a seed- 

based approach, it has been reported th a t choosing a slightly d ifferent spatial seed can
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have a significant impact on the  spatial characteristics of the  RSNs identified (Hayasaka 

& Laurienti, 2010). Similar inconsistencies can result from  altering the  model order 

dim ensionality estim ation in the  ICA approach (Smith e t al., 2009). A nother aspect 

w orth considering is the observation th a t sub-regions or "nodes" of a particular RSN 

may share tem porally  dynamic connectivity relationships w ithin tha t netw ork or w ith  

other RSNs, for both biological and statistical reasons (Chang & Glover, 2010).

7.5.4. Gender Effects in RSN Data

It is perhaps w orth  noting th a t in a study of healthy young adults and adolescents, the  

authors not only found effects of age on netw ork coherence and connectivity, but also 

gender effects on RSNs. Specifically, fem ales appeared to  show stronger in tra-netw ork  

connectivity while males dem onstrated stronger in ter-netw ork  connectivity, especially 

in sensorim otor networks (Allen et al., 2011). W hile  effects of age on netw ork  

coherence are perhaps not surprising due to  age-related decline in structural and 

functional connectivity, the gender differences in RSN connectivity was not an issue 

which was considered for the current body of work. Investigating the  implications of 

gender differences on RSN connectivity could be expanded upon w ithin the  context of 

fu ture  RSN research.

7.5.5. Alternative RSN Analysis Methods

Because of the  disadvantages associated w ith a seed-based approach to  analyzing re-

fM R I data, alterations to  this m ethod have been suggested. Hierarchical clustering is
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o n e  such m e t h o d  (Cordes e t  al., 2002),  w h e r e b y  t h e  t ime cour se  f rom m an y  seed 

regions ar e  ex t r ac t ed  and  a correlat ion  matrix is cons t ruc ted .  In o rd e r  t o  d e t e rm in e  

which regions are  m o s t  closely re la ted  and which regions are  m o re  d is tantly  re la ted ,  a 

clus tering a lgor i thm is t h e n  applied.  The results f rom this algor i thm allows for th e  

crea t ion of a topological  m ap  t h a t  can be  used to  visualize t h e  relat ionships  b e tw e e n  

large n u m b e r s  of regions.  Perhaps  such an appr oach  could be appl ied  to  fu tu re  s tudies  

t h a t  em ploy  t h e  s ee d -b ased  m e th o d ,  in o rd e r  to  gain a m o re  tho ro u g h  insight into th e  

funct ional  organizat ion of t h e  resting brain.

Apar t  f rom ICA and  t h e  seed -b ased  correlat ion ap proach,  t h e r e  are  a l ternat ive 

m e t h o d s  of identifying RSNs such as Frequency-Domain analyses,  including 'ampl i tude  

of low fr equency  f luctuat ions '  or  ALFF indices (Y. F. Zang e t  al., 2007),  as well as t h e  

regional ho m o g e n e i ty  (ReHo) m e t h o d  (Y. Zang, Jiang, Lu, He, & Tian, 2004).  As with 

o t h e r  m e th o d s ,  t h e s e  a p p ro a ch e s  have thei r  own inheren t  s t rengths  and  weak nesses ,  

but  ICA and seed -b ased  a p p r o ach e s  a p p e a r  to  be t h e  m or e  popular  m e t h o d s  a t  t h e  

cu r re n t  t ime ,  especially in s tudies which focus  on group analysis of RSNs. Perhaps  an 

in-depth  review of t h e  m o s t  co m m o n  a p p r o ach e s  to  identifying RSNs could be a focus 

of f u tu re  research.  Such an investigation could provide an explicit compar i son of t h e  

ad v a n ta g e s  and di sadvan tages  of each m e t h o d  and  help to  inform prospective  

research in choosing t h e  m e t h o d  m os t  ap pr op r ia t e  t o  the i r  interests.

O ther  s tud ies  have shown  a we ak  co r re s p o n d en c e  b e tw e en  ICA and ROI-based

analysis, desp i t e  t h e  fact  t h a t  both  m e th o d s  ar e  appl ied to  t h e  s am e  d a ta se t s  (Rosazza

et  al., 2012).  This is no t  ent i re ly  unexpected,  given t h a t  d if ferent  m e th o d s  will consist
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of fundamentally disparate approaches to analysis and, as mentioned, even ICA can 

produce different results with the same dataset due to its iterative decomposition of 

the data. This highlights the need that exists to develop more robust measures of 

resting state data so that future research can exhibit greater confidence in their 

findings. One potential avenue for future research could be to investigate the 

correlation between the existing techniques at the individual and group levels. The 

results of existing data could be substantiated or shown how to improve their 

investigations with the help of further work.

7.5.6. RSNs and Individual Variations

Spatial patterns of spontaneous neural activity may be predictive of an individual's task 

performance. It has previously been demonstrated that individual differences in 

patterns of activation during the resting state correspond to individual differences in 

performance on working memory tasks (Hampson et al., 2006; Seeley et al., 2007). 

Interestingly, patters of spontaneous activity have also been linked with an individual's 

pre-scan anxiety (Seeley et al., 2007). It is possible that spontaneous neural activity has 

the potential to reveal aspects of an individual's personality traits as well as their 

aptitude for certain cognitive tasks. This may be an exciting avenue for future research 

to focus on.
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7.5.7 Subject Motion in th e  Scanner

A re cen t  s tudy has sugg es ted  t h a t  subject  mo t ion in t h e  scanner  may result  in 

sys temat ic  bu t  spurious  corre lat ions  in functional  connect ivity ne twork s  (Power e t  al., 

2012).  The subject  mot ion u n d e r  scrutiny is be low an accepted  th resho ld  for  exclusion 

criteria, in this case a root  m e a n  s qua r ed  (RMS) head  posit ion change  less than  1.5 

mm. The a u th o r s  suggest  t h a t  since such an ef fec t  is p re sen t  in a coho r t  of young 

heal thy par ticipants ,  and t h a t  c o m m o n  a p p ro a ch e s  t ow ards  mot ion correc tion may 

no t  fully r e m o v e  mot ion-re la ted  signal f rom t h e  data ,  results f rom pas t  functional  

connect ivi ty s tudies  may n ee d  to  be critically re-eva luated  to  en su re  t h a t  a d e q u a t e  

controls  for t h e  effects of t r ans ien t  subject  m o v e m e n t  w e re  pu t  in place. Additionally, 

Power  an d  colleagues suggest  t h a t  t h e s e  ef fects  of subject  head mot ion are  likely to  be 

larger in groups  of clinical, aging or developing populat ions ,  as t h e s e  groups  t e n d  to  

display m o re  m o v e m e n t  t h an  hea l thy controls,  a n d  so s tudies  which have included 

such popu la t ions  may be particularly wor thy  of inspect ion.  Our cu r rent  s tudy included 

data  wi th subject  mot ion les t h an  3 m m  in any di rection over  t h e  course  of t h e  

scanning per iod.  Perhaps in troducing m o re  s t r ingent  thresholds  for hea d  position 

chang e in fu tu re  s tudies  as well as re-visiting existing data  to  fu r th e r  explore  this issue 

may e n h a n c e  t h e  cu rrent  u nde r s ta nd in g  of t h e  impact  of subject  mot ion  in t h e  

scanner.
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7.6. Conclusions

7 .6 .1 .  Brain Training

Brain t raining in tervent ions  ideally should t ake  a holistic ap p roach  to  each individual's 

needs .  There  ar e  vas t  individual d i f ferences in bo th  cognitive p e r fo rm an ce  and ra tes  of 

neurocogni t ive decline in elderly populat ions.  Therefore ,  des igning in tervent ions  t h a t  

apply t h e  s a m e  t ec h n iq u e  to  a group  of people  m ay  not  be sufficient; ra ther,  

in tervent ions  should be  tai lored to  ea ch  individual in o r d e r  to  maximize thei r  abilities 

and  t a rg e t  the i r  s t r engths  and weaknes ses .  Calibrating in tervent ions  to  t h e  individual, 

especially conc en tra t ing on und er s ta n d in g  w h o  does  or does  n o t  benefi t  f rom a 

par ticular in tervention program,  and incorporat ing input f rom neuroimag ing  da ta  may 

be  of huge benef i t  to  fu tu re  s tudies  (Bui tenweg e t  al., 2012).  Also, incorporat ing 

lifestyle cha nges  should  be  a major  fac to r  of fu tu re  in terventions .  The effects of diet,  

fitness,  and  social in teract ion and  leisure activities have all b e e n  d o cu m e n te d .  The 

issue of cognitive reserve  has  been  inves t igated  t ime and  again and clearly w a rr an t s  

g re a te r  influence in t h e  design of cognitive in tervent ions .  The t im e  and  financial 

const ra in ts  on such an a l l -encompass ing s tudy design r e p r e s e n t  an obvious  and 

possibly i ns urm ou ntab le  hurdle.  However ,  this should  n o t  p re ven t  fu tu re  research 

f rom striving to  inco rpora te  as man y  im p o r tan t  fac tors  as possible w h e n  designing 

intervent ions .
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7.6.2. Resting State

As discussed above, there  exist a num ber of lim itations w ith in  RSN research th a t need  

to  be fully explored and resolved so tha t resting state data can be im plem ented to  a 

greater degree in both research and clinical settings. Traditionally, RS-fMRI has been 

used in conjunction w ith task-based fM R I w ith the  aim of aiding the in terpretation  of 

the  task-based findings. In a review of the  analysis and interpretations of RS-fMRI data, 

Cole and colleagues suggest challenging the way w e view  neuroim aging research by 

using task-based fM RI studies as a tool to  com plem ent and inform  the interpretations  

w e can garner from  resting-state data. As m entioned in Section 5 .4 .4 , most applied 

resting state research tend to  present the results of statistical analyses alongside 

in terpretations of how these results may link w ith  cognitive and behavioural 

processes. As a wealth of inform ation becomes uncovered through the  analysis of 

resting state data alone, linking this inform ation w ith well-established stimulus-based  

paradigms could potentially allow for a deeper understanding of the  relationship  

betw een  spontaneous neural activity and cognitive function.

7.6.3. Uniting Aging Concerns with National Policy

In 2010, a report was published in Ireland th a t highlighted the lack of a national 

dem entia  strategy at a tim e  when much of Europe has im plem ented strategies of this 

type (Cahill, 2010). Since the publication of th a t report, the A lzheim er Society of 

Ireland has been working in conjunction w ith the  D epartm ent of Health to  further the
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developm ent of a National D em entia Strategy in 2013  (Cahill e t al., 2012). In March  

2012, the  British Prime M in ister David Cameron launched The D em entia Challenge, a 

national policy on dem entia which aims to  tackle a num ber of issues faced by those 

suffering from  dem entia as well as the ir carers and loved ones. This am bitious  

campaign focuses on three  main areas th a t require action: im proving research on 

dem entia, creating dem entia friendly com m unities, and making advancem ents in 

health and care. The progress th a t has been m ade through the National Dem entia  

Strategy has been docum ented in a report published in late 2012. This National 

Dem entia Strategy is a fine exam ple of a holistic approach to  health interventions and 

it is hoped tha t an Irish dem entia  strategy will have a similar positive im pact. Investing 

capital and resources into research or diagnostic techniques is of course valuable and 

necessary, but only when disparate aspects of dem entia  care are brought together 

under the  um brella of a single unifying policy can w e bridge the  chasm th a t exists 

betw een research and the  day-to-day realities o f living w ith age-related cognitive 

im pairm ents.

7.6.4. Contributions of the Current Research

The aim of this body of w ork was to  investigate d iffe rent aspects o f the  aging brain and 

to  add to  the existing awareness of healthy aging by guiding in the  developm ent of 

fu ture  research. The current research has highlighted how results o f studies in these  

areas must be in terpreted  w ith caution, w hile also acknowledging th a t huge potential 

exists for future studies to  learn from  the  lim itations o f previous research and develop  

w orkable solutions th a t will benefit the  aging population in a tangible w ay. Developing



a more thorough understanding of aging processes may allow for the advancement of 

new ideas and innovations that could aid the aging population in coping with cognitive 

difficulties that form part o f the aging process.
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